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Editorial on the Research Topic

The Role of Magnetic Fields in the Formation of Stars

The subject of how stars and planets form is one of the most fundamental outstanding questions
in astronomy. Many theories have been proposed to explain the various processes involved. One
of the key unanswered aspects of this whole question is exactly what role magnetic fields play in
the overall process. It has been known for many years that magnetic fields exist in the interstellar
medium, although their role is hotly debated.

Some theories have magnetic fields as the key agents of evolution, whilst other theories ignore
magnetic fields altogether, as being only a minor perturbation on an otherwise turbulent picture.
However, the recent advent of new telescopes capable of measuring inter-stellar magnetic fields,
with previously unheard-of sensitivity and resolution, such as ALMA, NOEMA, CARMA, SMA,
and new instruments on existing ground-based telescopes such as JCMT, Nobeyama and IRAM,
and airborne/space-based telescopes such as SOFIA and Planck, has meant that it is now possible
to revisit this question with fresh eyes, based on new data. In addition, the huge increase in the
power of High-Performance Computers (HPCs) means that the current generation of simulations
can include more details of more aspects of astrophysics than ever before.

In this Research Topic we revisit the question of the role of magnetic fields in the star formation
process and bring together the latest observations with the latest theories to see what progress can
now be made in addressing this question. The ordering of this Editorial follows the broad theme of
observations followed by theory, with each scaling roughly from large scales to small—from entire
molecular clouds to individual protostars.

Crutcher and Kemball begin the observation section with a discussion of the use of the Zeeman
Effect to measure the line-of-sight strength of magnetic fields in molecular clouds and the general
inter-stellar medium (ISM). This has only been detected in three species in the general ISM, HI,
OH and CN, and in three species in masers, OH, CH3OH, and H2O. The Zeeman Effect calculates
the line-of-sight field strength from measurements of the hyper-fine splitting of a degenerate line,
where the amount of splitting is directly proportional to the field strength, with the constant of
proportionality relating to the Bohr magneton. The magnetic field strength can then be used to
derive the mass to magnetic flux ratio to determine whether a cloud is magnetically super-critical
(prone to collapse) or sub-critical (supported by the magnetic field) using a version of the magnetic
virial theorem. The magnetic field strength shows a behavior with respect to the column density
as follows (see their Figures 4, 5): below a column density of order 1021−22 cm−2 the field is
essentially independent of column density (at around 10–20 µG); above this column density the
field strength increases with increasing column density (with a relation of B α n0.65). In terms of
volume density this transition occurs at roughly 300 cm−3. This can be interpreted in a way that
says that low-density gas is sub-critical and high-density gas is super-critical.
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Pattle and Fissel move onto single-dish millimeter and
far-infrared observations. Here again the dominant source of
polarization is thermal emission from partially aligned dust
grains. They discuss the currently popular radiative alignment
torque mechanism for grain alignment, and the causes of
depolarization, such as decreasing alignment efficiency and
changes in magnetic field geometry on scales smaller than the
beam. They go on to describe various techniques for inferring
magnetic field strengths from linear polarization measurements.
The polarization can be used to infer the magnetic field strength
most commonly via the DCF method, for comparison with
the Zeeman measurements. Interestingly, a very similar result
is seen (see their Figure 2) to that discussed above in the
Crutcher and Kemball paper. In fact, the agreement between
these totally different methods is quite striking, especially given
that the Zeeman effect measures the line-of-sight magnetic
field and polarization can only probe the plane-of-sky field.
They discuss observations in a variety of environments, such as
ionized regions, infrared-dark clouds, filaments, isolated globules
and molecular cloud complexes. There appears to be growing
evidence for bimodality in the alignment between fields and
filaments, with the fields lying preferentially either parallel to, or
perpendicular to filaments. The observations can be interpreted
as either a magnetic field passing through a filament, or else as
a magnetic field being helically wound around a filament until
it runs virtually parallel to the filament. In the former case it
would be predicted that the filament would fragment, while in
the latter case the filament might be predicted to be longer-lived.
Magnetic fields in more isolated cores are seen to typically lie at
30 degrees to the projected short axis of the core. This can be
explained as an ensemble of tri-axial asymmetric ellipsoids with
the magnetic field parallel to the shortest axis. Projection effects
then statistically favor this projected offset.

Hull and Zhang round up the observations section by
discussing interferometric observations of magnetic fields in star-
forming regions. Clearly, these observations cover the smallest
scales currently observable, of protostars and their circum-
stellar discs at resolutions of 100 au or less in nearby regions.
The polarization observed by interferometers at millimeter
wavelength scale is dominated by preferential thermal emission
from partially aligned dust grains. Field strengths are estimated
from these observations to be in the region of fractions of a
mGauss to a few mGauss. The authors claim that the most
recent observations appear to show that the popular quasi-
static, magnetically-dominated core collapse model is an over-
simplification in all but a few cases. This model produces the
classic hour-glass field morphology, but it appears that only a few
such cases are seen. The apparent random alignment of magnetic
fields and outflows suggests that the fields do not determine the
angular momentum direction during collapse. The small virial
parameters seen in many cases also throw into question virialized
collapse models, although the authors mention that strong fields
could account for the low virial parameter.

Krumholz and Federrath begin the theory section by studying
the effect of the magnetic field on the star formation rate (SFR)
and the initial mass function (IMF) of stars. The authors claim
that the most significant effects of the magnetic field on the

SFR are all indirect. They provide examples, including: magnetic
fields provide support against gravitational collapse; they give
additional support against shock compression, making it more
difficult to shock gas to very high densities; it is also possible
that magnetic fields inhibit the decay rate of the turbulence that
is driven by the self-gravitational compression of the gas. They
finish by looking at the effects of the magnetic field on the stellar
IMF. They discuss the two-component IMF: log-normal plus
power-law tail. The former comes from the general turbulence in
the ISM generating a log-normal distribution of pre-stellar core
masses, while the latter has been attributed to a linear scaling of
post-shock gas density with shock Mach number. The authors
claim that the latter effect does not match the observations
after the introduction of magnetic fields. The authors themselves
have made a series of models of MHD-turbulence-regulated
star formation, using a Press-Schechter formalism, and claim
to find better agreement with observations, such as the Salpeter
power-law tail of the IMF.

Hennebelle and Inutsuka explore the role of magnetic fields
in the formation and evolution of molecular clouds. They start
from ideal MHD and incorporate the first non-ideal correction,
namely ion-neutral drift. They return to the topic introduced
observationally in an earlier chapter of magnetic fields and
filaments, but this time consider the theoretical implications.
They deduce that the magnetic field is probably responsible
for shaping the inter-stellar gas by generating a multitude of
filaments, and for reducing the overall star formation efficiency
by a factor of a few. Furthermore, they could indirectly lower
the star formation efficiency by a further factor by enhancing the
stellar feedback in higher-mass stars.

Wurster and Li continue the theoretical section by considering
magneto-hydrodynamic (MHD) simulations of protostellar
discs. Velocity data indicate that typical pre-stellar cores have
enough angular momentum to generate a protostellar disc
of scale of order 100 au. However, what is not known is to
what extent magnetic braking helps to dissipate this angular
momentum and hence suppress disc formation. Ideal MHD
simulations can prevent disc formation in some cases, although
disks can form in the presence of turbulence, which leads to the
misalignment of the field and the angular momentum. Theorists
have turned to non-ideal MHD to salvage disc formation and
form the hundreds of discs and thousands of planets that have
been observed. Non-ideal MHD includes both charged and
neutral species, allowing for a weakly-ionized ISM. Non-ideal
processes help to diffuse and weaken the magnetic field, hence
reducing the magnetic braking effect and allowing discs of sizes
of tens of au to form. The authors find that by misaligning the B-
field and angular momentum vectors, larger or smaller discs can
form, depending on environmental conditions.

Pudritz and Ray move on from circum-stellar discs to
protostellar outflows. Bipolar outflows are observed right across
the stellar mass spectrum and are fundamental to the star
formation process. They are one of the key processes invoked
to inject turbulence into the ISM, as well as often being
invoked to carry away excess angularmomentum from collapsing
protostars. Observations now confirm that the jets at the centers
of outflows do, in fact, rotate. Of the twomain theoretical outflow
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launching mechanisms that have been proposed, the magneto-
rotational instability (MRI) turbulence model has recently run
into problems relating to damping, and so the authors claim
that the magnetized disc wind model is the more likely to
transport angular momentum from the disc to the jet and
explain the observations of rotating jets. Recentmulti-scaleMHD
observations can now trace star formation evolution from giant
molecular cloud (GMC) scales of tens of pc down to circumstellar
disc scales of tens of au for the first time in a single code.
The authors conclude that feedback from magnetized outflows
plays a key role in regulating the star-formation efficiency of a
molecular cloud.

Teyssier and Commerçon round up the volume by reviewing
numerical schemes for MHD and radiation transfer for the
modeling of star-formation regions in environments where
the turbulence is both super-sonic and super-Alfvenic and
include the effects of radiation and self-gravity. They describe
the most popular types of numerical schemes: smoothed
particle hydrodynamics (SPH); finite difference methods; and
finite volume methods; including various implementations
of non-ideal MHD effects; Ohmic and ambipolar diffusion,
and the Hall Effect. They discuss how to overcome the
major numerical problems both for SPH and grid methods:
divergence-free magnetic fields; numerical diffusion; and
resolution requirements. For the avoidance of infinitesimally
small time-stepping, they discuss sink particles and sub-grid
models, although these are not without their drawbacks.
Multi-fluid, multi-phase approaches have recently been all
but abandoned due to their prohibitive computational cost.
They conclude that there is still much work to do, given
that all existing models have been forced to cover only
a limited portion of the full parameter space needed in
this field.

Overall, this volume puts together all the many aspects of
the role of magnetic fields in the formation of stars from

both observational and theoretical perspectives and presents
the reader with numerous challenges and issues for future
work in many different directions. It is hoped that proposed
new instrumentation, such as SPICA-Pol and the new imaging
polarimeter under construction for JCMT will continue to move
this field forwards. Progress in this field touches on somany other
areas of astrophysics, from planet formation, to the evolution of
whole galaxies. Within the next decade it could be possible to
determine the complete energy balance of entire disk galaxies.
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Review of Zeeman Effect
Observations of Regions of Star
Formation
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Department of Astronomy, University of Illinois, Urbana, IL, United States

The Zeeman effect is the only observational technique available to measure directly the

strength of magnetic fields in regions of star formation. This chapter reviews the physics of

the Zeeman effect and its practical use in both extended gas and in masers. We discuss

observational results for the five species for which the Zeeman effect has been detected

in the interstellar medium—H I, OH, and CN in extended gas and OH, CH3OH, and

H2O in masers. These species cover a wide range in density, from ∼10 cm−3 to ∼1010

cm−3, which allows magnetic fields to be measured over the full range of cloud densities.

However, there are significant limitations, including that only the line-of-sight component

of the magnetic field strength can usually be measured and that there are often significant

uncertainties about the physical conditions being sampled, particularly for masers. We

discuss statistical methods to partially overcome these limitations. The results of Zeeman

observations are that the mass to magnetic flux ratio, which measures the relative

importance of gravity to magnetic support, is subcritical (gravity dominates magnetic

support) at lower densities but supercritical for NH & 1022 cm−2. Above nH ∼ 300

cm−3, which is roughly the density at which clouds typically become self-gravitating,

the strength of magnetic fields increases approximately as B ∝ n2/3, which suggest that

magnetic fields do not provide significant support at high densities. This is consistent with

high-density clouds being supercritical. However, magnetic fields have a large range in

strengths at any given density, so the role of magnetic fields should differ significantly

from one cloud to another. And for maser regions the dependence of field strength on

density may have a slightly lower slope. Turbulent reconnection theory seems to best

match the Zeeman observational results.

Keywords: Zeeman effect, magnetic fields, molecular clouds, mass/flux ratio, star formation, masers

1. INTRODUCTION

What governs or regulates star formation has been a crucial question in astrophysics for many
decades. The two extreme positions are: (1) that magnetic fields support clouds against gravitational
collapse and that star formation can occur only when magnetic support is removed, through a
process such as ambipolar diffusion, e.g., Mouschovias and Ciolek (1999) or (2) that interstellar
turbulence governs the formation of self-gravitating clouds that once formed can collapse and form
stars, e.g., Mac Low and Klessen (2004). Theory alone cannot answer this question; required are
observations of magnetic fields.
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There are several observational techniques for the study of
magnetic fields in the interstellar medium, with the two most
prominent being (1) linear polarization of continuum radiation
emitted or absorbed by dust grains aligned by magnetic fields and
(2) the Zeeman effect that produces frequency-shifted polarized
spectral lines. This chapter is concerned with the Zeeman effect.

The Zeeman effect was discovered by Dutch physicist Pieter
Zeeman in 1896 in a laboratory experiment. In his discovery
paper Zeeman suggested that the effect he had discovered could
be important in measuring magnetic fields in astrophysics. The
Zeeman effect was first applied in astrophysics in 1908 by
George Ellery (Hale, 1908), who measured magnetic fields in sun
spots. Although interstellar magnetic fields were first detected
by Hiltner (1949) by observing linear polarization of starlight
passing through the intervening interstellar medium, the first
detection of the Zeeman effect in the interstellar medium came
only after almost another 20 years. The first indication of an
interstellar Zeeman effect came from observations of polarization
in OH masers by Weinreb et al. (1965); although they suggested
that the polarization might be due to the Zeeman effect, that
interpretation was not certain because the standard pattern
of the classical Zeeman effect was not seen in the polarized
maser emission. Following intense observational work by several
workers, Verschuur (1968) first detected the Zeeman effect in
the extended interstellar medium in the 21 cm hyperfine line of
H I. It was another 15 years before Zeeman splitting in extended
molecular gas was detected, in OH by Crutcher and Kazès (1983),
and yet another 15 years before detection in the third (and so
far last) species, CN, by Crutcher et al. (1996, 1999b). Interstellar
maser observations of the Zeeman effect have been extended
from OH to additional species: H2O (Fiebig and Guesten, 1989)
and CH3OH (Vlemmings, 2008b).

The Zeeman effect is used to study magnetic fields in the
diffuse and dense (molecular) interstellarmedium. In this chapter
we review Zeeman observations in the interstellar medium
and discuss how observations of the Zeeman effect can test
models of star formation, the present state of such tests,
and possible future developments. Crutcher (2012) previously
reviewed observations (by all techniques) of magnetic fields in
molecular clouds. This article is specific to the Zeeman effect; it
expands discussion of the effect itself, summarizes the discussion
in the above review, adds the (very limited) new Zeeman
data that have become available, and discusses some more
recent controversies about the astrophysical interpretation of the
observational results.

2. THE ZEEMAN EFFECT

Immediately after Zeeman’s discovery, Hendrik Lorentz
explained the Zeeman effect in terms of classical physics—an
electrical charge moving in a circular orbit in a magnetic field.
The predicted frequencies for the Zeeman-split lines are then:

ν = ν0 ±
eB

4πmec
, (1)

where ν0 is the unshifted line frequency, e is the charge of an
electron, B is the magnetic field strength, me is the mass of an
electron, and c is the speed of light.

The above might suggest that in the presence of a magnetic
field, an atom would emit two spectral lines at the frequencies
given by Equation (1). However, only the vector component
of the electron acceleration perpendicular to the line of sight
will produce electromagnetic radiation along the line of sight.
For atoms with electron orbital planes perpendicular to the
line of sight, as the electrons accelerate in their circular orbits
they will emit circularly polarized radiation along the magnetic
field direction. Since electrons are negatively charged, right
circularly polarized radiation has the higher frequency and
left circularly polarized radiation the lower frequency. On the
other hand, if one observes perpendicular to the magnetic field
vector B with the electron orbits perpendicular to B, then only
the acceleration of the electron perpendicular to B will emit
radiation along the line of sight, and this radiation will be linearly
polarized perpendicular to B. In practice one could not observe
a single atom but an ensemble of atoms with electron orbital
planes randomly distributed with respect to B. In the case of
observations along the magnetic field direction, the projection of
these orbits onto the plane perpendicular to Bwould produce the
same two circularly polarized Zeeman components as described
above. For observations perpendicular toB, however, a frequency
of radiation different from the two Zeeman components is
introduced. Electron orbits parallel to B will produce linearly
polarized radiation parallel to B but unshifted in frequency
since the electron acceleration that produces the radiation is
parallel to B, hence there is no additional force produced by the
magnetic field.

However, with higher spectral resolution it was soon found
that the triplet of lines predicted by classical physics was actually
a more complicated pattern of more than three lines. This
“anomalous” Zeeman effect is not explicable by classical physics,
for it is only the angular momentum of the electron in its orbit
that produces the classical Zeeman effect. Electron spin means
that it is the total angular momentum, both orbital and spin
angular momenta, that produces the Zeeman effect. The various
coupling modes of the two angular momenta produce the more
complicated anomalous effect with more than the three classical
line components when the net spin of the electrons is an odd
half integer. Therefore, atomic hydrogen is in general a case of
anomalous Zeeman splitting. However, since the 21 cm line of
H I arises from the two hyperfine energy levels in the ground S1/2
state with mJ = ±1/2, the Zeeman pattern is the classical three-
line one. The “anomalous” Zeeman effect is in fact THE Zeeman
effect; the “normal” Zeeman effect with a triplet of lines is simply
a subset of the complete situation. With a single electron moving
in a magnetic field, the prediction is the same as the classical one:

ν = ν0 ±
µBB

h
, (2)

where the Bohr magneton µB ≡ eh/4πmec = 9.2732 × 10−21

erg/G, which means that the frequency shift due to the Zeeman
effect for the 21 cm H I line is 1.4 Hz/µG.
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The atoms and molecules that are most useful in studying
magnetic fields in the interstellar medium are hydrogenic, with
an odd number of electrons. The unpaired electron in hydrogenic
systems will lead to large Zeeman splittings, approximately
equal to the Bohr magneton, and hence to detectable Zeeman
splittings at the relatively low (∼10 µG in H I, e.g., Heiles
and Troland, 2005) magnetic field strengths in the interstellar
medium. Even for systems with all electrons paired, there may
still be a Zeeman effect, but this time due to the nuclear spin
rather than the electron spin. However, the Zeeman splitting
is now approximately equal to the nuclear magneton, µN =

eh/4πmpc = µB/1836. Only for very strong magnetic fields and
very strong spectral lines is the Zeeman effect detectable in the
interstellar medium for this case; examples are the CH3OH and
H2Omasers.

Figure 1 (upper) illustrates the above discussion of the
Zeeman effect. The lower part of Figure 1 shows the polarizations
of the frequency unshifted (π) and shifted (σ ) Zeeman
components, with their polarization states depending on the
viewing angle.

3. OBSERVING THE ZEEMAN EFFECT

Figure 2 illustrates what will be observed for the classical
Zeeman effect. Figure 2A shows a Gaussian Stokes I spectral line
with unit intensity and unit sigma-width 1νσ (i.e., FWHM =
2.355). Figure 2B shows the three Zeeman components when
the Zeeman splitting is sufficiently large that the Zeeman
components are cleanly separated, with the total intensity of each
component being in the ratio 1:2:1. Figure 2C shows what would
be observed with a instrument sensitive to circular polarization
with a 1% Zeeman splitting. Figure 2D shows what would be
observed with a instrument sensitive to linearly polarization
perpendicular to the magnetic field in the plane of the sky
with a large Zeeman splitting, such as might occur in mainline
OH masers. In these cases, one would observe the Zeeman
components with their full separations 1νz and be able to infer
the full magnetic field strength. However, if the Zeeman splitting
were only 1% of the line width, Figure 2E shows the Stokes
Q and/or U spectra that would be observed. Note the very
small amplitude of the signal. Finally, Figure 2F complements
(Figure 2D) and shows the spectrum that would be observed in
linear polarization observing parallel to a field in the plane of
the sky.

The strength of the π component is proportional to the
strength of themagnetic field in the plane of the sky parallel to the
magnetic vector B. The σ components are generally elliptically
polarized, since the magnetic field will in general be at an angle
to the line of sight. The elliptical polarization is a combination of
linear polarization perpendicular to B in the plane of the sky and
circular polarization proportional to the strength of the magnetic
field along the line of sight. The sense of the circular polarization
of the two σ components reverses depending onwhether the line-
of-sight component BLOS is toward or away from us. From 1νz ,
the degree of elliptical polarization of the σ components, and the

FIGURE 1 | Top: Energy level diagram showing Zeeman splitting. Bottom:

Polarizations that would be observed from different angles with respect to the

magnetic field.

relative amplitudes of the σ and π components, it is possible in
principle to infer full information about B (Crutcher et al., 1993).

However, in the extended (non-masing) interstellar medium,
the Zeeman splitting is generally much smaller than the line
width, and it is possible to infer only the amplitude and direction
of the line-of-sight component BLOS of B. We can see why this
is if we consider a magnetic field with components both along
the line of sight and in the plane of the sky. If an instrument
is sensitive only to (for example) left-circular polarization, it
could detect (say) 100% of the σ− (or equivalently red-shifted
σr) Zeeman component and 0% of the σ+ (or equivalently
blue-shifted σb) component. But the linearly polarized σ−, π ,
and σ+ Zeeman components would also be detected by this
instrument at a fraction of their full intensity (depending on θ ,
the angle between the line of sight andB). This would increase the
detected strength of the σ+ Zeeman component, but would shift
the centroid of the observed left-circularly polarized spectrum
toward the unshifted line frequency ν0. Hence, the observed
Zeeman frequency shift would be less than 1νz . When the right
circularly polarized spectrumwas observed, a similar shift toward
the central unshifted frequency would occur. The result would
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FIGURE 2 | Simulated Zeeman profiles for a Gaussian line profile. Units are relative with respect to peak of the Stokes I profile = 1. (A) Stokes I profile. (B)

Zeeman-split components. (C) Stokes V profile for small Zeeman splitting. (D): Stokes σ profile for large Zeeman splitting. (E) Stokes Q or U profiles for small Zeeman

splitting. (F) Stokes π profile for large Zeeman splitting.

be an “observed” Zeeman splitting less than 1νz , by an amount
cosθ . Hence, observation of the Stokes parameter V spectrum
yields only B cos θ = BLOS, the line-of-sight component of B.
As illustrated in Figure 2C, when the Zeeman splitting is 1/100th
the width of the spectral line (1νz = 0.011νσ ), the shape of the
Stokes V spectrum is that of the first derivative with respect to
frequency of the Stokes I spectrum and the total amplitude of the
Stokes V spectrum is about 1/100 that of the Stokes I spectrum.

In principle, information about the field in the plane of the
sky (POS) would come from the Stokes Q and U spectra, with
strengths proportional to (1νz/1νσ )

2
× BPOS. The reason for

this second-order dependence of the strengths of the Stokes Q
and U spectra on the strength of the magnetic field comes from

the fact that there is not just the Zeeman-split linearly-polarized
σ components, but also the linearly polarized and non-shifted
π Zeeman component. Figure 2E illustrates this for a Zeeman
splitting of 1/100th the width of the spectral line. The magnitude
of the Stokes Q or U spectrum (depending on the orientation of
the magnetic field on the plane of the sky) is much too small to be
detected as a practical matter.

To date the Zeeman effect has been detected unambiguously
in non-masing interstellar gas only in H I, OH, and CN lines and
in maser lines of OH, CH3OH, and H2O. The Zeeman splitting
factor Z = 21νz , which is the separation between the two σ

components or twice the Zeeman frequency shift, is specific to
the spectral transition. The Zs for transitions with interstellar
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Zeeman detections are given in Table 1 (maser lines of CH3OH
and H2O are blends of several 1F transitions, and Z factors are
somewhat uncertain). In this table R.I. is the relative intensity and
Z is the Zeeman splitting factor of each line, so R.I. × Z is the
relative sensitivity to BLOS. Other promising species are C2H, SO,
C2S, and CH. Unfortunately, most of the common interstellar
molecules have all their electrons paired (non-paramagnetic
species) and therefore do not have strong Z factors. Because Z
does not depend on spectral-line frequency, sensitivity to the
Zeeman effect decreases with increasing spectral-line frequency,
so cm-wavelength transitions like those of H I and OH are
sensitive to much lower field strengths than those of mm-
wavelength transitions like those of CN.

Zeeman radio spectral-line observations are generally not
reported as right and left circularly polarized spectra (RCP and
LCP), but as Stokes parameter spectra I = RCP + LCP and V
= RCP-LCP (for technical reasons telescope software sometimes
returns I and V as 1/2 the above). As noted above, for the limit of
Zeeman splitting much smaller than the spectral-line width, the
“theoretical” Stokes V spectrum is V ≈ dI/dν × Z × B cos θ .
The analysis technique followed is to calculate the derivative
of the I spectrum by numerically differentiating the observed I
spectrum, and to fit (usually by least squares) this to the observed
V spectrum. Because there may be a gain difference “g” between
the left and right circular polarization due to instrumental effects,
generally one also includes a term to fit for this. So the general
equation fitted to the observed Stokes V spectrum is:

V ≈ dI/dν × Z × B cos θ + g × I. (3)

The mean error in B cos θ is also given by the least-squares
fitting process.

Very small instrumental polarization effects can be very
important for Zeeman work; hence, observers must be very
careful that instrumental polarization effects are not mistaken
for the Zeeman effect. The most significant instrumental effect
in single-dish Zeeman observations is the phenomenon of “beam
squint”, for which the left and right circularly polarized beams
of the telescope point in different directions. Beam squint is
important for Zeeman work because the combination of beam
squint and a velocity gradient in a cloud will produce a V
spectrum identical to the one expected for the Zeeman effect.
Heiles and Troland (2004) have extensively described the possible
instrumental effects and techniques for mitigating these effects
when performing Zeeman observations. The technical challenges
of high-accuracy Stokes V interferometric observations and
analysis are described by Sault et al. (1990) and Kemball and
Richter (2011).

When only one component of B is measurable, the Zeeman
effect gives directly only a lower limit to the total magnetic
field strength. However, a statistical study of a large number
of clouds can yield information about total field strengths, e.g.,
Heiles and Crutcher (2005). Most of the earlier statistical studies
assumed that themeasured BLOS in a set of clouds were uniformly
distributed between −B0 and B0, where B0 is the total field
strength that is assumed to be the same in all lines of sight
observed. Then the median and mean of the set of measured

|BLOS| =
1
2B0. Hence, one simply determines the mean of |BLOS|

to infer B0. However, the approaches that deal only with mean
or median values ignore the possibly large variation in total field
strength (BTOT) in the sample. A more sophisticated approach
is to measure the probability distribution function (PDF) of
BLOS over a sample of clouds and to infer the PDF of the total
magnitude of the magnetic field strength. An application of this
approach will be discussed in detail below.

4. ZEEMAN OBSERVATIONAL
RESULTS—EXTENDED GAS

4.1. H I, OH, and CN Zeeman Observations
The Zeeman effect in the ISM was first detected—after multiple
attempts—in absorption lines of H I toward the Cassiopeia A
supernovae remnant (Verschuur, 1968). Over the next 5 years
only three more detections were made, toward Orion A, M 17,
and Taurus A. Three of these were in the H I associated with
molecular clouds, while the Taurus A line is not.

Troland and Heiles (1982a,b) and Heiles and Troland (1982)
achieved the first H I Zeeman detections beyond Verschuur’s
original four souces, 14 years after that first detection. Further
emission-line H I Zeeman observations and maps were toward
the dark cloud filament L204 (Heiles, 1988), H I filaments
associated with supernova or super-bubble shells (Heiles, 1989),
the Ophiuchus dark cloud (Goodman and Heiles, 1994), and four
dense H I clouds (Myers et al., 1995). Heiles (1997) mapped H I
Zeeman toward 217 positions in the Orion-Eridanus region and
carried out an extensive analysis. Finally, Heiles and Troland
(2004) carried out a large H I Zeeman survey in absorption lines
toward continuum sources.

The first detection was of OH absorption toward the NGC
2024 molecular cloud (Crutcher and Kazès, 1983). The OH
Zeeman effect was later mapped with the VLA (e.g., Figure 3)
toward several molecular clouds.

Crutcher et al. (1993) carried out a survey of OH Zeeman
toward dark clouds, achieving mostly upper limits. Bourke et al.
(2001) extended attempts to detect the OH Zeeman effect, and
obtained one definite and one probable new detection out of
the 23 molecular clouds observed. Then, Troland and Crutcher
(2008) carried out a major survey toward dark clouds, with 9
detections out of 34 positions.

Crutcher et al. (1996, 1999b) detected the Zeeman effect in
a second molecular species, CN. Finally, Falgarone et al. (2008)
extended the earlier work on CN Zeeman with a survey of dense
molecular cores. The combined total was 14 positions observed
and eight detections.

Figures 4, 5 show results for the Zeeman observations of H I,
OH, and CN in extended gas.

4.2. Interpretation of Zeeman Observations
The three species (H I, OH, and CN) with Zeeman detections in
extended gas have resulted in measurements of BLOS that cover
a large range of densities. H I emission samples the cold neutral
atomic medium over densities between 1 and 100 cm−3. H I in
absorption toward molecular clouds can sample densities ∼102-
104 cm−3; the ground-state 18 cm lines of OH sample roughly
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TABLE 1 | Zeeman splitting factors Z.

Species Transition ν (GHz) R.I. Z (Hz/µG) R.I. × Z References

H I F = 1− 2 1.420406 1 2.80 – 1

CH J =

3 /2, F = 2− 2 0.701677 5 1.96 16.4 1

J =

3 /2, F = 1− 1 0.7724788 9 3.27 17.6 1

OH J =

3 /2, F = 1− 1 1.665402 5 3.27 16.4 1

J =

3 /2, F = 2− 2 1.667359 9 1.96 17.6 1

J =

3 /2, F = 2− 1 1.720530 1 1.31 1.31 1

J =

5 /2, F = 2− 2 6.030747 7 1.58 11.1 1

J =

5 /2, F = 3− 3 6.035092 10 1.13 11.3 1

J =

7 /2, F = 3− 3 13.434637 27 1.03 28 2

J =

7 /2, F = 4− 4 13.441417 35 0.80 28 2

CH3OH JN = 51 − 60 6.668519 1 –0.00114 – 3

CCS JN = 10 − 01 11.119446 1 0.81 0.81 4

JN = 21 − 01 22.344033 1 0.77 0.77 4

JN = 32 − 21 33.751374 1 0.70 0.70 4

JN = 43 − 32 45.379033 1 0.63 0.63 4

H2O F = 616 − 523 22.23508 1 0.003 – 5

SO JN = 10 − 01 30.001630 1 1.74 1.74 4

JN = 12 − 01 62.931731 1 0.93 0.93 4

JN = 11 − 22 86.094 1 1.38 1.38 6

JN = 32 − 21 99.299875 1 1.04 1.04 4

JN = 43 − 32 138.178548 1 0.80 0.80 4

JN = 32 − 43 158.972 1 0.81 0.81 6

CCH N = 1− 0, J =

3 /2 −
1/2, F = 2− 1 87.31723 42 0.70 29 7

N = 1− 0, J =

3 /2 −
1/2, F = 2− 1 87.32892 21 2.3 48 7

N = 1− 0, J =

3 /2 −
1/2, F = 2− 1 87.40234 21 0.93 20 7

CN J =

1 /2 −
1/2, F =

1/2 −
3/2 113.1442 8 2.18 17.4 8

J =

1 /2 −
1/2, F =

3/2 −
1/2 113.1705 8 –0.31 2.5 8

J =

1 /2 −
1/2, F =

3/2 −
3/2 113.1913 10 0.62 6.2 8

J =

3 /2 −
1/2, F =

3/2 −
1/2 113.4881 10 2.18 21.8 8

J =

3 /2 −
1/2, F =

5/2 −
3/2 113.4910 27 0.56 15.1 8

J =

3 /2 −
1/2, F =

1/2 −
1/2 113.4996 8 0.62 5.0 8

J =

3 /2 −
1/2, F =

3/2 −
3/2 113.5089 8 1.62 13.0 8

References: 1. Heiles et al. (1993), 2. Uchida et al. (2001), 3. Lankhaar et al. (2018), 4. Shinnaga and Yamamoto (2000), 5. Nedoluha and Watson (1992), 6. Cazzoli et al. (2017), 7. Bel

and Leroy (1998), 8. Crutcher et al. (1996).

the same density range. Finally, the 3 mm emission lines of
CN, which have a critical density ∼105 cm−3, sample densities
∼105–106 cm−3.

The astrophysical significance of Zeeman results requires
determination of NH and/or nH in the regions where magnetic
field strengths have been measured. For H I in absorption NH

may be determined by also observing the line in emission off the
continuum source so that the spin temperature and optical depth
can be inferred, e.g., Heiles and Troland (2003). The associated
nH may then be estimated from the mean interstellar pressure
in the cold neutral diffuse medium and the spin temperature,
e.g., Crutcher et al. (2010b). Since the OH line optical depths
are generally small, NOH can be estimated from the observed
line strengths, e.g., Crutcher (1979). To obtain NH one then uses
the [OH/H] ratio determined by Crutcher (1979). To obtain nH
for the regions in which OH is found one divides NH by the
mean diameter of the OH region. For CN (Falgarone et al., 2008),

the methods are similar to those for OH. The CN hyperfine-line
ratios imply that the lines are optically thin, so N(CN) may be
calculated from observed line strengths. NH then comes from
[CN/H] based on studies by Turner and Gammon (1975) and
Johnstone et al. (2003). The nH in the CN emitting regions must
be fairly close to the critical density of the transition, since the
lines are observed to be much weaker than kinetic temperatures
and optically thin (no line photon trapping). Unfortunately
few excitation analyses of CN excitation have been carried out,
but since CN and CS have similar critical densities and map
similarly, nH in the CN regions can be assumed to be about the
same as obtained from CS excitation analyses. Finally, a second,
independent method for determining nH comes by dividing NH

by the estimated thickness of clouds from the mean extent of
the CN distribution on the sky. There are certainly significant
uncertainties in the estimates of nH especially, particularly as
applied to individual clouds, where estimates may be off by
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FIGURE 3 | Left: OH Zeeman Stokes I and V profiles toward NGC2024 at the peak BLOS position from VLA mapping (Crutcher et al., 1999a). Right: Map of BLOS

(color) from OH Zeeman. Contours are C18O intensities and yellow line segments are dust polarization directions (Hildebrand et al., 1995). The magnetic field in the

plane of the sky is perpendicular to the dust polarization, hence roughly along the minor axis of the molecular cloud defined by C18O (horizontal in the figure).

FIGURE 4 | H I, OH, and CN Zeeman measurements of BLOS vs.

NH = NH I + 2NH2
. The straight line is for a critical M/8 = 3.8× 10−21NH/B.

Measurements above this line are subcritical, those below are supercritical.

an order of magnitude. However, in statistical studies such as
those described in this paper, more important is the ensemble
uncertainty. Crutcher et al. (2010b) found a statistical uncertainty
of about a factor of two in nH .

Two important quantities than can be inferred from the
Zeeman data are the mass to magnetic flux ratio M/8 (∝
NH/B) and κ (in the B ∝ nκ

H relation (see Crutcher, 2012
for a detailed discussion). M/8 is proportional to the ratio of

gravity to magnetic pressure and informs whether magnetic fields
are sufficiently strong to support clouds against gravitational
contraction. A simple way to derive the expression for the critical
M/8A at which magnetic and gravitational energies are in
equilibrium is to equate the virial terms: 3GM2/5R = B2R3/3.
Since magnetic flux 8 = πR2B, the criticalM/8 is:

(

M

8

)

critical

=

1

3π

√

5

G
. (4)

The precise numerical value differs slightly for detailed models
depending on geometry and density structure. A supercritical
ratiomeans thatmagnetic pressure alone is insufficient to prevent
gravitational collapse, while a subcritical ratio means collapse is
prevented by magnetic pressure. The scaling of magnetic field
strength with density is a prediction of many theoretical studies
of the evolution of the interstellar medium and star formation.
Simple examples include (1) mass accumulation along field lines
without change in magnetic field strength, for which κ = 0;
compression of mass perpendicular to the field with flux freezing,
for which κ = 1; and spherical collapse with flux freezing and
weak field strength, for which κ = 2/3 (Mestel, 1966).

4.2.1. B vs. N
First, we discuss field strength vs. column density. Bourke et al.
(2001) plotted this for their OH observations and discussed the
implication. Figure 4 shows BLOS vs. NH with data from the
compilation by Crutcher (1999) and four later major Zeeman
surveys of H I, OH, and CN (Bourke et al., 2001; Heiles and
Troland, 2004; Falgarone et al., 2008; Troland and Crutcher,
2008). The data are clearly separated into three ranges in NH ,
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FIGURE 5 | The set of diffuse cloud and molecular cloud Zeeman measurements of the magnitude of the line-of-sight component BLOS of the magnetic vector B and

their 1σ uncertainties, plotted against nH = n(H I) or 2n(H2) for H I and molecular clouds, respectively. Different symbols denote the nature of the cloud and source of

the measurement: H I diffuse clouds, filled circles (Heiles and Troland, 2004); dark clouds, open circles (Troland and Crutcher, 2008); dark clouds, open squares

(Crutcher, 1999), molecular clouds, filled squares (Crutcher, 1999); and molecular clouds, stars (Falgarone et al., 2008). Although Zeeman measurements give the

direction of the line-of-sight component as well as the magnitude, only the magnitudes are plotted. The dotted line shows the most probable maximum values for

BTOT (nH ) determined from the plotted values of BLOS by the Bayesian analysis of Crutcher et al. (2010b).

corresponding to the tracers H I, OH, and CN. The straight line
is the criticalM/8 line.

An essential point in interpreting Figure 4 is that only one
component of the total magnetic vector B is measured. Hence,
all points are lower limits on what the total magnetic field
strength would be. However, for NH . 1021 cm−2, most of the
points are above the critical line, showing that at low column
densities the diffuse H I and lower column density molecular
gas is subcritical. In contrast, for NH & 1022 cm−2, all but one
of the points are below the critical line. It is possible that some
of these clouds are subcritical with the magnetic field close to
the plane of the sky. However, that fact that all of the points
are below the critical line suggests strongly that a transition
occurs at NH ∼ 1022 cm−2 from subcritical to supercritical
M/8. Clouds with NH & 1022 cm−2 have a mean M/8 that is
supercritical by a factor of 2–3. The data strongly suggest that
subcritical self-gravitating clouds are the exception and in fact
none may exist. These self-gravitating clouds are the ones in
the ambipolar diffusion model that should be subcritical at early
stages of gravitational contraction.

Figure 4 might appear to support the ambipolar diffusion
model of cloud evolution, in which initially subcritical clouds
become supercritical by gravitational contraction of neutral
matter through magnetic fields. However, the points with NH .

1021 cm−2, are lower density H I clouds. These cold H I clouds
are confined by pressure from the surrounding warm ISM and

are not self-gravitating, so they could not gravitationally collapse
as envisioned by the ambipolar diffusion model. Heiles and
Troland (2005) found that the mean BTOT is approximately the
same in the cold H I medium and the warm neutral medium.
Hence, the magnetic field strength does not systematically
change during transitions of gas between the lower density
warm and the higher density cold neutral medium. Possible
explanations for this are that diffuse clouds form by flows
along magnetic flux tubes or that they form preferentially from
regions of lower magnetic field strength. Another process that
could be important in keeping field strengths fairly constant
is turbulent magnetic reconnection (Vishniac and Lazarian,
1999).

NH in the range 1021−22 cm−2 marks a clear transition
between magnetic field strengths being statistically independent
of NH and an increase in strength with column density. A similar
transition is seen in Figure 5 (discussed below) at nH ≈ 300
cm−3. Assuming that these NH and nH correspond to the same
clouds, the typical diameters of these clouds is 0.1–1 pc. These are
roughly the parameters for an interstellar cloud to become self-
gravitating. Gravitational contraction with flux freezing would
then cause the magnetic field strength to increase with increasing
NH and nH . We also note that NH ≈ 1022 cm−2 is also roughly
the column density where the orientation ofmagnetic fields in the
plane of the sky as mapped with polarized dust emission changes
(statistically) from parallel to perpendicular with respect to the
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elongated mass structures on the plane of the sky (Ade et al.,
2016).

Probably the main uncertainty in Figure 4 comes from the
column densities. For H I the NH are very well determined,
since both the line optical depths and spin temperatures are
directly measured. However, for OH and CN the NH come
from determinations of NOH and NCN and studies of OH/H
and CN/H, which introduce possible errors. A major issue is
exactly what NH the OH and CN Zeeman results sample. On
the basis of ambipolar diffusion models with time-dependent
astrochemistry, Tassis et al. (2012) argue that OH and CN are
heavily depleted at higher densities due to chemistry and hence
tend to sample the lower density outer layers of clouds rather than
the cores, and that therefore the Zeeman results underestimate
the magnetic field strengths in cores. If the true field strengths
are higher at each NH than those plotted in Figure 4, many
of the points with NH > 1022 cm−2 should be plotted at
stronger field strengths. Such points would then lie above the
criticalM/8 line, and would represent subcritical self-gravitating
clouds. One issue with this conclusion is that ambipolar diffusion
driven evolution is significantly slower than those for which
the magnetic flux problem has been resolved by other physics
such as turbulent reconnection (Vishniac and Lazarian, 1999;
Lazarian et al., 2012); the chemical depletion at high densities
may not have had sufficient time to be as significant as Tassis et al.
(2012) find. A more direct problem with their argument is that
the interpretation of Figure 4 does not depend on OH and CN
sampling the highest densities of molecular cores. The Zeeman
effect estimates themagnetic field strength in the regions sampled
by the Zeeman tracer (OH or CN), and the relevant NH and nH
for estimating M/8 are those sampled by the Zeeman species.
There is no claim that either species samples the highest densities
of cores. Ideally one might use a variety of Zeeman species that
sample a range of densities in order to measure the change in
M/8 from envelope to core in clouds. The fact that all Zeeman
species do not trace the field in the cores, while true, does not
invalidate our interpretation of Figure 4.

4.2.2. B vs. n
The above discussion was limited by the fact that only the line-
of-sight component of the vector B is measured with the Zeeman
effect. However, with a large number of Zeeman measurements,
it is possible to infer statistical information about the total field
strength. One can assume a PDF of the total field strength,
P(BTOT), and compute P(BLOS), the PDF of the observable line-
of-sight field strengths, assuming a random distribution of the θ .
Comparison between the two lets one infer the most probable (of
those assumed) P(BTOT). Heiles and Crutcher (2005) attempted
this for H I Zeeman data with a frequentist approach, but found
that the observations did not allow a strong discrimination
among possible PDFs for the total field strength.

Crutcher et al. (2010b) used a Bayesian approach, and
expanded the Zeeman data set to include H I, OH, and CN
surveys (Crutcher, 1999; Heiles and Troland, 2004; Falgarone
et al., 2008; Troland and Crutcher, 2008). Their model for BTOT
vs. nH had BTOT,max = B0 at lower densities, based on the
most probable result fromHeiles and Crutcher (2005). For higher

densities the maximum BTOT had a power-law dependance,
BTOT,max = B0(n/n0)

κ . The PDF of BTOT at each density was
assumed to be flat, with the BTOT equally distributed between
the BTOT,max at that nH and a lower limit BTOT = f × B0, with
0 ≤ f ≤ 1. A delta function PDF (all BTOT at each nH being
the same) would have f = 1, while f = 0 would be the flat PDF
between BTOT,max and 0. The results for the four free parameters
in the Bayesian model (Figure 5) were B0 ≈ 10 µG, n0 ≈ 300
cm−3, κ ≈ 0.65, and f ≈ 0.

For nH > no interstellar magnetic field strengths increase
with density. Possible explanations are that diffuse clouds form by
accumulation of matter along magnetic field lines, which would
increase the density but not the field strength, or that there is a
physical process such as turbulent magnetic reconnection that
acts to keep fields from increasing with density (Vishniac and
Lazarian, 1999; Lazarian et al., 2012). Once densities become
large enough for clouds to be self-gravitating, gravitational
contraction with flux freezing may lead to the increase in field
strength with increasing density.

The Bayesian analysis of the PDFs of the total field strength
leads to the same result for the importance of magnetic fields with
respect to gravity that was discussed above: for lower densities
(where clouds are predominately not self-gravitating), the mass-
to-flux ratio is subcritical. At higher densities it is supercritical.

The statistical increase in field strengths with density,
parameterized by the power law exponent κ , may be compared
with theoretical predictions. The ambipolar diffusion theory has
κ near zero at early stages when contraction of neutrals increases
density but not field strengths; as evolution proceeds, κ gradually
increases to a maximum of 0.5, e.g., Mouschovias and Ciolek
(1999). The Bayesian analysis value of κ ≈ 0.65 ± 0.05 does
not agree with the ambipolar diffusion prediction. It does agree
with the value κ = 2/3 found by Mestel (1966) for a spherical
cloud with flux freezing. However, while spherical collapse does
produce κ = 2/3, finding that clouds have κ near this value
does not require that clouds be spherical. It only means that
collapse is approximately self-similar. The Bayesian result does
imply that magnetic fields in self-gravitating clouds are generally
too weak to dominate gravity in a large fraction of molecular
clouds. However, the Bayesian analysis is a statistical one that
does not rule out ambipolar diffusion being dominant in a small
proportion of molecular clouds.

Tritsis et al. (2015) have questioned the results of the Bayesian
analysis described above on several grounds, including: (i)
that the clouds are not observed to be spherical; (ii) that the
Bayesian analysis included both H I and molecular cloud data;
a non-Bayesian analysis by Tritsis et al. (2015) of molecular
cloud detections only yielded κ ≈ 0.5; and, (iii) that they
found inferred cloud densities in a separate literature search
often differing from those used by Crutcher et al. (2010b),
particularly higher CN cloud densities, and argued that the CN
points in Figure 5 should move further right thus lowering κ .
Collectively, these are open questions for which countervailing
arguments and considerations exist; both are important to our
full understanding of the scientific interpretation of Zeeman
observations. On (i) it can be argued that real clouds invariably
have significantly non-spherical morphologies due to other forces
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such as bulk flows and turbulence. Regarding (ii), omitting
clouds with Zeeman non-detections (and accordingly smaller
inferred magnetic field strengths) in a non-Bayesian analysis
can bias the estimation of κ downwards; the subset of clouds
with larger field strengths may well have a smaller κ than the
total set. On the final point (iii), it is required to estimate
the density of the Zeeman tracer as opposed to the highest
density for each cloud. Further, high excitation lines of other
molecular species may sample higher densities that the N = 1–
0 CN transition due to excitation and astrochemical depletion.
As current and future telescopes provide further data, as
described in section 6, these questions will undoubtedly be
further constrained.

4.2.3. Radial Dependence of Mass/Flux
Study of M/8 such as that illustrated by Figure 4 compare
different clouds. Also of interest is the variation of M/8 within
a cloud, for that can be indicative of the role of the magnetic
field in the structure and evolution of a cloud. This is a very
difficult observational task because spectral lines will generally
be weaker away from cloud centers. However, Crutcher et al.
(2009) reported such a study toward four dark clouds. Although
determination of actual values ofM/8 requires knowledge of the
unknown angle θ between the magnetic field vector and the line
of sight, it is possible to map the variation from point to point
within a cloud if one assumes that the magnetic field direction is
the same at the various positions. This is a reasonable assumption
if the magnetic field is strong and dominates turbulence, as in
the standard ambipolar diffusion model of star formation. That
model requires that M/8 increase from envelope to core as
collapse of neutrals through the magnetic field increases the mass
but not (so much) the field strength in the core.

The Crutcher et al. (2009) result was that in all four clouds,
M/8 decreases from envelope to core—the opposite of the
ambipolar diffusion prediction. This observational result agreed
with results from a weak field, turbulence dominated simulation
(Lunttila et al., 2009). The observed result could also be due to
magnetic reconnection (Lazarian, 2005), since loss of magnetic
flux due to turbulent reconnection will proceed more rapidly in
envelopes that in cores, since in envelopes have larger spatial
scales and in general stronger turbulence.

Mouschovias and Tassis (2009, 2010) reviewed the above
results and conclusion, and argued that (1) motion of cores
through surrounding more diffuse gas could lead to B in cores
and their envelopes not being essentially parallel and (2) that
since BLOS was not detected in the envelopes only upper limits
should be considered. Crutcher et al. (2010a) discussed these
arguments. The first point may have some validity, but observed
correlation of BPOS directions in cores and surrounding gas
argues against it. In any case, such a process would sometimes
increase and sometimes decrease the observed radial dependence
ofM/8. Four clouds is not a large number, but all four did show
the same result. On the second point, it is certainly true that
at the 3σ upper-limit level, M/8 constant or even decreasing
slightly with radius is consistent with the data for each cloud
individually, but the probability that this is true for all four clouds
is ∼ 3 × 10−7. None the less, clear observational evidence for

the ambipolar diffusion theory was not provided by the results in
Crutcher et al. (2009).

4.2.4. Models of Specific Clouds
Ambipolar diffusion models for specific clouds, B1 and L1544,
have been produced for comparison with observational data
including OH Zeeman detections (Crutcher et al., 1994; Ciolek
and Basu, 2000). In both cases the models could agree with
observations, but both required that the fields be mainly in the
plane of the sky, since the field strengths required by the models
were much larger than the line-of-sight strengths obtained from
Zeeman observations. While this could be true for the very small
sample of two, in the larger sample of dark clouds with OH
Zeeman observations one might expect to find examples of the
field lying mainly along the line of sight, such that very large BLOS
would be found from Zeeman observations. Such large fields are
not found.

5. ZEEMAN OBSERVATIONAL
RESULTS—MASERS

Astrophysical maser components, due to their intrinsic nature
as compact objects of high brightness temperature, are critical
probes of magnetic fields in intermediate- and high-mass star
forming regions (HMSFR) and are of unique importance in
the study of the magnetic field over spatial scales of 10–100
AU (Vlemmings et al., 2010; Surcis et al., 2013). Hydroxyl
(OH), water (H2O), and methanol (CH3OH) maser species
have widespread association with HMSFR; each probes different
physical conditions in these regions. SiO masers are rare toward
SFR (Elitzur, 1992), and we do not discuss them in this review.
Broad reviews of maser observations of star forming regions
(SFR) are provided in the monographs by Elitzur (1992) and
Gray (2012). Polarization-specific observations of masers toward
SFR are reviewed by Vlemmings (2008a) and Vlemmings (2012).
In this article we seek to synthesize the current status of
maser polarization observations of SFR, the impact of such
observations on magnetic field estimates in these regions, and
their relationship to open questions in star formation theory.
All magnetic field values cited in this section are BLOS unless
otherwise specified.

5.1. OH Masers
Hydroxyl masers are common in SFR and are believed to
lie in the enclosing dusty molecular envelope, arising during
the development of the associated ultra-compact HII (UCHII)
region and within the period when the UCHII is within ∼30
milliparsec in size (Caswell, 2001). Several sources are known
to be somewhat larger in extent including OH 330.953–0.182
(Caswell et al., 2010) and OH 337.705–0.053 (Caswell et al.,
2011b), the latter source perhaps approaching the end of its
evolutionary maser-emitting phase.

5.1.1. Main Line OH Masers
OH maser emission toward SFR is detected most frequently in
the ground-state main line transitions 25 3

2
, J =

3
2 , {F = 1 →

1, F = 2 → 2} at 1,665 and 1,667 MHz, respectively, and in the
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excited-state transitions 25 3
2
, J =

5
2 , {F = 2 → 2, F = 3 →

3} at 6,031 and 6,035 MHz, respectively. The Zeeman effect is
readily detected in OHmaser transitions due to the paramagnetic
nature of the hydroxyl radical (Cook, 1977; Elitzur, 1992). In
the formalism of the foundational theory of maser polarization
(Goldreich et al., 1973) the Zeeman splitting will exceed the
maser linewidth if the magnetic field B > 0.5 mG (Slysh et al.,
2002). The Zeeman pattern is as discussed above; as noted in that
discussion, fully-separated Zeeman components allow inference
of the total magnetic field BTOT . The π components are not
frequently observed (Slysh et al., 2002) but are not completely
absent; Green et al. (2015) find an incidence of ∼ 16% in excited
state OH transitions.

OH Zeeman pairs are frequently detected toward SFR
in interferometric observations sensitive to circular or full
polarization. In this paragraph we consider such observations
of the main line 1,665 and 1,667 MHz OH masers. The
contemporary MAGMO survey of the Carina-Saggitarius
tangent in these OH transitions toward methanol maser sites
and previously-known OH sources using the Australia Telescope
Compact Array (ATCA) by Green et al. (2012) detected 11
Zeeman components and found OH maser fractional linear
polarization ml ∼22–95% and fractional circular polarization
mc ∼6–100%. These observations and prior aggregated OH
Zeeman measurements in this region span a B-field range: –
1.5 mG < B < +8.9 mG. Interferometric studies of individual
sources find broadly comparable magnetic field magnitudes,
including Very Long Baseline Array (VLBA) observations of
G23.01–0.41 (Sanna et al., 2010) and W75(N) (Slysh et al.,
2002), Long Baseline Array (LBA) observations of OH 337.705–
0.053 (Caswell et al., 2011b), OH 330.953–0.182 (Caswell et al.,
2010), OH 300.969+1.147 (Caswell et al., 2009), and 323.459–
0.079 (Caswell and Reynolds, 2001), and MERLIN observations
of IRAS 20126+4104 (Edris et al., 2005). A recent extensive
Parkes single-dish polarization spectroscopic survey found that
approximately one third of the main-line OHmasers toward SFR
have a feature that is at least 50% linearly polarized (Caswell
et al., 2013). Single-dish observations with the Nançay Radio
Telescope (NRT) detected several Zeeman features with inferred
magnetic fields consistent with the interferometric results cited
above (Bayandina et al., 2014).

5.1.2. Excited State OH Masers
Excited-state OHmasers at 6 GHz are usually strongly associated
with 1,665MHzOHmasers toward SFR, although at perhaps one
third the incidence to the same sensitivity level (Caswell, 2001).
Caswell (2004) note that this is consistent with pumping models
predicting similar conditions (Pavlakis and Kylafis, 2000; Cragg
et al., 2002). Ground-state OH masers have representative dust
temperatures ≥ 100 K, gas temperatures ≤ 100 K, and density
104 < nH < 108.3 cm−3 (Cragg et al., 2002). Excited-state
OH masers trace somewhat cooler gas, at higher density 106.5 <

nH < 108.3 cm−3 (Cragg et al., 2002; Green et al., 2007).
In this paragraph we consider recent interferometric Zeeman

or full polarization observations of 6 GHz excited state OH
maser emission toward SFR. A contemporary survey of 30 source
positions using the ATCA by Green et al. (2015) detected 94

Zeeman pairs and 18 Zeeman triplets with inferred magnetic
fields –10.4 mG < B < 11.4 mG. Interferometric observations
of individual sources find Zeeman pairs with a comparable
range of magnetic field magnitudes including European VLBI
Network (EVN) observations ofW3(OH) (Fish and Sjouwerman,
2007), MERLIN observations of W51 (Etoka et al., 2012),
W3(OH) (Etoka et al., 2005), and ON1 (Green et al., 2007),
ATCA observations of OH 353.410–0.360 (Caswell and Reynolds,
2001), LBA observations of G351.417+0.645 and G353.410–0.360
(Caswell et al., 2011a), and Very Large Array (VLA) observations
of NGC 6334I (Hunter et al., 2018).

5.1.3. 1,720 MHz OH Masers
The 25 3

2
, J =

3
2 , F = 2 → 1 OH maser transition at 1,720

MHz is less frequently observed and detected toward SFR. They
are believed to be ∼1/6th as prevalent as 1,665 MHz OH masers
toward SFR when surveyed to the same sensitivity limit (Caswell,
2004). Observationally 6,035 and 1,720 MHz OH masers are
known to have correlated association (Caswell, 2001); at high
resolution (Fish and Sjouwerman, 2007) find components in
these transition to be co-spatial within 10–20 mas. An ATCA
interferometric survey of 1,720 MHz OH masers associated with
1,665 and 6,035 MHz OH maser sites found Zeeman pairs with
associated magnetic field magnitudes as high as ∼ 16 mG
(Caswell, 2004). These authors argue that the 1,720 MHz OH
masers toward SFR trace regions of higher densities and higher
associated magnetic fields (∼1.5–2×) accordingly.

5.1.4. Detection of Zeeman Pairs
OH Zeeman pairs can be difficult to identify unambiguously
due to flux density or positional offsets between the two
σ components (Cook, 1977), likely due to differing maser
amplification paths for the two separated components. This effect
is more pronounced for the main line OH maser transitions as
they have larger Zeeman splitting coefficients Z than the 1,720
MHz OH transition and 6 GHz excited state OH transitions.
These values are 0.113 km/s/mG at 1,720 MHz (Caswell, 2004),
0.079 km/s/mG at 6,030 MHz and 0.056 km/s/mG at 6,035 MHz
(Caswell et al., 2011a); cf. Table 1.

5.2. Methanol Masers
Methanol masers have emerged as particularly powerful probes
of star formation. The 6.7 GHz 51 → 60A

+ methanol transition
is associated only with HMSFR (Minier et al., 2003; Green et al.,
2007). It is difficult to infer local magnetic field structure in high-
resolution observations of ground-state OH masers toward SFR
due to significant external Faraday rotation (Surcis et al., 2009);
methanol maser transition frequencies are far less affected.

Methanol masers are classified as either Class I or Class II
(Menten, 1991a,b). Class I methanol masers trace shocked gas at
the interfaces of outflows fromHMSFR (Cyganowski et al., 2009).
A comprehensive review of Class I methanol masers and their
excitation is provided by Leurini et al. (2016). Class II methanol
masers are found closer to massive protostars within HMSFR.
Wiesemeyer et al. (2004) cites W3(OH) as the prototype Class
II methanol maser source. The two strongest Class II methanol
maser transitions are the 20 → 3

−1E 12.2 GHz transition (Batrla
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et al., 1987) and the 51 → 60A
+ 6.7 GHz transition (Menten,

1991b). Typical physical conditions for Class II methanol maser
excitation are cited by Wiesemeyer et al. (2004) as n ∼ 105−8

cm−3 with a gas temperature less than the dust temperature
(both ≤ 100 K).

The methanol molecule is non-paramagnetic and expected to
have low linear and circular polarization in an external magnetic
field (Green et al., 2007; Vlemmings, 2008b) particularly if
partially saturated, as described in the general maser theory
summarized by Watson (2009). A further complication for
Zeeman polarimetry of methanol masers was immediately
presented once these observations became technically feasible:
no accurate laboratory measurement existed for the Landé g-
factor for the transitions of interest. The community relied on
an uncertain extrapolation of laboratory measurements of 25
GHz methanol transitions (Jen, 1951), and the extrapolation
calculation may have been in error by an order of magnitude
(Vlemmings et al., 2011). Recently a full quantum mechanical
derivation has been performed (Lankhaar et al., 2018) resulting
in an accurate Zeeman coefficient. Accordingly we do not cite
inferred magnetic fields from work using earlier Landé g-factors
than (Lankhaar et al., 2018), but only note Zeeman velocity or
frequency splitting for those results accordingly.

5.2.1. 6.7 GHz Methanol Masers
In this paragraph we confine our discussion to polarization
observations of the 6.7 GHz methanol maser transition toward
HMSFR. Ellingsen (2002) reported the detection of linear
polarization at levels of up to 10% toward NGC6334F using
the ATCA. MERLIN observations of W3(OH) by Vlemmings
et al. (2006) detected a median linear polarization fraction
ml ∼ 1.8% and set an upper limit to the fractional circular
polarization mc < 2%; the upper limit to the Zeeman splitting
was vz < 1.1 × 10−3 km/s. Dodson (2008) reported linear
polarization ml ∼ 0.5 − 10.1% toward G339.88–1.26 using the
LBA. The first systematic survey for Zeeman components was
performed by Vlemmings (2008b) using the Effelsberg single-
dish telescope to observe a sample of 24 sources; 17 Zeeman
components were detected with an average Zeeman splitting of
0.56 m/s. Figure 6 shows an example of a Zeeman detection
Stokes I and V profile. Zeeman splitting toward the period flaring
source G09.62+0.20 was reported by Vlemmings et al. (2009)
using similar Effelsberg observations. As more telescopes and
interferometer arrays became equipped with receivers in this
band the scope of observations of this transition toward HMSFR
increased significantly. MERLIN observation of DR21(OH) and
DR21(OH)N were completed by Harvey-Smith et al. (2008),
of Cepheus A HW2 by Vlemmings et al. (2010), and of IRAS
18089–1732 by Dall’Olio et al. (2017). Dodson and Moriarty
(2012) undertook a survey of ten SFR using the ATCA; and
the Mount Pleasant 26 m single dish telescope was equipped
for polarimetry in this transition by Stack and Ellingsen (2011),
who detected Zeeman splitting in the periodic flaring source
G9.62+0.20. A significant systematic survey campaign of HMSFR
using the EVN is reported by Surcis et al. (2009, 2012, 2013,
2015); these authors report Zeeman vz splitting spanning the
range from –9.7m/s to +7.8m/s and fractional linear polarization

in the range ml ∼ 0.4 − 17%. We do not imply that the
data are uniformly distributed in these ranges; an approximate
summation here suggests a mean unsigned |vz| ∼ 3.2 m/s and
a mean fractional linear polarization m̄l ∼ 3.6%. Vlemmings
et al. (2011) cite a fitted Zeeman splitting dispersion 〈△VZ〉 ∼

0.62 m/s from their Effelsberg single-dish Zeeman survey.
Lankhaar et al. (2018) report that this translates to a mean
magnetic field magnitude ∼ 12 mG using the correct Zeeman
splitting coefficient.

5.2.2. 36 and 44 GHz Methanol Masers
The Class I 4

−1 → 30E 36 GHz methanol maser transition
was detected toward the HMSFR M8E using the VLA by
Sarma and Momjian (2009); these authors resolved two Zeeman
components with splitting vz = 34.4± 5.9 Hz and vz = −53.2±
6.0 Hz, respectively. Zeeman splitting has also been detected in
the Class I 70 → 61A+ 44 GHz methanol maser transition
toward the SFR OMC-2 (Sarma and Momjian, 2011; Momjian
and Sarma, 2012) and DR21(OH) (Momjian and Sarma, 2017).
In DR21(OH) the authors find vz = 53.5±2.7 Hz and for OMC-2
report vz = 18.4±1.1 Hz and vz = 17.7±0.9 Hz over two epochs.

Using the correct Landé g-factors computed for these
transitions and the most likely hyperfine transitions, Lankhaar
et al. (2018) infer a magnetic field magnitude of 20–75mG for the
reported 36 and 44 GHz methanol maser Zeeman observations.
Momjian and Sarma (2017) note that these masers sample
densities n ∼ 107−8 cm−3 (Leurini et al., 2016). As noted by
Lankhaar et al. (2018) the B-field magnitudes ∼ 20 − 75 mG are
not inconsistent with shock compression.

5.2.3. Other Millimeter Wavelength Transitions
Wiesemeyer et al. (2004) conducted single-dish polarimetry of
methanol masers at higher frequencies using the IRAM 30
m telescope. They observed the Class I transitions: 5

−1 →

40E (85 GHz), 80 → 71A+ (95 GHz), 6
−1 → 50E (132

GHz); and Class II transitions: 31 → 40A+ (107 GHz) and
60 → 6

−1E (157 GHz). The authors report fractional linear
polarization in the rangeml ∼ 2.8−39.5% and fractional circular
polarization mc ∼ −7.1 − 3.52%. They argue that the masers
are unsaturated and that the theory of Nedoluha and Watson
(1992) applies; specifically that the linear polarization arises from
anisotropic pumping and anisotropic radiation losses and the
circular polarization from non-Zeeman effects (Watson, 2009).
Kang et al. (2016) present a survey of linear polarization in 44
and 95 GHz Class I masers conducted with a single dish from
the Korean VLBI Network (KVN). Their results yielded a lower
fractional linear polarization and they argue accordingly for a
diminished influence of anisotropic pumping and losses than
(Wiesemeyer et al., 2004).

5.3. Water Masers
The advent of the VLBA was accompanied by the development
of observing techniques that allowed VLBI polarimetry of 22
GHz water masers (Leppänen et al., 1998). VLBI observations of
the Zeeman effect in 22 GHz water masers were first reported
by Vlemmings et al. (2006) and Sarma et al. (2008); such
observations allow the magnetic field in SFR to be measured
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FIGURE 6 | Maser Zeeman results from Vlemmings (2008b). Left: Example of 6.7 GHz methanol maser Zeeman observation. Inferred BLOS = 15.4± 0.4 mG. Right:

Points with error bars show maser Zeeman inferred values of magnetic field strength in the massive star forming region Cepheus A. Boxes show literature values for

maser and extended regions for other regions. Solid line show B ∝ n0.5 relation while dotted line shows fit to Cepheus A data. Although the slope from this figure

seems different from the 0.65 from Figure 5, the maser slope does not allow for the constant value of field strength for H I Zeeman data. When this is included, the

slope for the maser gas is reasonably compatible with 0.65 given the large uncertainties in the gas densities in the maser regions.

in high-density regions n ∼ 109 cm−3. Contemporary VLBI
observations of W75N are reported by Surcis et al. (2011). Their
analysis leads to an inferred magnetic field of 200 to 1,000 mG
in the shocked outflow region where the water masers arise.
Modeling suggests that the shock is a C-shock. As part of
their comprehensive observations of the HMSFR G23.01–0.41
(Sanna et al., 2010) included VLBA observations of H2O masers,
confirming that the water masers trace fast outflows from the
massive YSO in this source.

5.4. Relationship of Maser Polarization
Observations to Star Formation Theory
There remain broad open questions in both the micophysics
and macrophysics of star formation theory (McKee and Ostriker,
2007). Maser polarization observations in SFR probe the fine-
scale magnetic field in dense regions n ∼ 105−11 cm−3 of
obscured HMSFR (Kang et al., 2016) and therefore provide
constraints on the theory of high-mass as opposed to low-
mass star formation (Zinnecker and Yorke, 2007). In addition,
masers are confined to certain evolutionary phases of HMSF,
specifically between the formation of hot dense molecular
cores (HDMC) (Zinnecker and Yorke, 2007), equivalently high-
mass protostellar objects (HMPO) (McKee and Ostriker, 2007),
and their subsequent evolution into ultra-compact HII regions
(UCHII) (Churchwell, 2002). The hot molecular core phase is
associated with the emergence of outflows, jets, and water and
methanol maser emission (McKee and Ostriker, 2007; Zinnecker
and Yorke, 2007) with the later emergence of OHmaser emission
during the development of an UCHII region (Churchwell, 2002).

HMPOs have high extinction, complex spatial structure due
to clustered HMSF, and may lie at large distances (McKee
and Ostriker, 2007). Maser observations can mitigate these
observational challenges however and provide unique probes of
the fine-scale kinematics and magnetic fields in HMPO regions.
However, it is critical to locate the maser emission within the
broader kinematic and dynamical picture of high-mass star
formation regions as accurately as possible in order to assess the
physical meaning of the magnetic field measurements inferred
frommaser observations and their overall role as probes of HMSF
in general.

Class II methanol masers lie closer to the central HMPOs

but there has been debate as to their exact location and

kinematics; we consider the available evidence here. Early

interferometric imaging of 6.7 and 12.2 GHz methanol masers
toward SFR revealed frequent linear or arc-like features, which

were interpreted as Keplerian disks (Norris et al., 1993,

1998). However, as described by Dodson and Moriarty (2012)
competing interpretations have arisen, including shocks (Walsh
et al., 1998), disk infall or outflow (Bartkiewicz et al., 2009),
and shock interaction with rotating molecular clouds (Dodson
et al., 2004). Dodson and Moriarty (2012) conducted a survey
of 10 SFR in the 6.7 GHz methanol transition using the ATCA
in order to distinguish these cases by comparing the gross
polarization morphology and the structural morphology of the
maser distribution; this statistical test was inconclusive. Using
a larger sample of SFR observed in full polarization in the 6.7
GHz methanol transition using the EVN, Surcis et al. (2013,
2015) have synthesized all external information on outflow
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direction from other molecular or dust polarization observations
for their sample and searched for correlations between structural
maser distribution and polarization EVPA and outflow direction.
They find a statistically significant correlation supporting the
alignment of the inferred magnetic field direction and the large-
scale outflow direction. This is not universal but is clearly
indicated in several sources studied in detail in the 6.7 GHz
methanol transition. Cepheus A HW2 shows methanol masers
in an elliptical ring of size ∼ 650 AU that probe material
being accreted onto the disk (Vlemmings et al., 2010). There
is no clear sign of rotation and the magnetic field is aligned
with the outflow. The HMSFR G23.01-0.41 observed by Sanna
et al. (2010) using VLBI shows methanol masers in a toroid
consistent with expansion and rotation about a massive YSO;
this is confirmed in an associated proper motion analysis.
MERLIN observation of W51 by Etoka et al. (2012) show the
methanol masers around e2-W51 to be in a velocity-coherent
structure perpendicular to the CO outflow; the maser spots
appear to trace the magnetic field lines elsewhere in the source.
Harvey-Smith et al. (2008) find a methanol maser distribution
toward DR21(OH) consistent with a Keplerian disk toward
DR21(OH)N. The preceding results show that methanol masers
are unique probes of disks or toroids surrounding HMPOs and
that there is significant potential in future observations. These
inner regions are critical to understanding key issues in HMSF
including accretion mechanisms (Krumholz et al., 2007), angular
momentum transport, disks (Cesaroni et al., 2007) and outflows.
The physics of low- and high-mass star formation differ in key
respects, as summarized by Zinnecker and Yorke (2007).

In several sources it is particularly clear that the measured
methanol maser magnetic fields sample an overall coherent
magnetic field and not isolated regions of dense shockedmaterial.
This is argued for Cepheus A HW2 by Vlemmings et al.
(2010) who also cite additional supporting evidence for the
source W75N (Surcis et al., 2009). There is a particularly
strong alignment between the methanol maser magnetic field
orientation and the field derived from dust polarization in
W51-e2 (Surcis et al., 2012 in particular see their Figure 10).
The evidence that maser polarization observations sample the
global field is particularly valuable constraining HMSF collapse,
accretion, and angular momentum transport mechanisms
(McKee and Ostriker, 2007).

5.5. Magnetic Fields and Density Relation
Using Zeeman magnetic field measurements made possible
for different maser species in the past decade, particularly
with the addition of methanol and water masers, Vlemmings
(2008b) compared the resulting magnetic field—density relation
for Cepheus A against the relation B ∝ n0.47 derived by
Crutcher (1999) finding excellent agreement; see Figure 6. This is
confirmed after revisions accounting for themore accurate Landé
g-factor for the methanol molecule (Lankhaar et al., 2018). The
agreement with this relation has been used as an independent
consistency check on measurements of maser magnetic fields
(Surcis et al., 2011; Momjian and Sarma, 2017). However, note
that the Crutcher (1999) study has been superceded by a more
complete and statistically improved study that yields an exponent

of ≈ 0.65. With the uncertainties in especially densities sampled
by masers, in addition of other uncertainties discussed above,
the Vlemmings (2008b) result is not inconsistent with the
higher exponent. But it is also true that the physics governing
the relationship between field strength and density may be
completely different in the extended gas and the regions with
the special conditions that give rise to masers; there is no
strong astrophysical argument that the same exponent hold in
both regions.

Future observations offer the potential of extending
measurement of the magnetic field—density relation at
maser densities over a larger sample of individual sources. It
is challenging to aggregate these data but new instrumental
capabilities increasingly make this a possibility. A larger
ensemble of sources will offset the inherent uncertainty in
maser excitation density and provide tighter constraints on the
B ∝ nκ exponent in maser regions and better understanding of
the underlying physics. We refer the reader to the discussion
in section 4.2 concerned the physical meaning of different
exponent values.

6. SUMMARY AND CONCLUSIONS

Interstellar Zeeman detections have been made in five species,
H I, OH, CN, CH3OH, and H2O, that sample densities nH
over about 10 orders of magnitude (100−10 cm−3). Hence,
information about magnetic field strengths is available over
the full range of densities from diffuse atomic clouds to very
dense gas in regions of star formation. There are, however, a
number of limitations in the data. Zeeman detections generally
involve high sensitivity observations that require long telescope
observation time, which limits the quantity of data available. In
most cases the Zeeman effect provides only the field strength
along the line of sight (with the exception of OH masers
with fully separated Zeeman components), so statistical analysis
is necessary. Obtaining astrophysical information such as the
mass/flux ratio and the scaling of field strength with density
requires knowledge of the column densities and volume densities
traced by the Zeeman species. Particularly for masers, where the
range of physical conditions under which masing may occur can
be broad, this introduces significant uncertainties. Nonetheless,
since the Zeeman effect provides the only direct technique for
measurement of interstellar magnetic field strengths, Zeeman
observations are crucial for our understanding of the role of
magnetic fields in the evolution of interstellar clouds and in
star formation.

At the lower densities sampled by H I, field strengths do
not appear to be systematically dependent on volume density,
with maximum strengths of 10-20 µG. At densities starting at
about 300 cm−3, field strengths increase with density, following
a scaling B ∝ n0.65, based on Bayesian analysis of OH and CN
Zeeman data in extended gas. At higher densities, & 106 cm−3,
results come from masers, and density estimates are less certain
than for extended gas. Nonetheless, it is clear that field strengths
continue to increase as a power law of density; early results
suggested an exponent of 0.5 in this regime but on inspection
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current data are not inconsistent with a 0.65 exponent. Further
analysis over a larger source sample is needed.

The observed ratio of column density to field strength
is directly proportional to the mass/flux ratio M/8, which
measures whether gravitational or magnetic energy dominates.
At lower densities M/8 is subcritical; magnetic fields dominate
gravity. Again at about densities of 300 cm−3 the situation
changes, andM/8 becomes supercritical.

These two measures of the relative importance of gravity
and magnetic fields give the same result. At about the density
at which clouds become self-gravitating, the importance of
magnetic fields changes. The Zeeman data are consistent with
a picture in which a cloud forms by flows along magnetic flux
tubes (sometimes described as converging flows), increasing
the local mass and density but not the field strength, until
the cloud becomes magnetically supercritical and contracts
gravitationally and eventually forms stars. Turbulent magnetic
diffusion probably plays a large role in moderating field strengths
during the evolutionary process.While this broad picture appears
generally to satisfy data constraints, cloud evolution and star
formation is a very complex process and this broad picture may
not (always) be correct.

Although there have been extensive Zeeman observations in
molecular clouds, conclusions remain tentative. Additional
observational work that should lead to more definitive
conclusions are: (1) measurement of the overall M/8 of
molecular cloud complexes to study the degree of magnetic
support; (2) additional Zeeman measurements at high
densities in order to solidify κ in the B ∝ ρκ relation;
(3) additional studies of the magnetic field morphology
and strength both within cores and between cores and
between GMCs.

Progress in interstellar Zeeman observations, particularly
in non-masing lines, has slowed considerable in the last
decade, due to the requirement of very large amounts of
telescope time and instrumental polarization problems with
important telescopes such as the IRAM 30-m and the
ALMA telescopes that have prevented Zeeman observations
in recent years. Hopefully these instrumental problems will
be overcome so Zeeman data can be significantly extended
in coming years. Being able to measure the Zeeman effect
in protostellar disks with (for example) CN transitions would
add significantly to information about magnetic fields. There
has however been significant progress in maser observations
of SFR in the past decade, particularly VLBI polarimetry
sensitive to the Zeeman effect in receiver bands allowing
observations of important tracers of HMSFR such as the 6.7
GHz methanol maser transition. This work has been facilitated
both by improvements in observing and analysis techniques
and advancement in the application of the theory polarized
maser radiation transport. It has become clear that methanol
masers in particular trace coherent magnetic field structures in
HMSFR, provide important Zeeman probes of the magnetic field
near massive YSOs, and add particular value to understanding
star formation when considered with all other molecular and
dust tracers.

As noted above, the commissioning of circular polarization
capability on ALMA has been technically challenging, however
recent results are highly encouraging (Vlemmings et al., 2017,
2019). The latter work presents an upper limit on the magnetic
field in the disk of TW Hya based on, at present, the non-
detection of the Zeeman effect in CN. The feasibility of Zeeman
observations of CN emission in protostellar disks was considered
earlier by Brauer et al. (2017). A review of the potential of
ALMA for linear polarization maser observations is provided
by Pérez-Sánchez and Vlemmings (2013); the linear polarization
capabilities of ALMAhave been realizedmuch earlier in telescope
operation due to their lower technical complexity than circular
polarization for ALMA.

The ngVLA1 science case for the study of magnetic fields
in SFR is presented by Hull et al. (2018). The science case
includes Zeeman observations of a range of Galactic thermal
and maser emission, including maser emission from the near
environments of YSOs, OH masers to study the large-scale
magnetic field distribution in the Milky Way, and Zeeman
observations to detect magnetic fields in extragalactic OHmasers
sources. The ngVLA offers significantly increased sensitivity, a
key consideration along with instrumental polarization purity
in the technical feasibility of Zeeman observations, and nearly
continuous coverage of the useful frequency spectrum from 1
to 116 GHz. The potential for Zeeman observations using the
Square Kilometer Array (SKA2) is described by Robishaw et al.
(2015). The high sensitivity of the SKA similarly enhances
the technical feasibility of Zeeman observations; the authors
note specific opportunities for significantly improved Zeeman
observations to measure magnetic field densities in SFR with
both OH and methanol masers, HI absorption studies toward
background continuum sources as well as diffuse HI emission,
OH masers tracing the Galactic magnetic field structure, and
extragalactic masers. The SKA precursor projects MeerKAT3 and
ASKAP http://www.atnf.csiro.au/projects/askap/index.html have
lower sensitivity and reduced frequency coverage relative to the
full SKA, but will make important contributions to the areas of
SKA Zeeman science mentioned above.
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Observations of star-forming regions by the current and upcoming generation of

submillimeter polarimeters will shed new light on the evolution of magnetic fields over

the cloud-to-core size scales involved in the early stages of the star formation process.

Recent wide-area and high-sensitivity polarization observations have drawn attention

to the challenges of modeling magnetic field structure of star forming regions, due

to variations in dust polarization properties in the interstellar medium. However, these

observations also for the first time provide sufficient information to begin to break

the degeneracy between polarization efficiency variations and depolarization due to

magnetic field sub-beam structure, and thus to accurately infer magnetic field properties

in the star-forming interstellar medium. In this article we discuss submillimeter and

far-infrared polarization observations of star-forming regions made with single-dish

instruments. We summarize past, present and forthcoming single-dish instrumentation,

and discuss techniques which have been developed or proposed to interpret polarization

observations, both in order to infer the morphology and strength of the magnetic field,

and in order to determine the environments in which dust polarization observations

reliably trace the magnetic field. We review recent polarimetric observations of molecular

clouds, filaments, and starless and protostellar cores, and discuss how the application

of the full range of modern analysis techniques to recent observations will advance our

understanding of the role played by themagnetic field in the early stages of star formation.

Keywords: molecular clouds, far-infrared (FIR), magnetic fields, star formation, submillimeter astronomy,

polarimetry

1. INTRODUCTION

In this chapter we discuss single-dish polarimetric observations of star-forming regions made
at far-infrared and submillimeter wavelengths. These observations make use of the tendency for
asymmetric dust grains to align with their long axis perpendicular to the local magnetic field
direction (Davis and Greenstein, 1951; Andersson et al., 2015). Measurement of linearly polarized
thermal radiation from dust is a technique which is now coming into its own: the current
and forthcoming generation of polarimeters are permitting wide-area surveys in polarized light
across the far-infrared and submillimeter wavelength regime. Such surveys represent a significant
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improvement over previous observations, and open up the
properties of magnetic fields in a variety of star-forming
environments to statistically rigorous analysis.

Polarized dust emission is a key tool for understanding
the role of magnetic fields in star-forming regions, being a
direct measurement of magnetic field morphology on most
size scales and at most densities, from the diffuse ISM to
the highest densities found in gravitationally bound cores,
at which the coupling between magnetic field orientation
and grain alignment is thought to break down (e.g., Jones
et al., 2015). Emission polarimetry can also provide indirect
measurements of magnetic field strength, most commonly
through the (Davis-)Chandrasekhar-Fermi method (Davis, 1951;
Chandrasekhar and Fermi, 1953), and of the dynamical
importance of magnetic fields to molecular clouds (e.g.,
Soler et al., 2013).

Interpretation of emission polarization observations requires
care, due to the degenerate plane-of-sky polarization patterns
produced by various combinations of three-dimensional
magnetic field geometry and variable efficiency of alignment of
dust grains with the magnetic field. Breaking such degeneracies
in order to accurately interpret polarization observations often
requires comparison to models. However, few simulations of
magnetized star formation to date have produced synthetic
observations with which comparisons can be made, in part
due to the past paucity of observations. In this chapter we
discuss comparison of data to models where such comparisons
exist. For in-depth discussion of numerical simulations of star
formation, we refer the reader to Teyssier and Commerçon
(under review).

In this chapter we focus on observations made with single-
dish instrumentation. For a discussion of recent advances
in interferometric polarimetry, we refer the reader to Hull
and Zhang (2019). Discussion in this chapter is restricted to
observations of polarized continuum emission from dust grains
aligned with their local magnetic field direction. Polarization
induced by scattering from dust grains is discussed by Hull and
Zhang (2019).

This chapter is structured as follows: in section 2 we discuss
past, current and forthcoming instrumentation. In section 3
we discuss methods by which polarization observations are
interpreted. In section 4 we discuss observations of magnetic
fields on the scale of molecular clouds. In section 5, we discuss
observations of magnetic fields in Bok globules; in section 6
we discuss observations of magnetic fields in filaments; and
in section 7 we discuss observations of magnetic fields in
starless, prestellar and protostellar cores. Section 8 summarizes
this chapter.

2. AN OVERVIEW OF POLARIMETERS

Thermal emission from dense molecular clouds is typically a
few percent polarized, making the detection of their polarized
radiation challenging. Determining linear polarization requires
measurement of differential power for light with different
orientations of EE, and is typically characterized by the Stokes

parameters I, Q, and U:

Q = I0 − I90 (1)

U = I45 − I135, (2)

where Ix indicates the polarized component of total intensity I,
with EE parallel to the on-sky angle x. The polarization angle θ and
fraction of the radiation that is polarized p can be measured from
the Stokes parameters with

θ =

1

2
arctan(U,Q) (3)

and

p =

√

Q2
+ U2

I
(4)

respectively. Here we have used the IAU convention that
a polarization angle of 0◦ is aligned North-South and that
θ increases when rotated toward the East of North.

In this section we discuss design and observation strategies
of different types of polarimeters. We also briefly review
polarimeters past, currently operating or being constructed, and
proposed for next-generation far-IR/sub-mm satellites.

2.1. Polarimeter Design and Observation
Strategies
Measurements of linear polarization with incoherent detectors,
such as bolometers, require a method of measuring total power
at different E-field orientations. Fast modulation of the polarized
signal is also required so that Q and U can be measured on
timescales faster than noise drifts associated with the instrument
and/or observations. Finally, the background signal contributed
from sky emission must be removed from the observations.

Table 1 summarizes all single-dish polarimeters that have
operated between 100µm to 1.2mm and have resolution
< 10′ FWHM, in addition to polarimeters that are being
constructed, or have recently been proposed. The development
of sub-mm and far-IR polarimeters has been driven by a quest
for improvements in mapping speed, by increasing the number
of detectors and operating at better observing sites. Ground-
based polarimeters built for large-aperture telescopes such as the
James Clerk Maxwell Telescope (JCMT, 15-m), Caltech Sub-mm
Observatory (CSO, 10.4-m), Atacama Pathfinder EXperiment
(APEX, 12-m), Institut de Radioastronomie Millimétrique
(IRAM, 30-m), and the Large Millimeter Telescope (LMT, 50-
m), can be used to make high-resolution maps of magnetic field
morphology in star-forming regions. However, this resolution
comes at the cost of observing through the atmosphere,
requiring these polarimeters to observe through narrow windows
in the sub-mm atmospheric transmission spectrum, or at
millimeter bands away from the spectral peak of molecular
cloud dust. The atmosphere also emits radiation at far-IR, sub-
mm, and millimeter wavelengths, resulting in additional power
absorbed by the detectors, or “loading,” and reduces the overall
detector responsivity.

Ideally, one would put sub-mm polarimeters in space (for
example the Planck Surveyor); however, such satellites are
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TABLE 1 | Listing of past, current, and proposed Sub-mm polarimeters.

Instrument (Telescope) Platform Start date Status Bands Npixels FWHM Polarization strategy Key References

[µm] [arcsec]

UCL Polarimeter Balloon 1980 Finished 77 1 300 RP, Chopping Cudlip et al., 1982

KAO Airborne 1983 Finished 270 1 60 S-HWP, K-mirror Dragovan, 1986

POLY (KAO) Airborne 1986 Finished 100 1 55, 40 S-HWP Novak et al., 1989

MILLIPOL (NRAO-12m) Ground 1987 Finished 1300 1 30 S-HWP, linear feed Barvainis et al., 1988,

Clemens et al., 1990

UKT-Polarimeter (JCMT) Ground 1989 Finished 450, 850, 1100 1 8–18 S-HWP, F-A Flett and Murray, 1991

Stokes (KAO) Airborne 1990 Finished 100 2 × 32 35 S-HWP, P-G, Chop Platt et al., 1991

HERTZ (CSO) Ground 1995 Finished 353 2 × 32 20 S-HWP, P-G, Chop Schleuning et al., 1997,

Dowell et al., 1998

SCUPOL (JCMT) Ground 1997 Finished 850 37 14 S-HWP, F-A, Chop Murray et al., 1997,

Greaves et al., 2003

SPARO (VIPER) Ground 2000 Finished 450 2 × 9 ∼300 S-HWP, P-G, Chop Dotson et al., 1998

Renbarger et al., 2004

BLASTPol Balloon 2010 Finished 250, 350, 500 266 150 S-HWP, P-G, Scan Galitzki et al., 2014b

SHARP/SHARC (CSO) Ground 2005 Finished 350 and 450 9 X-Grid, S-HWP, chopping Li et al., 2008

PolKa/LABOCA (APEX) Ground 2011 Not Currently Offered 870 295 20 RPM Siringo et al., 2012,

Wiesemeyer et al., 2014

HAWC+ (SOFIA) Airborne 2016 Active 53, 62 , 89, 154, 214 1,280 4.8–18.2 S-HWP, Dual-Pol, Chop Dowell et al., 2018

Planck Space 2009 Finished 850 8 300 Scan Lamarre et al., 2010,

Planck Collaboration VIII, 2016

PILOT Balloon 2015 Last Flight 2017 214 2048 120 S-HWP, dual-analyzer, Scan Foënard et al., 2018

POL2 (JCMT) Ground 2016 Active 450, 850 5120 (each) 10, 14 Sp-HWP, Dual-Pol Bastien et al., 2011,

Friberg et al., 2016

BLAST-TNG Balloon 2019 Integration 250, 350, 500 759, 475, 230 31, 41, 59 S-HWP, Dual-Pol, Scan Galitzki et al., 2014a

TolTEC (LMT) Ground 2019 Construction 1100, 1400, 2100 900, 1800, 3600 5.0, 6.3, 9.8 Sp-HWP, Dual-Pol Bryan et al., 2018

NIKA-2 (IRAM) Ground 2019 Integration 1150, 2000 1140 × 2616 11, 18 Dual-Pol, HWP Adam et al., 2018

A-MKID (APEX) Ground 2019 Integration 350, 850 3520 (350), 21600 (850) 19 (at 850) Dual-Pol, Sp-HWP Otal, 2014

POL (SPICA) Space ∼2030 Proposed 100, 200, 350 32 × 32, 16 × 16, 8 × 8 9, 18, 32 S-HWP, Dual-Pol, Scan Gaspar Venancio et al., 2017

Roelfsema et al., 2018

PICO Space ∼2030 Proposed 375, 450, 541, 649 10000 total 66–192 Dual-Pol, Scan Sutin et al., 2018

779, 935, 1124 Young et al., 2018

FIP (OST) Space ∼2030 Proposed 50, 250 26000/6500 2–10 Dual-Pol, Sp-HWP, Scan Staguhn et al., 2018 (Concept-2)

Polarization Strategy Abbreviations: S-HWP, Stepped HWP; Sp-HWP, Continuously Spinning HWP; P-G, Polarizing Grid; X-Grid, Cross-Grid Splitter; RP, Rotating Polarizing Grid; RPM, Reflecting Polarization Modulator; F-A, Fixed

Analyzer/Polarizing Grid; Dual-Pol, Dual Polarization Detectors; Scan, Scan Modulation; Chop, Chopping.
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very expensive. Alternatively, polarimeters can operate in the
stratosphere. Polarimeters on an aircraft, such as the Kuiper
Airborne Observatory (KAO) or Stratospheric Observatory for
Infrared Astronomy (SOFIA), typically operate at 10–13 km
above sea-level (∼90% of the atmosphere), which greatly
decreases the atmospheric loading and allows observations at
wavelengths< 300µm. Stratospheric balloons offer an evenmore
lofty platform at 35–50 km above sea-level (above > 99%of the
atmosphere). Such balloon-borne polarimeters can operate in
near-space conditions, at a fraction of the cost of a satellite.
However, stratospheric balloon flights are currently limited to
several weeks’ length, reducing the amount of polarization
data obtainable.

2.1.1. Measuring Differential Power
The most basic requirement of a polarimeter is to measure the
intensity of the component of incoming radiation at different
polarization angles. This has often been accomplished by placing
a polarizing grid in the light path detector focal plane, such that
component of the radiation with EE-orientation parallel to the
grid wires is reflected while radiation with EE perpendicular to
the wires is transmitted. The reflected orthogonal polarization
component can be directed to different focal plane arrays. This
method is somewhat inefficient: either half the light is discarded
before reaching the detector focal plane (e.g., BLASTPol), or one
part of the array is used to detect one polarization component,
and a separate part of the array is required to detect the
orthogonal component (e.g., SHARP, SPARO polarimeters).

Most modern polarimeters now use dual-polarization
detectors, which can measure both orthogonal polarization
components at the same location on the focal plane, for
example Transition Edge-Sensors (TES), and Kinetic Inductance
Detectors (KIDs) (see Mauskopf, 2018 for a recent review).

2.1.2. Polarization Modulation
For ground-based polarimeters, the dominant source of noise
comes from short-timescale fluctuations in the thermal emission
of atmosphere and telescope. High-frequency referencing to
an off-source sky position or fast (>> 1Hz) modulation of
the polarization orientation measured by the instrument is
therefore crucial.

2.1.2.1. Chopping
The noise of a polarization measurement can be reduced by
high-frequency “chopping” of an optical element, commonly the
secondary mirror, to a nearby location on the sky assumed to be
free of polarized emission (see Hildebrand et al., 2000). The size
of the pointing offset, or chop-throw, severely limits the largest
angular scales that can typically be recovered. Also, if there is
polarized emission at the reference locations then this will add
a systematic error to the polarization measured at the target
location (see Appendix A of Matthews et al., 2001b).

2.1.2.2. Rotation of a half-wave plate
Birefringent half-wave plates (HWP) rotate the polarization angle
of incoming light by 2α, where α is the angle of HWP rotation.
These HWPs can serve two purposes: if spun continuously they
canmodulate the polarization such that all Stokes parameters can

be measured on timescales faster than the low-frequency drifts of
the telescope (e.g., POL2, TolTEC). In contrast, a stepped HWP
can be used to rotate the polarization, in order to measure both
StokesQ andU with each individual detector, and thereby correct
for differences in detector beam shape or gains, and characterize
the instrumental polarization (IP).

HWPs are an important tool for modulating polarization.
However, their disadvantages include modulation of polarization
from the optical path between the source and the HWP,
preventing their use to characterize IP caused by optical elements
earlier in the light path, such as the primary and secondary
mirrors. Also, any differences in transmission across the HWP
can cause the signal incident to the detectors to vary. It is thus
advisable to place a HWP before the re-imaging optics, and far
from a focus point of the instrument.

2.1.2.3. Modulation by scanning
For instruments where the time-scale associated with low-
frequency (1/f ) noise is long, polarization can be modulated by
scanning the telescope such that StokesQ andU can be measured
at a given location on the sky on timescales faster than (1/f ).

This was the strategy adopted by the BLASTPol balloon-
borne polarimeter (Galitzki et al., 2014b), which utilized a
patterned polarization grid such that each adjacent bolometer
sampled an orthogonal polarization component. As the telescope
scanned across a target region, the time between when a
source was measured with one detector and a detector sampling
an orthogonal polarization component was ≪1 s. The largest
recoverable scale was therefore bounded by the scan speed/(1/f).
For BLASTPol a typical scan speed was 0.2◦ s−1, and the
characteristic 1/f knee frequency was ∼50mHz, so polarized
emission on the scales of several degrees could be recovered.

2.2. Previous Polarimeters
2.2.1. Early Detections of Polarized Emission
The first successful observation of linearly-polarized emission
was by Cudlip et al. (1982), using the UCL 60 cm telescope,
which operated from a stratospheric balloon platform, and used
a fast-rotating polarized grid (32Hz), combined with telescope
chopping at 4Hz. Cudlip et al. (1982) found a polarization
level of 2.2% for the Orion Nebula integrated over a frequency
band with an effective central wavelength of 77µm for a 70K
blackbody spectral shape, and measured a polarization angle
that was roughly orthogonal to the polarization angle measured
from the polarization of extincted starlight, suggesting that the
polarized signal was indeed due to emission from dust grains
aligned with long axes perpendicular to the magnetic field.

Later Hildebrand et al. (1984) made the first detection of
sub-mm polarization centered at 270 µm, also of Orion-KL,
using a 3He-cooled bolometer system on the KAO. They detected
1.7± 0.4% polarization, with a polarization orientation that
agreed with the angle from Cudlip et al. (1982), using two
different methods of modulating polarization: a rotating sapphire
HWP and a rotating K-mirror, and found consistent polarization
levels. This polarimeter was later reconstructed to operate at
100µm, closer to the spectral peak of hot dust in bright active
star-forming regions (Novak et al., 1989).
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The first ground-based detection was made with the
1.3mm MILLIPOL instrument on the NRAO 12-m telescope
(Barvainis et al., 1988). MILLIPOL used a HWP rotating
at 1.6Hz to modulate polarization signal directed to a
linearly-polarized feed, and again observed Orion-KL,
finding polarization angles consistent with previous far-IR
and sub-mm stratospheric observations. A polarimeter was also
constructed for the UKT-14 single bolometer instrument on the
JCMT (Flett and Murray, 1991).

2.2.2. Improvements in Polarimeters, 1990–2017
In the 1990s use of low-noise amplifiers, combined with the
ability to construct large focal plane arrays of bolometers, made
observations of larger areas and fainter sources possible. The
first polarimeter using an array of bolometers was the STOKES
instrument, which was built for the KAO. STOKES began
operations in 1991 and had two arrays of 32 bolometers that
simultaneously measured orthogonal polarization components
(Platt et al., 1991). STOKES made over 1,100 individual
polarization measurements during its 5 year operational period
(Dotson et al., 2000).

Ground-based polarimeters also took advantage of sub-mm
bolometer arrays, such as the Hertz instrument for the CSO
(Schleuning et al., 1997; Dowell et al., 1998), and SCUPOL, built
for the SCUBA camera at the JCMT (Murray et al., 1997; Greaves
et al., 2003). Over a decade these two polarimeters observed dense
sub-regions within molecular clouds, protostars, supernova
remnants and bright nearby galaxies (see Matthews et al., 2009;
Dotson et al., 2010 for summaries of the observations).

However, the necessity of instrument chopping to remove
atmospheric noise made recovering polarization on scales larger
than a few arcminutes difficult. The SPARO instrument, which
operated on the 2-m VIPER telescope at the Amundsen-
Scott South Pole station, took advantage of the atmospheric
stability from the extremely cold and dry conditions during
the Antarctic winter to use a much larger chop throw of 0.5◦,
and therefore make the first large-scale polarization maps across
entire molecular clouds (Li et al., 2006).

Later polarimeters were built with even larger detectors arrays,
such as SHARP, which used a cross-grid to direct horizontally
and vertically polarized light to opposite sides of the SHARC-II
camera on the CSO, such that a 12 × 12 bolometer array would
measure each polarization component (Li et al., 2008). The PolKa
instrument on the Atacama Pathfinder Experiment (APEX,
Güsten et al., 2006), was built for the LABOCA instrument,
operating at 870 µm with 295 pixels (Wiesemeyer et al., 2014).

Sub-mm polarimetry from sub-orbital platforms on
stratospheric balloon-borne telescopes also saw major advances.
BLASTPol (the Balloon-borne Large Aperture Sub-mm
Telescope for Polarimetry), simultaneously imaged the sky in
three wide frequency (1f /f = 0.3) passbands centered at 250,
350, and 500µm (Galitzki et al., 2014b). During Antarctic science
flights in 2010 and 2012 BLASTPol was been able to recover
polarized emission on degree-scales, impossible for ground-
based telescopes. The PILOT balloon-borne polarimeter, which
operates at 214µm and has even more detectors than BLASTPol,
has flown from both Canada and Australia (Foënard et al., 2018).

Finally the Planck Surveyor, launched in 2007, was the first
satellite polarimeter to both provide all-sky observations in the
sub-mm (at 850 µm) and to have sufficient resolution to make
fairly detailed (FWHM∼ 5′) maps of molecular clouds (Lamarre
et al., 2010; Planck Collaboration VIII, 2016).

2.3. Current Instrumentation
Current polarimeters benefit from new technology which allows
for the automated construction of large focal-plane arrays of
detectors, such as the super-conducting transition-edge sensor
(TES) bolometers, or kinetic inductance detectors (KIDs). In
Figure 1, we compare the spatial-scale and instrument sensitivity
to cold dust (left panel) and warm dust (right panel) for several
recent, upcoming, and proposed polarimeters.

An exciting new instrument is the POL-2 polarimeter, which
operates simultaneously at 450 and 850µm and uses a half wave
plate spinning at 2 Hz to measure linear polarization with the
10,000 pixels SCUBA-2 camera on the JCMT (Bastien et al., 2005;
Friberg et al., 2016).

Additionally, the HAWC+ instrument on SOFIA has recently
begun science operations (Harper et al., 2018). With 1280 TES
bolometers and a best resolution of 5′′ at 53µm HAWC+ is
producing high resolution maps of protostars and active star-
forming regions.

2.4. Future Polarimeters
Several new polarimeters will be coming online in the next few
years. One is the TolTEC camera on the newly-upgraded 50-
meter Large Millimeter Telescope (LMT) in Puebla, Mexico,
which should begin commissioning in early 2019 (Bryan et al.,
2018). TolTEC uses microwave kinetic inductance detectors
(mKIDs, Austermann et al., 2018) and operates simultaneously
at 1.1, 1.4, and 2.1mm. With 5′′ FWHM resolution at 1.1mm
TolTEC will have a factor of two improvement in resolution
compared to any other single-dish sub-mm or millimeter
polarimeter. Commissioning is also underway for the NIKA-
2 (Adam et al., 2018) and A-KIDs (Otal, 2014) mKID array
mm/sub-mm cameras on the IRAM/APEX telescopes, with
instruments expected to include polarimetry capability. These
new higher-mapping-speed, high-resolution instruments will
be extremely important for mapping magnetic fields within
filaments and dense cores.

High-detail maps of magnetic fields covering entire molecular
clouds are the goal of the next-generation BLAST telescope
(BLAST-TNG; Galitzki et al., 2014a). BLAST-TNG is expected
to launch in December 2019 from McMurdo Station, Antarctica
for a ∼28 day flight, and will map dozens of molecular
clouds. The new version of BLAST-TNG also uses large-
format mKID arrays, with an expected >10 times increase in
mapping speed and ∼5 times increase in resolution compared
to BLASTPol.

Finally, several satellite telescopes have been proposed that
include far-IR, sub-mm, and mm linear polarization sensitivity.
These telescopes would be cooled to ≤6K, and consequently
the instrumental loading would be much lower than that of
ground-based or stratospheric polarimeters. The design for the
SPICA satellite currently includes a sub-mm polarimeter which
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FIGURE 1 | Sensitivity vs. resolution for selected recent (solid lines), upcoming (dashed lines) and proposed (dotted lines) polarimeters. The sensitivity is quantified in

terms of the minimum total intensity for which the uncertainty in fractional polarization is less than 0.3%, scaled to the equivalent intensity at 250µm, (Imin 250µm),

assuming a single temperature dust population with β =1.8, and Td =10K (left) or 30K (Right). The line color indicates the effective central wavelength for each

frequency band. For all-sky coverage polarimeters (Planck and the proposed PICO satellite) the average expected depth is quoted. For large mapping area

experiments (BLASTPol, BLAST-TNG and the proposed SPICA and OST satellites) a mapping speed of 1 deg2 h−1 was assumed, while small area instruments

(POL-2, HAWC+, TolTEC) assume a map of one instrument FOV in an hour. The symbols show the depth expected at full polarimeter resolution, lines show how the

sensitivity changes with smoothing assuming Imin 250 decreases linearly with the ratio of the smoothed beam FWHM to the intrinsic instrument resolution. References:

POL-2/JCMT https://proposals.eaobservatory.org/jcmt/calculator/scuba2/time, Friberg et al. (2016), we assumed El = 45◦, τ225GHz =0.05; BLASTPol, BLAST-TNG:

Marsden et al. (2009), Galitzki et al. (2014b), Fissel et al. (2016); HAWC+/SOFIA (Harper et al., 2018); TolTEC/LMT Bryan et al. (2018); Planck: Lamarre et al. (2010);

Planck Collaboration VIII (2016); FIP/OST (Concept-2) Staguhn et al. (2018); POL/SPICA: Gaspar Venancio et al. (2017); PICO: Sutin et al. (2018).

would operate at 100, 200, and 350µm (Gaspar Venancio
et al., 2017; Roelfsema et al., 2018), while the Concept-2
design for the proposed Origins Space Telescope includes a
Far-infrared Polarimeter (FIP), which would operate in both
the far-IR and sub-mm (Staguhn et al., 2018). Both satellites
would map hundreds of square degrees, with ∼10′′, at 100
and 250µm, respectively. A satellite targeting the entire sky,
the Probe for Inflation and Cosmic Origins (PICO), has also
been proposed (Sutin et al., 2018; Young et al., 2018). PICO
would provide coverage in 10 frequency bands between 375
µm to 2mm, with a best resolution of 1.1 ′. While this
resolution is considerably lower than that of SPICA and
OST, PICO would map every molecular cloud in the Galaxy,
with thousands of molecular clouds mapped to a resolution
better than 1 pc.

3. TECHNIQUES FOR INTERPRETATION
OF POLARIZATION OBSERVATIONS

In this section we summarize techniques for interpreting
polarization observations, particularly in terms of determining
the strength and energetic importance of the magnetic field. We
discuss degeneracies between grain alignment, line-of-sight and
sub-beam effects which complicate determination of magnetic
field properties from polarization observations.

3.1. (Davis-)Chandrasekhar-Fermi Analysis
and Its Variations
The most widely-used method of estimating magnetic
field strength from continuum polarization data is the
(Davis-)Chandrasekhar-Fermi (DCF) method (Davis, 1951;
Chandrasekhar and Fermi, 1953). DCF assumes perturbations

in the magnetic field to be Alfvénic, i.e., deviation in angle from
the mean field direction results from distortion by small-scale
non-thermal motions, such that δv ∝ δB/

√

ρ. The plane-of-sky
magnetic field strength is estimated as

Bpos = Q
√

4πρ
σv

σθ
, (5)

where ρ is volume density, σv is velocity dispersion, σθ is
dispersion in angle, and Q is a correction factor discussed below.
DCF further assumes that turbulence is statistically isotropic, i.e.,
σv,los = σv,pos (LOS – line of sight; POS – plane of sky).

Numerous attempts at improving the DCF method exist,
falling into two camps: (1) better estimation of σθ and Q, (2)
direct measurement of the ratio of turbulent to ordered magnetic
energy through structure function analyses.

3.1.1. Classical DCF Method
Classical DCF assumes that the turbulent-to-ordered magnetic
field strength ratio Bt

Bo
∼ σθ/Q, and that variation about themean

field direction is Gaussian and results from turbulent fluctuations
about the mean field direction (the effect of measurement
uncertainty on the measured dispersion in angle can where
necessary be accounted for; see Pattle et al., 2017).

3.1.1.1. Q parameter
Classical DCF overestimates magnetic field strength due to two
integration effects, (1) of ordered structure on scales smaller
than the telescope beam, and (2) of emission from multiple
turbulent cells within the telescope beam, including those along
the line of sight. These effects are parameterized as a correction
factor, 0 < Q < 1 (Zweibel, 1990; Myers and Goodman, 1991;
Ostriker et al., 2001).
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Heitsch et al. (2001) found, based on numerical simulations,
that for strong magnetic fields with well-resolved field structure,
DCF results are typically correct to within a factor of 2,
but strengths of weak and/or poorly-resolved fields could be
overestimated by a factor . 10. Padoan et al. (2001) found
that in low- to intermediate-density regions, Q ∼ 0.3 −

0.4, while Ostriker et al. (2001) found Q ∼ 0.5 at high
densities. Crutcher et al. (2004) thus suggested that in dense, self-
gravitating filaments and cores in which little field substructure is
expected, Q ∼ 0.5 is a reasonable value.

DCF will overestimate field strength by a factor
√

N, where
N is the number of turbulent cells enclosed within the volume
sampled by the telescope beam (e.g., Houde et al., 2009). Where
the linear resolution of the telescope beam is smaller than the
scale of a turbulent cell, this overestimation reduces to the square
root of the number of turbulent cells along the line of sight:
∼

√

Llos/Lturb ∼

√

N, where Llos is the length of the optically
thin column along the line of sight and Lturb is the driving length
scale of the turbulence (e.g., Cho and Yoo, 2016). Cho and Yoo
(2016) proposed a measure of N, and so correction specifically
for line-of-sight variations,

δVc

δvlos
∼

1
√

N
, (6)

where δVc is the standard deviation of centroid velocities
across the area to which the DCF method is applied, and
δvlos is the average line-of-sight velocity dispersion across the
same region. While a correction for sub-beam effects is also
necessary, an independent estimate of N provides a useful check
on other methods of parameterizing line-of-sight effects, as
described below.

Interferometric results show complex magnetic field structure
on small scales within molecular clouds (e.g., Hull et al., 2017),
suggesting that DCF analyses using single-dish data need a
good understanding of the effect of sub-beam field structure—
particularly, ordered structure with size scales potentially smaller
than the turbulent dissipation scale of the system—on measured
angular dispersion.

3.1.1.2. Large-scale ordered field structure
DCF assumes that all variation in the magnetic field direction
results from perturbations driven by Alfvénic turbulence, i.e.,
that the underlying field geometry is linear, which is not generally
the case.

Pillai et al. (2015) introduced a “spatial filtering” method to
account for ordered field structure, in which at each position the
ordered field component is approximated by a distance-weighted
mean of the angle at neighboring positions. The residual angle is
given by

θi,res = θi −

∑N
j=1 wi,jθj

∑N
j=1 wi,j

, (7)

where the weighting function wi,j =

√

1/di,j, and di,j is the
separation between positions i and j. The angular dispersion σθ
is determined from the standard deviation of these residuals.

Similarly, Pattle et al. (2017) introduced an “unsharpmasking”
method, in which the map of magnetic field angles is smoothed
with a 3 × 3-pixel boxcar filter. This smoothed map—a model
of the underlying ordered field—is subtracted from the original
map, and the angular dispersion σθ is determined from the
standard deviation of the residuals.

These methods require a separate estimate of theQ parameter.

3.1.1.3. Restrictions on angular dispersion
Classical DCF is valid in the small-angle limit, found to be σθ .

25◦ (Ostriker et al., 2001; Padoan et al., 2001). Heitsch et al. (2001)
present a correction for the small-angle approximation, σθ →

σ (tan θ), in Equation (5); this requires further correction in order
to avoid anomalous behavior as θ → ±90◦. Falceta-Gonçalves
et al. (2008) present a more generalized DCF equation,

Bextpos + δB ≃

√

4πρ
σv

tan σθ
, (8)

where Bextpos is the plane-of-sky projected component of the mean
(ordered) magnetic field and δB is the turbulent field component,
taking σ (tan θ) ≈ tan σθ to avoid discontinuities.

3.1.2. Structure-Function DCF Method
An alternative approach is to invoke structure function analysis
to determine the ratio of the turbulent to the total magnetic field
strength. This was first applied to the DCF method by Falceta-
Gonçalves et al. (2008) and expanded upon by Hildebrand et al.
(2009) (accounting for large-scale field structure), and Houde
et al. (2009) (additionally accounting for sub-beam and line-of-
sight effects).

In structure function analyses, the DCF equation is modified
to become

Bpos =
√

4πρσv

(

〈B2t 〉

〈B2o〉

)

−

1
2

(9)

where Bt is the turbulent component of the magnetic field and Bo
is the ordered component of the magnetic field, such that

〈B2〉 = 〈B2t 〉 + 〈B2o〉, (10)

with B being total magnetic field strength.
The structure function under consideration is the average

difference in angle between pairs of measured polarization
vectors at positions Er and Er + l as a function of the distance l
between them,

〈1θ(l)〉 = 〈θ(Er)− θ(Er +El)〉. (11)

Houde et al. (2009) fit the function

1−〈cos[1θ(l)]〉 ≃
1

N(δ,W,1′)

〈B2t 〉

〈B2o〉

(

1− exp

[

l2

2(δ2 + 2W2)

])

+al2

(12)
where N is given by

N(δ,W,1′) = 1′

δ2 + 2W2

δ3
√

2π
. (13)
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See Hildebrand et al. (2009) and Houde et al. (2009) for the
derivation of this result. This function is fitted for 〈B2t 〉/〈B

2
o〉,

the mean ratio of the turbulent and ordered field components;
δ, the turbulent length scale; and a, the first term in the Taylor
expansion of the autocorrelation function. Fixed quantities are
W, the telescope beam width (FWHM = W

√

8 ln 2), and1′, the
effective cloud thickness, which is assumed by Houde et al. (2009)
to be the FWHM of the autocorrelation function of the polarized
flux emission as a function of distance l.

This method requires the turbulent length scale δ to be
resolved by the observations in order to determine N and
〈B2t 〉/〈B

2
o〉. Where δ is not resolved (δ . W), the maximum

value of N can be constrained, for an assumed cloud thickness
1′ (Pillai et al., 2015).

3.1.3. Correction for Total Field Strength
Total magnetic field strength can be estimated by combining
DCF plane-of-sky measurements with line-of-sight field
strengths determined from Zeeman splitting (e.g., Kirk et al.,
2006), requiring the Zeeman-split line emission and the
polarized dust emission to trace the same material. Kirk et al.
(2006) combine JCMT/SCUPOL-data-derived DCF estimates
with Zeeman splitting of the high-density tracer CN to estimate
total field strength in a dense core. However, as Zeeman splitting
is most easily detected in HI and OH (e.g., Crutcher, 2012),
this analysis is more easily applicable at low-to-intermediate
densities. Comparison of DCF and Zeeman measurements is
discussed in detail in section 3.2.

The total magnetic field strength can alternatively be estimated
statistically. Crutcher et al. (2004) argue that for a magnetic field
geometry without a preferred axis, on average,

Bpos =
π

4
|
EB|, (14)

where |EB| is the magnitude of the total magnetic field strength.
While this correction is useful when considering an ensemble of
DCF measurements (e.g., Crutcher et al., 2004), its applicability
to any individual case is uncertain.

Heitsch et al. (2001) proposed a statistical correction for
line-of-sight effects, where the full magnetic field strength is
estimated as

|
EB| =

[

4πρ
σv

σ (tan θ)

(

1+ 3σ (tan θ)2
)

]0.5

. (15)

3.1.4. Comparison and Testing of DCF Methods
Only classical DCF has been fully tested against synthetic
observations generated from MHD simulations including self-
gravity (Heitsch et al., 2001; Ostriker et al., 2001; Padoan et al.,
2001), thus determining Q ∼ 0.5. The principle of the structure
function method has been tested against non-self-gravitating
simulations (Falceta-Gonçalves et al., 2008), but its practical
realizations (Hildebrand et al., 2009; Houde et al., 2009) have not
been. Additionally, Pattle et al. (2017) performed limited testing
of their “unsharp masking” variant of the classical DCF method
against model field geometries.

Some direct comparisons have been made of the various
DCF methods. Poidevin et al. (2013), using JCMT/SCUPOL
data, compared the Falceta-Gonçalves et al. (2008) classical
modification to the Hildebrand et al. (2009) structure function
method, finding Hildebrand et al. (2009) field strengths to be
consistently higher, typically by a factor ∼ 5, across a range of
densities (∼ 103—106 cm−3), a difference ascribed both to high
angular dispersions affecting the Falceta-Gonçalves et al. (2008)
estimates and to the lack of correction for line-of-sight or beam
signal integration effects in the Hildebrand et al. (2009) method.
Planck Collaboration Int. XXXV (2016) compared the classical
DCF method to the Houde et al. (2009) structure function
method, finding that at low densities (n ∼ 100 cm−3) and high
angular dispersions (σθ > 25◦), the Houde et al. (2009) method
gives field strengths approximately twice those of classical DCF.

Hildebrand et al. (2009) and Pattle et al. (2017) found
comparable values for magnetic field strength in OMC 1, of
3.8mG (CSO/Hertz data) and 6.6± 4.7mG (JCMT/POL-2 data),
respectively. Houde et al. (2009) found 0.76mG (CSO/SHARP)
for the same region, inferringN ∼ 21 independent turbulent cells
along the line of sight. Using the Cho and Yoo (2016) method and
C18O line data, Pattle et al. (2017) found N . 2.

A self-consistent comparison of the various classical and
structure-function DCF methods, using both observational
data and synthetic observations from self-gravitating MHD
simulations, would be of significant value. Comparison of the
values of N determined by the structure-function method and by
the Cho and Yoo (2016) parameterization would also be useful.

In Figure 2 we collate DCF-estimated magnetic field
strengths from single-dish emission measurements over
the last two decades. This plot suggests that the systematic
differences between the different methods are comparable to
the uncertainties on individual measurements, although most
DCF measurements are unfortunately given without formal
uncertainties. Structure function measurements are typically
amongst the higher magnetic field strengths, for a given density.

3.2. Comparison of DCF and Zeeman
Measurements
The DCF method provides only an indirect measurement
of magnetic field strength. The only direct method of
measuring magnetic field strengths in molecular clouds is
through Zeeman splitting of line emission from paramagnetic
molecules (e.g., Crutcher, 2012). However, measuring the
Zeeman effect in the environments of molecular clouds is
extremely technically challenging, and unambiguous detections
remain sparse (Crutcher, 2012), making indirect methods the
only practical means of measuring magnetic fields in many ISM
environments. However, in order to verify that the DCF method
produces reasonable results, comparison must be made to
Zeeman measurements where possible. Zeeman measurements
of magnetic field strength are discussed in detail by Crutcher and
Kemball (under review).

Crutcher et al. (2010) proposed an upper-limit relationship
between gas density n and total magnetic field strength B in
which B = 10µG at n(H) < 300 cm−3, and B ∝ n0.65
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FIGURE 2 | A collation of DCF magnetic field strength measurements from single-dish emission polarimetry as a function of volume density. Note that some sources

appear more than once on this plot. Dashed line marks the Crutcher et al. (2010) magnetic field/density relation, scaled to n(H2). All volume densities are converted to

n(H2) if not given as such in the original work, assuming n(H2) = 0.5 n(H), and mean molecular weight µ = 2.8 (i.e., n(H2) =
5
6 ntotal ), unless another value of µ is given

in the original work. References: Davis et al. (2000), Henning et al. (2001), Matthews et al. (2002), Wolf et al. (2003), Vallée et al. (2003), Crutcher et al. (2004), Curran

et al. (2004), Kirk et al. (2006), Curran and Chrysostomou (2007), Vallée and Fiege (2007), Hildebrand et al. (2009), Houde et al. (2009), Poidevin et al. (2013), Pillai et al.

(2015), Planck Collaboration Int. XXXV (2016), Pattle et al. (2017), Kwon et al. (2018), Liu et al. (2018), Pattle et al. (2018), Soam et al. (2018), and Soler et al. (2018).

at higher densities. This result was determined by Bayesian
modeling of Zeeman measurements made in molecular clouds to
that date. The estimated power-law index of 0.65 supports models
in which the magnetic field is not strong enough to dominate
over gravity in most environments considered. We show the
Zeeman-derived Crutcher et al. (2010) B − n relation (scaled to
n(H2)) on Figure 2. The DCF Bpos measurements are broadly
consistent with the Crutcher et al. (2010) relation, suggesting
that DCF-derived field strength estimates are comparable to
Zeeman measurements at these densities. While Crutcher et al.
(2010) give their relation as an upper limit on magnetic field
strength, some DCF-derived values significantly in excess of
this relation are seen. These excesses could be caused by
shortcomings in the DCFmethod, particularly failure to properly
account for line-of-sight/sub-beam variations (cf. Hildebrand
et al., 2009, although this method also gives values in excess
of the Crutcher et al., 2010 relation), or by unaccounted-for
uncertainties (as discussed by Pattle et al., 2017), or by genuinely
highly magnetically-dominated systems (as claimed by, e.g.,
Pillai et al., 2015).

Figure 2 shows that on average, DCF field strengths are
comparable to those derived from Zeeman measurements. A
more direct check on DCF results is comparison with Zeeman
measurements in individual sources. However, such comparisons
are complicated by the requirement that the species in which
the Zeeman effect is observed traces the same material as the
dust emission upon which the DCF analysis is performed (see
discussion in Crutcher et al., 2004), and by the fact that DCF
and Zeeman measurements trace orthogonal components of the
magnetic field (cf. Heiles and Robishaw, 2009).

Ground-based submillimeter data sets typically trace volume
densities ≥ 104 cm−3, and so CN and CCS are generally
the only suitable tracers for direct comparison (cf. Crutcher

et al., 1996). Comparisons of individual CN/CCS Zeeman
measurements to SCUPOL-, Hertz-, SHARP-, and POL-2-
derived DCF measurements generally find DCF field strengths
to be the same order of magnitude as, but somewhat larger
than, those determined from Zeeman measurements—see Kirk
et al. (2006), Curran and Chrysostomou (2007), Hildebrand
et al. (2009), Houde et al. (2009), Pillai et al. (2016),
and Pattle et al. (2017).

Space-based and stratospheric instruments are less restricted
in the volume densities which they can trace, and so allow direct
comparison to the more easily detectable OH and HI Zeeman
effects—for example, Soler et al. (2018) directly compare HI
Zeeman measurements to Planck DCF measurements of the
Eridanus superbubble, finding Bpos,DCF/Blos,HI ∼ 2.5 − 13.
In more distant and higher-mass regions, some comparisons
can usefully be made between DCF measurements and Zeeman
measurements from OH and H2O maser emission (e.g., Curran
and Chrysostomou, 2007; Pattle et al., 2017), although care must
be taken as maser emission traces only the extremely dense
material surrounding the emitting source.

Poidevin et al. (2013) discuss comparison of CN and OH
Zeeman and SCUPOL-derived DCF measurements in detail,
finding that on average, Bpos/Blos = 4.7 ± 2.8. They suggest
several causes for this discrepancy: (1) line-of-sight field reversals
to which Zeemanmeasurements are sensitive and DCF is not, (2)
systematic differences in material traced, (3) the spatial averaging
effects to which both methods are subject, (4) the possibility that
DCF-inferred field strengthsmay be systematically overestimated
due to integration effects (see discussion above), and (5) statistical
differences between line-of-sight and plane-of-sky field strengths,
noting that Bpos will on average be larger than Blos, and a better
tracer of total magnetic field strength (Heiles and Robishaw,
2009). Poidevin et al. (2013) argue that, in general, DCF-derived
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Bpos provides an upper limit on the true magnetic strength, while
Zeeman-measured Blos provides a lower limit.

3.3. Intensity Gradient Technique
Koch et al. (2012a) proposed a method of measuring magnetic
field strength based on the measured angle between magnetic
field direction and gradient in emission intensity (see also Koch
et al., 2012b, 2013). This method assumes that an emission
intensity gradient is representative of the resultant direction of
motion of material due to magnetic, pressure and gravitational
forces. The “significance of the magnetic field”—the ratio of
magnetic to gravitational and pressure forces—6B, is given by

6B ≡

FB

|FG + FP|
=

sinψ

sinα
, (16)

where α is the angle between polarization direction and intensity
gradient direction, ψ is the angle between the direction of the
local center of gravity and the intensity gradient direction, and
FB, FG, and FP are themagnetic, gravitational and pressure forces,
respectively. 6B provides an estimate of whether the magnetic
field is sufficiently strong to prevent gravitational collapse, with
6B > 1 indicating that the region under consideration is
magnetically supported (Koch et al., 2012a).

Equation (16) can be rearranged to give magnetic
field strength,

B =

√

sinψ

sinα
(FG + FP)4πR, (17)

where R is the radius of curvature of the magnetic field. Note that
this equation is given in cgs units.

This method requires estimation of a large-scale magnetic
field curvature, and treats any deviation of polarization vector
angles from the mean direction due to turbulent effects as a
contaminant effect on the large-scale, ordered field. This method
has the advantage of being able to provide a point-to-point
estimate of magnetic field strength across a map, while DCF
analysis provides an average value across a region. The method
is also applicable to any measure of magnetic field direction,
including, e.g., Faraday rotation. However, its applicability is
limited to situations in which self-gravity is important, and is
most applicable to the weak-field case in which magnetic fields
are regulated by gravity (Koch et al., 2012a).

3.4. Velocity Gradient Technique
The velocity gradient technique (VGT; González-Casanova and
Lazarian, 2017) indirectly estimates magnetic field strength and
morphology in low-density, turbulent regions. VGT proposes
that turbulence mixes magnetic field lines perpendicular to
the local magnetic field direction, producing velocity gradients
from which the magnetic field strength and morphology can
be inferred. The VGT method works in simulations (González-
Casanova and Lazarian, 2017), and predicts comparablemagnetic
field morphologies to those observed in dust polarization by
Planck when applied to HI data (Yuen and Lazarian, 2017). This
approach may usefully complement polarization measurements
in the environments in which its assumptions can be expected
to hold.

3.5. Histogram of Relative Orientations
(HRO)
The Histogram of Relative Orientations (HRO; Soler et al., 2013)
characterizes the dynamic importance of the magnetic field in
molecular clouds through the distribution of angles between the
projected magnetic field vectors on the plane of the sky and the
column density gradient (indicative of the preferred direction of
density structure) at each position. Simulations suggest that a
weak magnetic field and/or non-self-gravitating density structure
result in magnetic fields aligned along the preferred axis of
the density structure, whereas a strong magnetic field and self-
gravitating structure result in preferential alignment of high
density structures orthogonal to the magnetic field direction
(e.g., Soler et al., 2013; Wareing et al., 2016; Klassen et al.,
2017). HROs provide a qualitative but powerful diagnostic of
the relative importance of the magnetic field to a region. By
restricting the analysis to progressively higher column densities,
a threshold at which self-gravity becomes important can be
identified (Chen et al., 2016).

The local orientation of cloud structure projected on the sky
can be characterized by calculating the gradient field of the
column density map NH. Since the gradient angle is normal to
the local iso-NH contour lines and the inferred magnetic field
direction is perpendicular to the polarization orientation EE the
relative orientation angle between the local cloud orientation and
the magnetic field is:

φ = arctan
(

|∇ NH ×
EE|,∇ NH ·

EE
)

, (18)

where φ is only unique within the range 0 ≤ φ ≤ 90◦

(Soler et al., 2017). From this set of relative orientation angles
a preference for parallel vs. perpendicular alignment can be
calculated either from the HRO parameter,

ξ =

N
||
− N

⊥

N
||
+ N

⊥

, (19)

where N
||
and N

⊥
are the number of cloud sightlines where the

local cloud orientation is parallel or perpendicular to the inferred
magnetic field direction (Soler et al., 2013), or with the projected
Rayleigh statistic,

Zx =

∑n
i cos 2φi
√

n/2
, (20)

(Jow et al., 2018). For both relative orientation statistics ξ or
Zx > 0 implies that the cloud structure is more often aligned
parallel rather than perpendicular to the magnetic field, while
ξ , Zx < 0 indicates that the relative alignment is more often
perpendicular than parallel.

3.6. Interpretation of Polarization Fraction
In the relatively low-density environments of molecular clouds
and cores, it can reasonably be assumed that where a preferred
polarization direction exists, it is perpendicular to the local
magnetic field direction (Davis and Greenstein, 1951). Various
theories of how this alignment comes about exist, although
recently the radiative alignment torques (RAT) mechanism
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(Dolginov and Mitrofanov, 1976; Draine andWeingartner, 1996;
Lazarian and Hoang, 2007) has become increasingly favored
(Andersson et al., 2015). The analyses described above assume
that grains are aligned with their long axes perpendicular to the
local magnetic field, and that polarization observations accurately
trace this alignment. It is of great importance to know the
conditions under which this assumption holds.

Depolarization—a decrease in observed polarization
fraction—is often seen toward high-column-density regions
(e.g., Alves et al., 2014; Kwon et al., 2018). Depolarization
could result from geometrical effects (vector cancelation of the
magnetic field due to integration along the line of sight and/or
within the telescope beam in the plane of the sky), or from
grains becoming misaligned with the magnetic field at high
optical depths. In the RAT paradigm, this would occur due to
the increasing attenuation of short-wavelength radiation with
increasing depth into the cloud preventing progressively larger
grains from being aligned (e.g., Andersson et al., 2015).

Interferometric measurements indicate highly ordered
magnetic field structures on small scales in protostellar systems
(Hull et al., 2017). Thus, there are at least some circumstances in
which grain alignment can persist to very high optical depths.
However, interferometric measurements to date have focussed
on systems with some internal source of radiation, the photons
from which could aid the alignment of grains. Whether grain
alignment persists to the centers of starless cores is not yet clear.

A useful measure of how well grains are aligned—on the
assumption that the underlying magnetic field is linear—is

FIGURE 3 | A plot of polarization efficiency (ǫp), here defined as the K-band

ratio of polarization fraction to optical depth (pK/τK ), as a function of visual

extinction AV in a starless core—Jones et al. (2015), Figure 5 © AAS.

Reproduced with permission. Crosses and closed symbols show extinction

polarimetric measurements; open symbols show submillimeter emission

measurements. Note that polarization efficiency is defined in extinction as

ǫp = p/τ and in optically-thin emission as ǫp = p; here, submillimeter emission

points have been arbitrarily scaled to match extinction data. How effectively

grains are aligned with the magnetic field is indicated by the gradient of the

log ǫp − logAV relation: the submillimeter data show a steeper gradient than

the extinction data, suggesting that grains are less well-aligned at high

optical depths.

polarization efficiency, ǫp (Whittet et al., 2008). For optically
thin polarized emission, polarization efficiency is identical to
polarization fraction (e.g., Jones et al., 2015). In extinction
polarimetry, polarization efficiency is defined as polarization
fraction normalized by optical depth in the relevant band
(Andersson et al., 2015, and refs. therein).

Typically, ǫp ∝ A−α
V , with 0.5 . α . 1 (Alves

et al., 2014, 2015; Jones et al., 2015), suggesting that grains
become progressively less well-aligned at higher optical depths.
There is some indication of a break in behavior at AV ∼

20, beyond which the power-law index steepens significantly,
suggesting very poorly-aligned or entirely unaligned grains
(Jones et al., 2015), as shown in Figure 3. This would put an
upper limit on the column densities at which dust polarimetry
can trace magnetic fields. Fissel et al. (2016) explore this
relation in detail using BLAST-Pol observations of Vela C,
investigating the dependence of P on both column density
(∝ AV ) and dispersion in polarization angle. Fissel et al.
(2016) also discuss the degeneracy between depolarization,
sub-beam effects, and integration along long sight-lines in
such analyses.

It should be noted that the standard selection of polarization
vectors by their signal-to-noise ratio in polarization fraction,
p/δp may create bias in the recovered value of α. The
sensitivity of recent observations allows the implementation of
Bayesian analyses of the ǫp-AV relationship (Wang et al., 2018),
which should better inform future discussions of the limits of
applicability of submillimeter polarization observations.

4. OBSERVATIONS OF MOLECULAR
CLOUDS

Molecular clouds represent the largest structures associated with
star formation that may be gravitationally bound. In this section
we discuss polarization observations on large scales (>1 pc)
within clouds, and discuss what these data reveal about both the
properties of cloud magnetic fields, and the role of the magnetic
field in influencing cloud formation and evolution.

The importance of magnetic fields in molecular clouds is
typically parameterized by two quantities. The first is the Alfvén
Mach numberMA, which is the ratio of the turbulent velocity to
the Alfvén speed vA = |B|/

√

4πρ, where the ratio of turbulent
to magnetic energy EK/EB ≈ M

2
A. The second is the mass-to-

flux ratio 8, the ratio of the cloud mass to the maximum mass
that be supported by the magnetic flux through the cloud against
cloud self-gravity.

As discussed in section 2 observing magnetic fields within
molecular clouds is challenging: the fraction of dust emission
that is polarized is typically less than 10%, and in some cases
can be less than 1% (Planck Collaboration Int. XIX, 2015).
Observations with ground-based telescopes have been mostly
limited to observing the bright, high-column density regions of
molecular clouds (e.g., Matthews et al., 2009; Dotson et al., 2010),
with the exception of the maps from the SPARO instrument,
which produced the first large scale polarization maps covering
entire giant molecular clouds (Li et al., 2006).
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A major recent advance is the release of all-sky polarization
maps from the Planck satellite (Planck Collaboration Int. XIX,
2015). Planck had 4.8′ FWHM resolution at its 353 GHz
(850 µm) frequency band, but due to sensitivity constraints
Planck polarization maps typically require smoothing to at
least 10′ FWHM resolution (∼0.4 pc resolution for the nearest
molecular clouds at d∼150 pc). In addition, the balloon-borne
polarimeter BLASTPol (best FWHM resolution of 2.5′), has
published extremely detailed polarization maps of the nearby
giant molecular cloud Vela C at 250, 350, 500 µm (Fissel
et al., 2016; Soler et al., 2017). With the Planck and BLASTPol
polarization maps it is now possible to apply the statistical
analysis techniques discussed in section 3 to a large number of
molecular cloud observations.

4.1. Where Does Polarized Dust Emission
Best Trace Cloud Magnetic Fields?
Dust grains are thought to be aligned with respect to their
local magnetic field due to radiative torques from relatively
high energy photons (see discussion in section 3.6), and
so the grain alignment is expected to be more efficient
in the outer layers of molecular clouds. Since dust grains
in the outer layers of clouds absorb more photons from
the local interstellar radiation field (ISRF) they will also
be warmer. These grains are therefore likely responsible for
a larger fraction of both the total and polarized intensity,
compared to colder, more shielded dust grains. Both of
these factors imply that the magnetic field inferred from
polarized dust emission is weighted toward the outer layers of
molecular clouds.

Using BLASTPol 500µm observations of the Vela C giant
molecular cloud Fissel et al. (2016) found that peaks in polarized
intensity generally coincide with high column density regions,
indicating that the polarization maps are tracing the cloud
structure (see Figure 4B). However, polarization “holes” are
observed toward several high column density regions. Fissel
et al. (2016) modeled the decrease in fractional polarization
with increasing column density, for the limiting case where
all of the observed depolarization is caused by a decrease in
grain alignment efficiency for more deeply embedded regions.
They found that for moderate column density sightlines (AV ∼

10) polarization measurements trace magnetic fields of all
densities, while for high column density sightlines (AV ∼ 40)
roughly half of the embedded dust contributes little to the
polarized emission. This finding is in agreement with a study
of polarization efficiency within a starless core by Alves et al.
(2014), where it was found that grains remain largely aligned up
to AV∼ 30 mag.

Lower-resolution Planck maps of both molecular cloud
envelopes and the diffuse ISM, also show regions of low
polarization (Planck Collaboration Int. XIX, 2015). However,
these observations can be explained entirely by turbulence and
changes of the magnetic field geometry with respect to the line
of sight, and do not appear to be caused by changes in grain
alignment efficiency (Planck Collaboration Int. XX, 2015; Planck
Collaboration et al., 2018).

As many techniques for analyzing magnetic fields using
polarization data require comparison with simulations, it will
be important to create realistic synthetic polarization maps
from numerical simulations of star formation. Post-processing
software such as POLARIS (Reissl et al., 2016), which can
include calculations of grain alignment efficiency and variations
in dust temperature, are now available. Seifried et al. (2019)
applied POLARIS post-processing to the large scale SILCC-
Zoom simulations, and found that the inferred magnetic field
orientation from polarization maps with λ ≥ 160µm typically
agrees with the density averaged magnetic field angle to better
than 10◦.

4.2. Correlations Between Cloud Structure
and Magnetic Field Orientation
Optical and near-infrared polarimetry observations show that
high column density filamentary structures are often (e.g., B213
in Taurus, Goldsmith et al., 2008; Serpens South, Sugitani et al.,
2011) but not always (e.g., L1495, Chapman et al., 2011) aligned
perpendicular to the magnetic field. In contrast, lower density
gas sub-filaments or “striations” seen in nearby clouds are often
oriented parallel to the magnetic field direction (Goldsmith et al.,
2008; Palmeirim et al., 2013).

Tassis et al. (2009) compared the orientation of cloud
elongation to the inferred magnetic field orientation using
archival CSO/Hertz polarization observations of structures
ranging from nearby clumps to distant GMCs. They found a weak
statistical preference for the cloud long axis to be oriented close
to perpendicular to the magnetic field.

More recently, Planck and BLASTPol have produced large-
scale polarization maps covering entire molecular clouds. These
maps have been used to statistically analyze the relationship
between cloud column density and magnetic field structure
over many orders of magnitude in density and spatial scale.
Planck Collaboration Int. XXXV (2016) studied 10 nearby
clouds (d< 450 pc) with 10′ FWHM resolution (Figure 5)
using the histogram of relative orientations (HRO) method
discussed in section 3.5. They found that at low column
densities (NH) the cloud structure is more likely to align
parallel than perpendicular to the magnetic field, while at
NH greater than ∼1022 cm−2, the clouds structure is more
likely to align perpendicular or have no preferred orientation
to the magnetic field. This same trend is seen in synthetic
polarization maps of numerical simulations only where the
magnetic field is in equilibrium with or stronger than turbulence
(Soler et al., 2013).

Using BLASTPol polarization maps of Vela C at 250, 350,
and 500µm Soler et al. (2017) studied the relative orientation
of the inferred magnetic field, which has resolution ∼0.6 pc, to
the higher resolution (0.16 pc FWHM) column density maps
derived from Herschel data. Similar to the results from Planck
Collaboration Int. XXXV (2016), small-scale cloud structure
of Vela C is preferentially aligned parallel to the cloud-scale
magnetic field at lowNH, and perpendicular to the magnetic field
at high NH (Soler et al., 2017; Jow et al., 2018). Furthermore,
the slope of this transition from parallel to perpendicular is
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FIGURE 4 | Polarization observations of the VelaC cloud from the BLASTPol telescope. (A) Magnetic field orientation (texture) inferred from the BLASTPol 500 µm

data overlaid on a Herschel-derived column density (NH) map—Soler et al. (2017), reproduced with permission © ESO. Four sub-region are labeled, while the shaded

pink region indicates where the dust is heated by a compact HII region. (B) Map of polarized intensity with contours of total intensity (green) overlaid (from Figure 3 of

Fissel et al., 2016 © AAS. Reproduced with permission).

observed to be stronger in two cloud sub-regions dominated
by dense, high-column density “ridge”-like structures, compared
to the other two “nest”-like sub-regions where lower-NH

filaments extend in many directions (Figure 4). Comparisons
of the inferred magnetic field with orientation of structure in
integrated molecular line intensity maps of Vela C show that
low volume density molecular gas tracers (such as 12CO and
13CO) show structures aligned parallel to the magnetic field,
while intermediate or high density gas shows a weak preference
for alignment perpendicular to the large-scale magnetic field,
with the transition occurring at nH2 ∼ 103 cm−3 (Fissel et al.,
2018). These results show that in Vela C the cloud-scale magnetic
field appears to have played an important role in the formation of
small-scale and high density cloud sub-structure.

Applying relative orientation analysis to synthetic polarization
observations of numerical simulations, indicates that the slope
and intercept of the relative orientation parameter, may encode
information about the geometry of the flows that created the
cloud (Soler and Hennebelle, 2017; Wu et al., 2017), or the
magnetic field strength (Soler et al., 2013; Chen et al., 2016; Wu
et al., 2017).

4.3. Magnetic Field Direction vs. Scale in
Molecular Clouds
Molecular clouds are created from compressive flows in the more
diffuse interstellar medium (ISM). One question of interest is
whether magnetic fields preserve a “memory” of the local galactic
magnetic field orientation. If the magnetic fields of molecular
clouds are weak compared to turbulence then the field directions
are expected to be decoupled from the field direction of the ISM.

Observations of the correspondence of molecular cloud fields
and Galactic fields in the Milky Way are complicated by the
long integration path of polarization observations through the
Galactic disk. A study using CSO/Hertz polarization data by
Stephens et al. (2013) found that while an average cloudmagnetic
field direction could be determined for most star forming
regions (indicating relatively ordered fields), there was no clear

FIGURE 5 | Relative orientation between cloud structure and the magnetic

field orientation with increasing column density adapted from Figure 11 of

Planck Collaboration Int. XXXV (2016), reproduced with permission © ESO.

Gray lines show Planck polarization maps of nearby molecular clouds, while

colored lines show synthetic observations of MHD simulations of Soler et al.

(2013). Planck observations show a change in relative orientation from

preferentially parallel (ξ > 0) at low NH, to no preferred orientation (ξ = 0) or

perpendicular (ξ < 0) at high NH, similar to the simulations where the

magnetic field is strong compared to the turbulent gas motions (red), or equal

in energy to turbulence (green), but not the simulation where the magnetic field

is weak compared to turbulence (blue).

correlation between the average cloud magnetic field direction
and location on the Galactic plane, whereas the Galactic magnetic
field is thought to be aligned parallel to the spiral arms (Heiles,
1996). However, many of the molecular clouds observed by
Stephens et al. (2013) are high mass star forming regions, so
the orientation of the magnetic field may have been modified by
interactions with photo-ionized regions. Li and Henning (2011)
compared the CO line polarization of six giant molecular clouds
in the nearby galaxy M33 to the spiral arm orientation, and
found a bi-modal relative orientation distribution consistent with
alignment between the cloud magnetic field and the galactic field.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 13 April 2019 | Volume 6 | Article 1537

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Pattle and Fissel Polarimetric Observations of Star-Forming Regions

In an earlier study by Li et al. (2009), the authors compared
the orientation of the magnetic field in dense cloud sub-regions
(1 pc or less) inferred from CSO/Hertz and JCMT/SCUPOL sub-
mm polarization observations to the orientation of the magnetic
field in the diffuse ISM surrounding the cloud from optical
polarimetry. They found that 84% of all dense clumps have a
difference in orientation of the clump vs. ISM field direction of
less than 45◦, and estimate that the probability of this occurring
by chance is less than 0.01%. Attempts to reproduce this result
in simulations by Li et al. (2015) indicate that the magnetic field
in molecular clouds must be fairly strong; simulations with the
magnetic field energy weaker than that of turbulence (MA >>

1) cannot reproduce the correspondence between the observed
core and large scale field direction.

4.4. Estimates of the Magnetic Field
Strength Within Molecular Clouds
Estimates of magnetic field strength on cloud scales with the
Davis-Chandrasekhar-Fermi (DCF) method discussed in section
3.1 are challenging because the available cloud scale sub-
mm polarization maps from SPARO, BLASTPol, and Planck
all typically have coarse resolution of several arcminutes.
Any disordered field component on scales smaller than the
telescope beam will not be observed, and this would lead
to an overestimate of the POS magnetic field strength. Most
estimates of large scale magnetic fields in molecular clouds
with the DCF method use near-IR extinction polarimetry,
since cloud envelopes typically have AV << 10, such
that background stars can still be observed (see for example
Cashman and Clemens, 2014; Kusune et al., 2016).

SPARO observed four giant molecular clouds, with
4′ resolution, finding well ordered fields in two clouds,
NGC6334 and G333.6-0.2, and two clouds where the magnetic
field morphology appears to have been altered by feedback, the
Carina Nebula and G331.5-0.1 (Li et al., 2006). Novak et al.
(2009) used SPARO data and higher resolution CSO/Hertz
follow-up observations to correct for the dispersion lost due
to beam smoothing, and argue that the magnetic field strength
must be at least as strong as turbulence in both NGC6334 and
G333.6-0.2.

In Appendix D of Planck Collaboration Int. XXXV (2016),
both the DCFmethod discussed in section 3.1.1 and the modified
DCF modeling of the polarization structure function discussed
in section 3.1.2 were applied to 10 nearby clouds observed
with 10′ FWHM resolution Planck observations. Their estimated
values of plane-of-sky magnetic field BPOS range from 5 to 20
µG for the DCF method alone, and 12 to 50 µG using the
DCF method combined with structure function analysis. Both
methods of estimating magnetic field strength are consistent
with mass-to-flux ratios 8 < 1, which would imply that the
magnetic field is strong enough to support the clouds against
gravity. However, the authors of Planck Collaboration Int. XXXV
(2016) caution that the measured dispersion in polarization
angles is larger than the σθ ∼ 25◦ threshold found in synthetic
observations of numerical turbulence simulations by Ostriker
et al. (2001), below which the DCF method can be used to

estimate the magnetic field strength. They also note that the
assumptions required for the structure function method of
Hildebrand et al. (2009) and Houde et al. (2009) of a scale
invariant randommagnetic field component are not applicable to
the Planck observations, and suggest that the values of magnetic
field strength should be interpreted with caution.

4.5. Magnetic Fields in Photo-Ionized
Regions
Giant molecular clouds often produce high mass stars, which
then form photo-ionized regions that can alter both the structure
of the parent cloud, and the morphology of the cloud magnetic
field. Observations of magnetic fields in dense gas affected
by feedback from high-mass stars remain scarce. Interpreting
magnetic fields in such regions requires care, in order to
distinguish between the effects of self-gravity and of external
pressure on field geometry. For example the BLASTPol map
of Vela C in Figure 4B shows a pinched field geometry toward
the high density ridge associated with the cluster powering the
RCW36 HII region; however, it is unclear whether the field
geometry is caused by a dragging of field lines by gravitational
collapse or by the field geometry being shaped by the bipolar
compact HII region (Soler et al., 2017).

The closest high-mass star-forming region, Orion, has
been observed extensively with ground-based polarimeters.
Polarization observations of Orion are discussed in detail
in section 6.2.2.

Pattle et al. (2018) observed the photo-ionized columns
(elephant trunks) known as the “Pillars of Creation” in M16
using POL-2 (Figure 6). They found that the field runs along
the length of the Pillars, a morphology consistent with the field
having been dragged or reorientated by the pillar formation
process. However, the DCF estimated field strength is non-
negligible (170–320µG), sufficient to support the Pillars against
radial collapse. This suggests that the process of pillar formation
may have compressed an initially dynamically negligible field to
be dynamically important, though the magnetic field is still not
strong enough to prevent the destruction of the Pillars by the
ionizing cluster.

Large scale Planck polarization observations of photo-
ionized regions have also been used to learn more about the
magnetic field properties in the host molecular cloud, and the
characteristics of the compressed gas. Planck Collaboration Int.
XXXIV (2016) used Planck polarization data for the Rosette
Nebula in the Monoceros molecular cloud with Faraday rotation
measurements to construct an analytic model of the magnetic
field, where the magnetic field is inclined 45◦ to the line of sight
with |

EB| = 6.5–9 µG in the molecular cloud.

4.6. Polarization Observations of Infrared
Dark Clouds
Infrared Dark Clouds (IRDCs) are high column density,
often filamentary, molecular clouds usually seen in silhouette
against the bright IR emission of the Galactic plane, and
may represent precursors of high mass star forming regions
(Rathborne et al., 2006). Since IRDCs are typically > 1 kpc
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FIGURE 6 | JCMT/POL-2 850µm magnetic field vectors in the Pillars of

Creation in M16 (polarization vectors rotated by 90◦) overlaid on Hubble Space

Telescope imaging—Figure 1 from Pattle et al. (2018) © AAS, reproduced with

permission; HST imaging from Hester et al. (1996), Hubble Legacy Archive.

distant, they are typically studied with higher resolution ground-
based polarimeters. Many IRDCs have been observed by
JCMT/SCUPOL (Matthews et al., 2009), and CSO/Hertz (Dotson
et al., 2010), however only a handful have been analyzed in
any detail.

Pillai et al. (2015) analyzed JCMT/SCUPOL and CSO/Hertz
observations of the IRDCs G11.11 − 0.12 and G0.253 + 0.016
(Matthews et al., 2009), finding that in G11.11−0.12 themagnetic
field runs perpendicular to the main filament, while the field
in a lower-density filament merging with the main filament is
parallel to its length. In both IRDCs they infer that the energy
in the magnetic field is at least as strong as energy of the
turbulent motions of the gas (MA ≤ 1), and comparable to that
of self-gravity.

More recently Liu et al. (2018) observed the filamentary IRDC
G035.39-00.33 with JCMT/POL-2, where the filament width was
barely resolved with POL-2’s ∼14′′ FWHM beam. Over most of
the IRDC they found that the magnetic field is perpendicular
to the main filament, with a DCF inferred magnetic field
strength of ∼50µG. However toward the massive collapsing
starless clump candidate “c8,” they infer a pinched magnetic field
geometry implying that the field lines may be being dragged in
by the infalling gas motions. Future observations with higher

resolution JCMT/POL-2 450 µm polarimetry, IRAM/NIKA-2,
or the upcoming LMT/TolTEC polarimeter (FWHM∼ 5′′ ) may
soon be able to resolve in detail the interaction between magnetic
fields and gravity within nearby IRDCs.

5. MAGNETIC FIELDS IN Bok GLOBULES

Bok globules (Bok and Reilly, 1947), isolated clumps of molecular
gas containing a few tens of solar masses within a diameter
of a few tenths of a parsec (e.g., Launhardt et al., 2010), are
a relatively simple environment in which the magnetic field
geometry of starless and protostellar cores can be studied. As Bok
globules are isolated objects (e.g., Alves et al., 2001), all emission
associated with the globule is likely to come from the globule
itself, although issues of grain misalignment at high densities
remain (e.g., Jones et al., 2015). Bok globules may be starless or
may harbor one or more protostars (e.g., Launhardt et al., 2010).
Submillimeter polarimetric observations to date have focussed on
globules harboring protostars.

Most submillimeter polarimetric observations of Bok globules
to date have been performed at 850µm using SCUPOL, with
which Vallée et al. (2000) observed CB 003, CB 034E, CB 054,
CB 068, and CB 230, while Henning et al. (2001) observed CB
26, CB 54, and DC 253-1.6. CB 068 was marginally detected with
the CSO/Hertz polarimeter (Dotson et al., 2010). Magnetic fields
in Bok globules are generally found to be approximately linear in
projection across the globule. Similarly, Ward-Thompson et al.
(2009) observed the magnetic field across the Bok globule CB3
with JCMT/SCUPOL, finding the magnetic field to be linear in
projection, and offset ∼ 40◦ to the core’s minor axis—a likely
projection effect (Basu, 2000; see also section 7).

Bok globules are an excellent environment for testing models
of grain alignment, being isolated, fairly spherical, and generally
having simple internal density structures and magnetic field
geometries (e.g., Brauer et al., 2016). Depolarization at high
column densities is typically observed in Bok globules (e.g., Vallée
et al., 2000). However, at least some Bok globules show high
polarization fractions at high densities, specifically CB 068, with
p ∼ 10% (Vallée et al., 2000). Vallée et al. (2003) argue that
CB 068 (which hosts a young protostar) has an ordered field
(∼150µG), and low turbulence, making it a good environment
for grain alignment to persist to high densities.

Wolf et al. (2003) estimated field strengths of ∼ 102 µG for
the Bok globules B335, CB 230, and CB 244, all of which have
embedded protostars. They find the magnetic field to be aligned
with the major axis of B335 and CB 230, and compare these to
the less evolved CB 26 and CB 54 (cf. Henning et al., 2001), in
which the field is weakly aligned with the outflow axis. Wolf et al.
(2003) propose that the magnetic field in such systems evolves
from being aligned parallel with the outflow direction to being
aligned parallel to the disc midplane.

6. MAGNETIC FIELDS WITHIN FILAMENTS

There is strong evidence for a bimodality in the orientation of
magnetic fields with respect to filaments in molecular clouds
(see section 4.2). Filaments are preferentially found to run either

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 15 April 2019 | Volume 6 | Article 1539

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Pattle and Fissel Polarimetric Observations of Star-Forming Regions

perpendicular or parallel to the local magnetic field direction in
the surrounding, lower-density, medium. However, the behavior
of magnetic fields within filaments is less well-characterized. In
this section we summarize single-dish observations of magnetic
fields within dense filaments, and in the immediate surroundings
of filaments.

6.1. Magnetized Accretion Onto Filaments
André et al. (2014) proposed that filaments gain mass through
magnetized accretion (see also Nakamura and Li, 2008;
Palmeirim et al., 2013). In this paradigm, the sub-filaments,
or striations, seen running perpendicular to self-gravitating
filaments, and parallel to the magnetic field in the low density
material surrounding these filaments, are accretion streams
(Palmeirim et al., 2013). Star formation begins when the
filament exceeds its maximum line mass for gravitational stability
(Ostriker, 1964; see discussion below) and fragments.

Detections of magnetic fields running perpendicular to
filaments on small scales have largely been made using optical
or near-infrared extinction polarimetry (Sugitani et al., 2011;
Palmeirim et al., 2013; Matthews et al., 2014; Panopoulou et al.,
2016). Some submillimeter detections exist: Matthews et al.
(2014) present BLAST-Pol observations marginally resolving
the Lupus I filament, finding the magnetic field to run
perpendicular to the filament direction, matching optical
polarimetry results. Similarly, Cox et al. (2016) compare Planck
353GHz observations of Musca to optical polarimetry and
Herschel submillimeter imaging, finding the magnetic field in the
low-density material to run perpendicular to the filament, and
parallel to striations, as shown in Figure 7.

While Palmeirim et al. (2013) demonstrate large-scale red-
shifted and blue-shifted CO emission preferentially located on
opposite sides of the L1495 filament (using FCRAO data), the
kinematics of such striations and sub-filaments—the theorized
accretion streams—have not yet been observed in detail.

6.2. Magnetic Fields Within Nearby
Filaments
The potential importance of magnetic fields within filaments was
noted by Chandrasekhar and Fermi (1953). Magnetic fields may
regulate the fragmentation and gravitational collapse of filaments
(e.g., Fiege and Pudritz, 2000). However, the internal magnetic
field geometry of filaments remains unclear. In order to conserve
magnetic flux, field lines must either wrap around filaments (e.g.,
Nakamura et al., 1993; Fiege and Pudritz, 2000) or pass through
them (e.g., Tomisaka, 2014; Burge et al., 2016).

Magnetic fields which wrap around filaments are referred to
as “helical,” loosely defined as a field with some form of toroidal
and poloidal components. Such fields could be created through
shear motion on an initially poloidal (axial) field (e.g., Fiege and
Pudritz, 2000). Toroidal and poloidal fields play different roles
in filament dynamics: poloidal fields provide support against
collapse and fragmentation of filaments, while toroidal fields
provide a confining tension (Fiege and Pudritz, 2000). Helical
field geometries generally predict a decrease in polarization
fraction toward the filament axis, an effect potentially degenerate

with depolarization due to grain misalignment at high densities
(e.g., Matthews et al., 2001b).

Magnetic fields which pass through a filament (generally
referred to as “perpendicular”) are expected to result in collapse
of an initially cylindrical filament into a flattened, ribbon-
like structure which may have an hourglass magnetic field
across its cross-section (Tomisaka, 2014; Burge et al., 2016). In
projection, the field lines will run along the length of a filament,
with alternating minima and maxima in polarization fraction
predicted across the filament’s width (Tomisaka, 2015). Such a
polarization structure has not yet been definitively observed, but
provides a useful discriminant between the perpendicular and
helical field models.

Observed filament radial density profiles may provide indirect
evidence for the magnetic field geometry, and potentially a
means of breaking projection effect and grain misalignment
degeneracies. In unmagnetized filaments, density is predicted to
fall as r−4 in the filament wings (Ostriker, 1964). For purely
poloidal fields, density is predicted to fall off faster than r−4, while
for generically helical fields, the predicted index is shallower,
varying from r−1.8 to r−2 (Fiege and Pudritz, 2000). In models
of perpendicular fields, the predicted index varies with model,
but is shallower than the unmagnetized value (Tomisaka, 2014).
However, all of these models are of non-accreting filaments,
which is unlikely to be the case in practice. An understanding
of the effect of accretion on observed filament density profiles
would be necessary in order to use such profiles as a discriminant
between magnetic field geometries.

Gravitationally unstable filaments are expected to fragment
and collapse (Stodólkiewicz, 1963; Ostriker, 1964). Fiege and
Pudritz (2000) presented a modification of the Ostriker (1964)
critical line mass, taking into account magnetic support:
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where M is the mass of a filament of length L, (M/L)crit =

2c2s /G, the Ostriker (1964) critical line mass (cs is sound speed,
sometimes replaced with the full velocity dispersion), M is the
magnetic energy per unit length, and W is the gravitational
energy per unit length. W = −(M/L)2G for a generic uniform
filament. Tomisaka (2014) also presents comparable magnetic
critical line mass relations. In extremely massive filaments, the
magnetic field may be distorted by flux-frozen gas motions
caused by gravitational collapse of material along the filament
(see discussion of OMC 1 below).

6.2.1. Planck Results
While Planck observations do not have sufficient resolution to
observe fields within filaments in detail, Planck Collaboration
et al. (2016) discuss their observations of the large-scale magnetic
field morphology in three nearby filaments (Musca, L1506,
B211), subtracting background emission by polynomial fitting. In
these cases polarized emission from the filament can be separated
from the “background” emission from the large-scale, low-
density molecular cloud. The polarization angle in the filaments
is found to be coherent, and offset from the background value
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FIGURE 7 | The magnetic environment of the Musca filament; Figures 4c,d from Cox et al. (2016), reproduced with permission © ESO. (Upper) Image: Herschel

SPIRE 250µm emission. Yellow vectors: Planck 353GHz polarization vectors, rotated to trace the magnetic field direction. Blue vectors: starlight polarization vectors,

tracing magnetic field direction. (Lower) Histograms of optical polarization, rotated emission polarization, and striation position angles, showing magnetic field

direction and striation direction to be strongly peaked perpendicular to the direction of the filament.

by 12◦ (Musca), 54◦ (L1506), and 6◦ (B211; not significant),
consistent with various models (e.g., Fiege and Pudritz, 2000;
Tomisaka, 2014).

6.2.2. Filaments in Orion A and B

6.2.2.1. Orion A OMC-1
The high-mass OMC-1 region within the nearby Orion A
“integral filament” has been observed many times in polarized
emission (Rao et al., 1998; Schleuning, 1998; Vallée and Bastien,
1999; Coppin et al., 2000; Houde et al., 2004; Hildebrand
et al., 2009; Ward-Thompson et al., 2017). The mean magnetic
field direction in OMC-1 differs significantly from that in the
rest of the integral filament (Houde et al., 2004). While the
average magnetic field direction in OMC-1 is approximately
perpendicular to the direction of the filament (Ward-Thompson
et al., 2017), the field shows significant ordered deviations from
cylindrical symmetry, particularly in a large-scale “hourglass”
feature (Rao et al., 1998; Schleuning, 1998) centered on the
gravitational interaction between the Orion BN/KL and South
clumps (shown in Figure 8). This field morphology is posited
to result from motion of these two massive clumps along the
filament under gravity (Schleuning, 1998; Pattle et al., 2017). The
field is highly ordered and strong, with DCF-method-measured
strengths varying from 0.76mG (Houde et al., 2009) to 6.6 ±

4.7mG (Pattle et al., 2017). The observed distortion of the field
suggests that OMC-1 is not magnetically dominated, although
energetics analysis suggests that the magnetic field may have
been compressed to become dynamically significant (Pattle et al.,
2017). The three-dimensional magnetic field geometry of the

region is not clear; Schleuning (1998) propose a model in which
themagnetic field passes directly through the filament at an angle,
but large-scale helical geometries for the integral filament have
also been proposed (e.g., Poidevin et al., 2011; Schleicher and
Stutz, 2018).

Monsch et al. (2018) observed a narrow, low-mass filament in
the OMC-1 region in NH3, and found that the magnetic field as
observed with JCMT/POL-2 (Pattle et al., 2017;Ward-Thompson
et al., 2017) runs parallel to filament. The filament has a very steep
density profile, r−5.1, inconsistent with predictions for toroidal
fields but potentially consistent with an axial or perpendicular
field. Both field and filament appear to extend radially fromOrion
BN/KL (the center of the OMC-1 region). It is thus a candidate
for a “sub-filament,” channelingmaterial onto the central massive
filament, in the André et al. (2014) model.

6.2.2.2. Orion A OMC-3
OMC-3 is considerably less massive than OMC-1, and so the
dynamics of the region are less gravity-dominated (e.g., Salji et al.,
2015). Matthews et al. (2001b) observed several independent
vectors over the width of the filament with JCMT/SCUPOL,
finding that the magnetic field geometry is consistent with a
toroidal field wrapping the filament along most of its length.
These observations are shown in Figure 9. Houde et al. (2004)
(CSO/Hertz, 350µm) observed similar magnetic field geometries
in OMC-3, but instead interpreted the magnetic field as
perpendicular to the local filament direction. They also found
that the average polarization direction remains approximately
constant relative to a fixed position on the sky along the OMC-3
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FIGURE 8 | The magnetic field morphology in OMC 1; Figure 1 from Pattle

et al. (2017) © AAS. Reproduced with permission. Figure shows JCMT/POL-2

850 µm polarization vectors, rotated to trace magnetic field direction, overlaid

on a SCUBA-2 850 µm emission image. Note “hourglass” magnetic field

morphology, centered on the interaction between the Orion BN/KL and

S clumps.

filament, rather than changing direction as the filament does,
suggesting that the magnetic field is relatively unaffected by
gravitational effects in the filament.

Matthews et al. (2001b) discuss the significant depolarization
seen toward the filament axis at 850µm, which could be due
to decreasing grain alignment. However, they measure log p ∝

−0.65 log I, which they note suggests grains are quite well-
aligned at high densities, and that the observed depolarization
is also consistent with predictions for a helical field. Matthews
et al. (2001b) found no difference in behavior between regions
of the filament with cores and those without, although the
cores themselves are not well-resolved. Interferometric follow-up
(Matthews et al., 2005) suggests that the field in the embedded
cores is broadly aligned with the field in the larger filament.

Observations of OMC-3 provide a case study in the care
which must be taken in the interpretation of polarized emission
from objects that contain resolvable structure at many densities,
in order to determine which structures the observed polarized
emission is tracing. This is an issue on all size scales discussed in

FIGURE 9 | The 850 µm polarization geometry in OMC 3; Figure 2 from

Matthews et al. (2001b) © AAS. Reproduced with permission. JCMT/SCUPOL

850 µm polarization vectors (note: not rotated), overlaid on SCUBA 850 µm

intensity map. Note significant change in polarization direction along the length

of the filament.

this work, but is particularly relevant to observations of filaments,
in which the magnetic field properties may be expected to differ
between the low-density envelope, the dense filament, and any
embedded cores into which the dense filament has fragmented.

Figure 10 (Li et al., in prep.) shows CSO/SHARP 350 µm
(unpublished data) and JCMT/SCUPOL 850µm observations of
the OMC 3 region. Polarized intensity is shown in grayscale,
with contours of total intensity overlaid. The JCMT/SCUPOL
polarized intensity data show clear peaks associated with peaks in
total intensity, whereas the shorter-wavelength CSO/SHARP data
show no such correlation, with significant polarized intensity,
but no clear peaks in emission. This suggests that the longer-
wavelength JCMT/SCUPOL data are tracing the denser parts
of the filament, while the CSO/SHARP data are tracing the
filament envelope.

For optically thin emission, polarization observations not
tracing the densest structure is likely to be due to grain
misalignment at high densities (e.g., Jones et al., 2015), and
a reasonable test of the densities traced by polarized emission
is whether polarized intensity is correlated with total intensity.
Where such a correlation exists, polarized emission can be
expected to trace the full column of material. Figure 10 can thus
be interpreted as showing that in the dense parts of the filament,
the larger, colder dust grains (which emit more of their light
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FIGURE 10 | CSO/SHARP 350 µm (Left) and JCMT/SCUPOL 850 µm (Right) observations of OMC 3 (Li et al., in prep.). Grayscale shows polarized intensity.

Contours show total intensity, starting from 20% of peak intensity, and increasing in increments of 10%.

at longer wavelengths; e.g., Ossenkopf and Henning, 1994) are
better aligned with the magnetic field than the smaller, warmer
grains. In the RAT paradigm of grain alignment, the extinction
of short-wavelength photons would prevent the alignment of
small grains at high densities (e.g., Andersson et al., 2015).
Thus the 350 µm data traces the magnetic field in the envelope
surrounding the filament, while the 850 µm data traces the
dense material of the filament itself. This may not be the case
in all filaments, as the densities traced at a given wavelength
will depend on grain properties, temperature and interstellar
radiation field (ISRF). An additional caveat is that the difference
in the chop throws of the SHARC-II and SCUBA cameras on
detectable size scales has not been fully explored (see Fissel et al.
(2016) for a discussion of the effect of background subtraction
on polarization observations). Although this source provides an
illustrative example only, consideration of such correlations is
likely to be of general use.

6.2.2.3. Orion A OMC-2
Houde et al. (2004), using CSO/Hertz, found that the magnetic
field in the north of OMC-2 agrees with that in OMC-3, but
changes abruptly in the south of the region. Houde et al. (2004)
tentatively associate this change with outflow activity in the
vicinity of the source OMC-2 FIR 3. However, Poidevin et al.
(2010), observing with JCMT/SCUPOL, did not find a correlation
between outflow direction and magnetic field direction. Poidevin
et al. (2010) found that OMC-2 is more weakly polarized than
OMC-3, with a steeper decrease of p with I, a less well-ordered
magnetic field, and higher levels of turbulence. Poidevin et al.
(2010) argue that while magnetism dominates over turbulence in
OMC-3, this is not clearly the case in OMC-2.

6.2.2.4. Orion A OMC-4
Houde et al. (2004) observed a small number of vectors in the
OMC-4 region, finding a field orientation not clearly related

either to that of the larger integral filament or to the geometry
of the OMC-4 region itself.

OMC 1–4 are all contiguous parts of the integral filament
(e.g., Bally, 2008). The magnetic field apparently having a
different geometry and dynamic importance in different parts
of the filament—with OMC-1 gravitationally-dominated, OMC-
2 turbulence-dominated, and OMC-3magnetically-dominated—
suggests that the behavior of magnetic fields within filaments, and
the evolution of the filaments themselves, depends strongly on
local as well as large-scale environment.

6.2.2.5. Orion B
Matthews et al. (2002) observed the NGC 2071 and LBS 23N
cores (discussed in section 7) and the NGC 2024 filament in
Orion B at 850µm using JCMT/SCUPOL. NGC 2024 shows
an ordered polarization geometry, consistent with a toroidal
field threading the filament. They alternatively model the field
toward NGC 2024 as resulting from the sweeping up of dense,
magnetized gas by a foreground HII region (see also section 4.5),
with the filament itself unmagnetized, but conclude through
qualitative comparison with models that a helical field geometry
within the filament is more consistent with observations. BIMA
follow-up of NGC2024 shows that the small-scale field in the
embedded cores generally matches that of the filament (Lai et al.,
2002), supporting this interpretation.

6.3. Future Directions
In order to further our understanding of the magnetic field
geometry within filaments, it is necessary to break the degeneracy
between depolarization due to geometrical effects and that
due to grain (mis)alignment at high densities. This requires
observations with sufficient sensitivity and resolution to observe
good radial profiles of polarization fraction and polarized
intensity across filaments, as well as detailed predictions of
polarization fraction as a function of radius for the various
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proposed field geometries. Multi-wavelength observations can be
used to investigate dust properties and the depth into filaments
traced by magnetic fields, thus allowing some quantification of
the reliability of polarization fraction as a tracer of field geometry.

7. POLARIZATION OBSERVATIONS OF
STARLESS AND PROTOSTELLAR CORES

We here define starless cores to be small-scale overdensities
within larger molecular clouds which, if gravitationally bound,
will form an individual star or system of stars (Benson andMyers,
1989). Prestellar cores are the gravitationally bound subset of
starless cores (Ward-Thompson et al., 1994). Protostellar cores
are defined as envelope-dominated sources containing one to a
few hydrostatic objects (i.e., Class 0 and I sources; Lada, 1987;
Andre et al., 1993).

Detections of starless and protostellar cores in polarized light
have until recently been piecemeal, and strongly limited by
surface brightness. It is now becoming possible to systematically
survey nearby star-forming regions to map magnetic fields in
starless and protostellar cores. Total-power instruments remain
the best tools for detecting starless cores, while protostellar cores
are now more commonly observed with interferometers.

7.1. Starless Cores
The number of instruments with both the sensitivity and
resolution required to detect polarized emission from starless
cores remains very limited. Starless cores are extended objects
with simple internal geometries, typically well-modeled by
Bonnor-Ebert (Ebert, 1955; Bonnor, 1956) or Plummer-like
(Plummer, 1911) distributions (e.g., Alves et al., 2001;Whitworth
and Ward-Thompson, 2001), making observations with a total
power component essential, as interferometers typically resolve
out starless cores entirely.

Due to their small size and low surface brightness, imaging
of individual starless and prestellar cores is largely restricted
to the most local star-forming regions. The first detection of
polarized submillimeter emission from three dense starless cores
was reported by Ward-Thompson et al. (2000), who observed
L1544 (140 pc; Elias, 1978), L183 (180 pc; Ward-Thompson et al.,
2000) and L43 (150 pc; Ward-Thompson et al., 2000) at 850µm
using JCMT/SCUPOL. Crutcher et al. (2004) used the DCF
method to estimate magnetic field strengths for the same sources,
finding Bpos = 140µG, 80µG and 160µG in L1544, L183, and
L43, respectively, and that the three cores were, after correction
for geometrical bias, approximately magnetically critical.

Kirk et al. (2006) observed two less-dense starless cores, L1498
and L1517B (both 140 pc), with JCMT/SCUPOL, estimating
plane-of-sky field strengths of 10 ± 7µG and 30 ± 10µG
respectively, again using the DCF method. The former value is
comparable to a line-of-sight Zeeman measurement of the same
region (48 ± 31µG; Levin et al., 2001). In these cores, thermal
support was found to dominate over non-thermal and magnetic
support, with the cores being magnetically supercritical (unable
to be supported by their internal magnetic fields alone).

FIGURE 11 | JCMT/SCUPOL 850 µm magnetic field vectors (polarization

vectors rotated by 90◦), overlaid on 850 µm total intensity emission, in the

starless core L183. Figure 1 from Crutcher et al. (2004) © AAS. Reproduced

with permission. Note the ordered field structure across the core, and the lack

of an hourglass-like field morphology. (Co-ordinates are B1950.0).

Magnetic fields detected in isolated starless cores are typically
relatively smooth and well-ordered, with detectable polarization
across the cores. An example of such a field, in the starless core
L183, is shown in Figure 11. Ward-Thompson et al. (2000) found
that magnetic fields over the central core regions are typically
aligned at∼ 30◦ to the projected minor axis of the cores, a result
ascribed to projection effects by Basu (2000). Notably, despite
their ordered field morphologies, and despite being candidates
for gravitational instability (e.g., Kirk et al., 2006), none of these
cores show the classical “hourglass” magnetic field characteristic
of ambipolar-diffusion-driven collapse. The precise role of the
magnetic field in the evolution of these isolated cores is not clear.
However, the magnetic field does not appear to be dynamically
negligible, particularly in the denser set of cores.

The full set of observations made with JCMT/SCUPOL are
cataloged by Matthews et al. (2009). This includes the five
starless cores described above and L1287, observed by Curran
and Chrysostomou (2007), listed as starless by Matthews et al.
(2009), but with an associated energetic outflow (Curran and
Chrysostomou, 2007). The JCMT/SCUPOL archive also contains
observations of several nearby star-forming regions within which
individual cores can be resolved, particularly the L1688 region
in Ophiuchus: Oph A (Tamura, 1999), Oph B2 (Matthews et al.,
2001a), and Oph C (Matthews et al., 2009).

Alves et al. (2014) observed the starless core Pipe-109 with
APEX/PolKa, finding a highly-ordered magnetic field with
significant depolarization at high column densities (note also
Alves et al., 2015).

Observations made using CSO/Hertz are cataloged by Dotson
et al. (2010). This catalog contains no isolated starless cores, but
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includes the Oph A clump, containing a number of embedded
starless cores.

A number of regions containing starless cores have been
observed by the JCMT/POL-2 polarimeter, with significantly
better sensitivity than was possible with its predecessor, SCUPOL.
The Oph A and B clumps have been observed by Kwon et al.
(2018) and Soam et al. (2018), respectively, as part of the BISTRO
survey (Ward-Thompson et al., 2017). The ∼ 1800AU linear
resolution of these observations permits insight into themagnetic
field morphology in the many starless and protostellar cores
within the clumps (cf. Motte et al., 1998; Pattle et al., 2015). Kwon
et al. (2018) measure field strengths varying from 0.2 − 5mG
across Oph A, suggesting that the magnetic field is unlikely to
be dynamically negligible anywhere in the region, but may vary
significantly within it. Soam et al. (2018), observing the Oph B1
and B2 clumps, infer a typical magnetic field strength in Oph B2
of 630± 410µG, again suggesting that the magnetic fields in the
cores in the region will not be negligible.

Discussion of these observations of well-resolved clumps has
largely focussed on the properties of the clumps themselves,
rather than individual embedded cores, in part due to limitations
in sensitivity, but also due to uncertainties as to whether polarized
emission from clumps and filaments traces the dense, star-
forming gas or the larger- (clump/filament-)scale material (see
discussion in section 6). Oph A has recently been observed in
the far-infrared with the SOFIA/HAWC+ polarimeter (Harper
et al., 2018; Santos et al., in prep.). These observations are
shown alongside the JCMT/POL-2 polarization map of the
region in Figure 12. Forthcoming polarization spectra across the
1–1,000µm wavelength regime will provide additional insight
into grain physics in regions such as Oph A, as discussed
in section 2.

7.2. The Search for High-Mass Prestellar
Cores
The debate over the existence of high-mass prestellar cores (with
masses several times their Jeans mass, collapsing to form a
massive star; e.g., Tan et al., 2014) continues. If such objects
exist, they are likely to require significant internal magnetic
support (e.g., Pillai et al., 2015). Pillai et al. (2015) analyse
JCMT/SCUPOL observations of G11.11-0.12, positing that the
source is a magnetically supported high-mass starless core. Due
to the distance of most high-mass star-forming regions, most
detections of high-mass star-forming “cores” are interferometric,
for example, polarimetric observations of high-mass cores in
DR21 (Ching et al., 2017), and in W51 (Tang et al., 2013)
taken using the SMA. Single-dish data provide context for these
observations, by mapping the larger-scale magnetic field in the
surrounding material (e.g., Dotson et al., 2000; Chrysostomou
et al., 2002; Vallée and Fiege, 2006).

7.3. Protostellar Cores
Protostellar cores differ from starless cores in that they have an
internal heating source, and potentially an internal source of
ionizing photons. These cores are thus generally warmer and
brighter than their starless counterparts, and may be expected to

contain dust grains better aligned with their internal magnetic
fields (Jones et al., 2016).

Thanks to the presence of embedded sources and complex
internal gas and dust structures (discs, accretion flows, etc.),
protostellar cores make excellent targets for interferometric
polarimetry. Much of the focus of polarimetric studies of
protostellar cores has shifted to interferometric measurement—
such as imaging of hourglass magnetic fields in NGC 1333A
using the SMA (Girart et al., 2006), large-scale surveys such as
TADPOL with CARMA (Hull et al., 2014), and high-resolution
imaging of complex magnetic field geometries around protostars
with ALMA (Hull et al., 2017). We summarize single-dish
observations of protostellar sources to date here.

Models of magnetic fields in protostellar environments
generally predict a symmetric field about the outflow axis of the
system, with net polarization aligned either along the direction
of the outflow, or with the plane of the disc (e.g., Greaves et al.,
1997). Early observations of the magnetic fields in the envelopes
of young protostars were largely made using the Aberdeen/QMW
polarimeter on the UKT14 camera on the JCMT (Minchin et al.,
1995; Tamura et al., 1995; Holland et al., 1996; Greaves et al.,
1997). Tamura et al. (1995) and Minchin et al. (1995) found
magnetic fields perpendicular to the major axes of protostellar
envelopes and aligned with large-scale molecular outflows,
whereas Holland et al. (1996) found that in the prototypical
Class 0 source VLA 1623, the magnetic field is perpendicular
to the outflow, and so suggested that the outflow cannot be
magnetically collimated on large scales. Greaves et al. (1997)
found that for Class 0 sources with outflows aligned in or near the
plane of the sky, the magnetic field is typically perpendicular to
the outflow, whereas for outflows aligned close to the line of sight,
themagnetic field is parallel to the outflow direction, a bimodality
in behavior common to a number of models of the magnetic
field structure of protostellar envelopes. Greaves et al. (1997)
also found polarization fraction to be anticorrelated with outflow
opening angle and with ratio of bolometric luminosity to 1.3mm
luminosity (both proxies for age), leading them to suggest that
magnetic fields are more ordered in younger protostellar sources.

JCMT/SCUPOL observed a larger set of protostars and
clumps containing embedded protostars, most of which were first
published by Matthews et al. (2009). A number of protostellar
sources have been observed using CSO/SHARP: NGC 1333 IRAS
4 (Attard et al., 2009), the Class 0 protostars B335, L1527, and
IC348-SMM2 (Davidson et al., 2011), DG Tau (T Tauri) (Krejny
et al., 2011), and the Class 0 protostar L1157-mm (Stephens
et al., 2013). Of these Attard et al. (2009) and Stephens et al.
(2013) found the magnetic field to be broadly aligned with
outflow direction, while Davidson et al. (2011) found magnetic
field vectors consistent with a pinched magnetic field geometry
in the protostellar discs of B335 and IC348-MM2 (indicative
of magnetized disc formation), while in L1527 they propose
that the outflow is sufficiently energetic to have disordered the
magnetic field. Chapman et al. (2013) stacked observations of
seven protostellar cores observed with CSO/SHARP, and found a
positive correlation between the magnetic field direction and the
symmetry axis of the (stacked) core, as well as between the field
and outflow directions. Chapman et al. (2013) also present some

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 21 April 2019 | Volume 6 | Article 1545

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Pattle and Fissel Polarimetric Observations of Star-Forming Regions

FIGURE 12 | The magnetic field structure of the Oph A region, containing a number of starless and protostellar cores. Magnetic field vectors (polarization vectors

rotated by 90◦) shown were observed with JCMT/POL-2 (left, 850 µm; Kwon et al., 2018 © AAS, reproduced with permission) and SOFIA/HAWC+ (right, 214µm;

Harper et al., 2018; Santos et al. in prep.; reproduced with permission of the HAWC+ team).

evidence for a pinch in the stackedmagnetic field, consistent with
magnetically-dominated evolution.

Single-dish polarimetric observations of clumps containing
protostellar cores include observations of the Oph A region,
discussed above. Other observations include the Orion B NGC
2071 and LBS 23N clumps (Matthews et al., 2002). NGC
2071 is a massive core forming multiple protostars, showing a
uniform magnetic field geometry oriented perpendicular to the
most powerful outflow in the region, with a DCF-inferred field
strength of 56 µG. LBS 23N, however, shows a more disordered
field geometry and significant depolarization toward its various
starless and protostellar cores. Matthews and Wilson (2002b)
observed the lower-mass Barnard 1 clump in Perseus, which
again contains both protostellar and starless cores. An ordered
polarization pattern is seen across the clump, with significant
depolarization toward the dense cores. These observations of
clumps containing starless and protostellar cores do not show
significant differences in polarization fraction or log p − log I
index between starless and protostellar cores, on scales observed
by the JCMT.

7.4. Comparison With Simulations
Few direct comparisons have been made between observations
and simulations of magnetic fields in starless cores, in
part due to the paucity of observations. Most comparison
between models and observations has been to numerical
and (semi-)analytic models of ambipolar-diffusion-driven core
collapse (e.g., Mouschovias, 1976a,b; Ciolek and Mouschovias,
1994; Basu, 2000; Ciolek and Basu, 2000).

MHD modeling of star-forming cores began with Machida
et al. (2004) and subsequent papers, which focussed on
cores harboring protostars. Subsequent work includes, e.g.,
Dib et al. (2007) (clumps/cores), Price and Bate (2007)

(protostellar environments), Boss and Keiser (2013) (protostellar
environments and discs). These simulations have generally
focussed on the time evolution of core collapse rather than on
producing synthetic observations. Mocz et al. (2017) produce
volume-weighted magnetic field maps for collapsing cores in
a turbulent medium which, while presented at resolutions
observable by interferometric instruments, could be smoothed
to be comparable to maps of cores produced by single-
dish instrumentation.

Radiative transfer modeling allows forward modeling of the
magnetic fields observed in star-forming cores, using tools
such as DustPol (Padovani et al., 2012) and POLARIS (Reissl
et al., 2016) to produce magnetic field maps for model cores,
to be compared to observations. Alternatively, modeling of
observed field geometries can be treated as a highly degenerate
inversion problem. POLCAT (Franzmann and Fiege, 2017)
produces simulated polarization maps based on models of three-
dimensional cores threaded by magnetic fields, in order to
eliminate core and field geometries not consistent with the
magnetic field observed in projection.

7.5. Depolarization
As discussed in section 3.6, the alignment of grains with magnetic
fields is, in the absence of a source of energetic photons, expected
to get progressively worse at increasingAV . In the extreme case of
a deeply embedded starless/prestellar core, it is not clear whether
dust grains are coupled to the magnetic field (Jones et al., 2015).

Polarization holes—decreased polarization fraction at
increased total intensity (typically a tracer of density in cold
cores)—are seen in observations of starless cores (Ward-
Thompson et al., 2000; Alves et al., 2014), of cores with very
young hydrostatic sources (Kwon et al., 2018, observing the core
SM1, which may contain an extremely young Class 0 source;
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Friesen et al., 2014), and in single-dish observations of sources
with embedded protostars (Wolf et al., 2003; Jones et al., 2016).

Jones et al. (2016) present CSO/SHARP total power data
alongside CARMA interferometric imaging of an IRDC with
an embedded massive protostar. The total power data, tracing
larger size scales in the IRDC, show a steeper negative slope
in the log p-log I relation than the interferometric data tracing
the material around the embedded source. This is interpreted as
evidence that although dust grains in the IRDC are in general
not aligned with the magnetic field at high densities, photon
flux from the young protostar is driving grain alignment in
its vicinity.

The extent to which polarization holes results from grain
misalignment, or from complex field morphologies on scales
smaller than the beam, is not clear. The facts that starless
cores and protostellar cores show similar behaviors on large
scales (e.g., Matthews and Wilson, 2002b), that log p-log I
indices vary within and between clouds (Matthews and Wilson,
2002a; Matthews et al., 2002), and that ordered fields are
consistently seen in starless cores despite depolarization (e.g.,
Kirk et al., 2006), suggest that better modeling of 3D
magnetic field geometries is required in order to determine
the depth into starless cores to which single-dish polarization
observations can trace. Such modeling is becoming possible
through application of tools such as POLARIS, as described
above (e.g., Valdivia et al., 2017).

7.6. Future Directions and the Potential of
Large Surveys
There are many open questions in the field of polarimetry of
starless and protostellar cores, not least as to the circumstances
in which it can be said with confidence that the magnetic
field in the densest, gravitationally unstable, parts of cores has
been observed. The new generation of polarimetric surveys
will allow us to begin addressing these questions in a
systematic manner, by allowing comparison of meaningful
numbers of starless, protostellar, embedded and isolated
sources. Wide-area surveys also allow the possibility of
stacking polarization fraction and polarized intensity images
to improve signal-to-noise and so to determine something
of the magnetic field properties in low-surface-brightness
starless cores.

8. SUMMARY

In this chapter we have discussed submillimeter and far-infrared
single dish continuum emission polarimetric observations of
magnetic fields in star-forming regions. We discussed strategies
for measuring polarized dust emission, and reviewed past,
present and upcoming polarimeters.

We then summarized the most widely-used methods for
estimating the strength and dynamic importance of magnetic
fields in molecular clouds, as well as the means by which
the depth into clouds to which polarization observations trace
can be assessed. We compared the various implementations of
the (Davis-)Chandrasekhar-Fermi (DCF) method of estimating

magnetic field strength. Compilation of DCF measurements
shows that the DCF method typically produces magnetic field
strength values comparable to those measured directly from
Zeeman splitting of spectral lines, for a given density. There is
considerable variation in DCF results, with differences in results
between different DCF implementations typically comparable
to or greater than measurement uncertainty. We note the
importance of testing DCF and other experimental methods
against synthetic observations in order to determine their validity
and accuracy.

Our ability to study magnetic fields on molecular cloud
scales has been revolutionized by all-sky observations from the
Planck satellite, as well as cloud-scale maps from BLASTPol
and SPARO. These observations indicate that the energetic
importance of magnetic fields on > 1 pc scales are typically
equal to or larger than that of turbulent gas motions, and that
magnetic fields appear to play an important role in the formation
of dense cloud substructures. Observations of more clouds at
higher resolution are needed to better constrain the role played
by magnetic fields in all stages of molecular cloud formation
and evolution.

Observations of Bok globules typically show ordered, linear,
magnetic fields with field strengths∼ 102 µG. Most Bok globules
show significant depolarization at high densities. In Bok globules
harboring outflow-driving sources, the magnetic field may in
some cases be aligned with the outflow direction. Being by
definition isolated objects, generally with simple geometries,
Bok globules are a useful environment in which to study
magnetic fields.

As magnetic fields tend to be perpendicular to self-gravitating
filaments in the low-density environment surrounding the
filaments, some models predict that material is accreted onto
such filaments along these magnetic field lines—a theory
with some observational support in nearby filaments such as
Taurus and Musca. However, the three-dimensional magnetic
field geometry within such star-forming filaments is not well-
characterized. Magnetic fields are expected to either wrap
helically around filaments or to pass directly through them. In
order to distinguish between these alternatives, and to break
degeneracies between three-dimensional geometry and grain
misalignment, well-resolved observations across filaments are
required, ideally at more than one wavelength. Care needs to be
taken to ensure that polarization observations trace the dense
material of filaments, rather than the low-density envelope.
The role of magnetic fields within filaments is likely to vary
significantly with environment: for example, the well-studied
integral filament in Orion A shows gravitationally-dominated,
turbulence-dominated and magnetically-dominated behavior at
various points along its length.

Observations of magnetic fields within starless cores remain
strongly limited by surface brightness. Where detectable,
magnetic fields in isolated starless cores are typically relatively
smooth and well-ordered, with polarization detected across
the cores, although depolarization toward high densities is
seen. While observations of magnetic fields in starless cores
do not clearly show the “hourglass” morphology predicted
for magnetically-dominated, ambipolar-diffusion-driven star
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formation, the ordered polarization patterns seen suggest that
magnetic fields are of some dynamic importance in these objects.
The depth into starless cores to which grains are aligned
with the magnetic field remains uncertain. Magnetic fields in
protostellar cores are more easily detectable, and generally
seen to be ordered and, on the scales observable with single-
dish instrumentation, aligned either parallel or perpendicular to
outflow direction.

There remain many unanswered questions about the three-
dimensional geometry, strength, dynamic importance, and
physical role of magnetic fields in star-forming regions.
The current and forthcoming generation of submillimeter
polarimeters will expand significantly our measurements of
magnetic fields; this, coupled with detailed comparison to
models, should allow these questions to be addressed.
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The magnetic field is a key ingredient in the recipe of star formation. However, the

importance of the magnetic field in the early stages of the formation of low- and

high-mass stars is still far from certain. Over the past two decades, the millimeter and

submillimeter interferometers BIMA, OVRO, CARMA, SMA, and most recently ALMA

have made major strides in unveiling the role of the magnetic field in star formation at

progressively smaller spatial scales; ALMA observations have recently achieved spatial

resolutions of up to ∼100 and ∼1,000 au in nearby low- and high-mass star-forming

regions, respectively. From the kiloparsec scale of molecular clouds down to the inner

few hundred au immediately surrounding forming stars, the polarization at millimeter

and submillimeter wavelengths is dominated by polarized thermal dust emission, where

the dust grains are aligned relative to the magnetic field. Interferometric studies have

focused on this dust polarization and occasionally on the polarization of spectral-line

emission. We review the current state of the field of magnetized star formation, from

the first BIMA results through the latest ALMA observations, in the context of several

questions that continue to motivate the studies of high- and low-mass star formation.

By aggregating and analyzing the results from individual studies, we come to several

conclusions: (1) Magnetic fields and outflows from low-mass protostellar cores are

randomly aligned, suggesting that the magnetic field at ∼1,000 au scales is not the

dominant factor in setting the angular momentum of embedded disks and outflows. (2)

Recent measurements of the thermal and dynamic properties in high-mass star-forming

regions reveal small virial parameters, challenging the assumption of equilibrium star

formation. However, we estimate that a magnetic field strength of a fraction of a mG

to several mG in these objects could bring the dense gas close to a state of equilibrium.

Finally, (3) We find that the small number of sources with hourglass-shaped magnetic field

morphologies at 0.01–0.1 pc scales cannot be explained purely by projection effects,

suggesting that while it does occur occasionally, magnetically dominated core collapse

is not the predominant mode of low- or high-mass star formation.

Keywords: astronomy, low-mass star formation, high-mass star formation, polarization, magnetic fields, dust,

interferometry, millimeter-wave observations
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Hull and Zhang Magnetic Fields in Forming Stars

1. INTRODUCTION

Magnetic fields are known to play a critical role in many
aspects of both low- and high-mass star formation. Even
weakly ionized star-forming material is coupled to the ambient
magnetic field, and thus the field can regulate (or prevent) the
collapse and fragmentation of star-forming clouds (Hennebelle
and Inutsuka, 2019; Krumholz and Federrath, 2019; Teyssier
and Commerçon, 20191, in this volume), can influence the
formation of protoplanetary disks (Wurster and Li, 2018, in this
volume), and can launch bipolar outflows and jets from young
protostars (Pudritz and Ray, 20192, in this volume). Mapping
the morphology of magnetic fields in low- and high-mass star-
forming regions is therefore critical to better understand how
magnetic fields affect the star-formation process at early times,
and how the role of the field changes relative to other dynamical
effects (e.g., turbulence, rotation, thermal and radiation pressure,
and gravitational collapse) as a function of spatial scale, source
environment, and source mass. Over more than 50 years, studies
of magnetic fields in low- and high-mass star-forming regions
have been performed across a wide range of spatial scales, from
the >100 pc scale of molecular clouds, to the 1 pc scale of
clumps, to the 0.1 pc scale of dense cores, and finally to the
1,000–100 au scale of protostellar envelopes surrounding forming
protostellar systems3.

In this review we introduce the typical tracers of the
magnetic field in star-forming regions, as well as the methods
used to analyze the observations. We then discuss the state
of the field of magnetized star formation, focusing primarily
on the last three decades of high-resolution polarization
studies by millimeter and submillimeter [hereafter combined
into “(sub)millimeter”] interferometers including the Berkeley-
Illinois-Maryland Association (BIMA) millimeter array, the
Combined Array for Research in Millimeter-wave Astronomy
(CARMA), the Submillimeter Array (SMA), and the Atacama
Large Millimeter/submillimeter Array (ALMA)4.

1.1. Magnetic Field Tracers (Plane-of-Sky
Component)
1.1.1. Polarized Dust Emission
Polarized thermal emission from dust grains is the main
tracer of the magnetic field in star-forming regions observed
at high resolution and at (sub)millimeter wavelengths. Under

1Teyssier, R., and Commerçon, B. (2019). Numerical methods for simulating star

formation. Front. Astron. Space Sci. under review.
2Pudritz, R. E., and Ray, T. P. (2019). The role of magnetic fields in protostellar

outflows and star formation. Front. Astron. Space Sci. under review.
3 In this review we follow the nomenclature used in Zhang et al. (2009) and Motte

et al. (2018), who refer to a cloud as a structure 10–100 pc in size; a molecular clump

as a structure 1 pc in size that forms massive stars along with a population of lower

mass stars; and a dense core as a structure 0.01–0.1 pc in size that forms one or a

group of stars. Following the nomenclature of, e.g., Hull et al. (2014), a protostellar

envelope is a ∼ 1,000 au (∼ 0.005 pc) structure comprising the densest part of the

dense core, inside of which one or a few protostars form.
4Note that while we aim to provide an exhaustive review of the literature

surrounding millimeter-wave interferometric observations of low- and high-mass

stars, we mention only a few theoretical and single-dish polarization studies in

order to support our narrative. We do not discuss other types of millimeter-wave

polarization observations, i.e., toward the galactic center, quasars, or evolved stars.

most circumstances, oblong interstellar medium (ISM) dust
grains with sizes ≪ 100µm are aligned with their long axes
perpendicular to magnetic field lines (e.g., Hildebrand, 1988).
The currently accepted way to achieve this alignment is via
the “radiative torque” (RAT) mechanism, where an anisotropic
radiation field (e.g., the external UV field in the ISM, or the
radiation from a deeply embedded protostar) causes grains to
become aligned relative to the magnetic field (Lazarian, 2007;
Hoang and Lazarian, 2009; Andersson et al., 2015)5. Thus, at
the physical scales of star-forming clouds, cores, and envelopes
(i.e., scales & 100 au), magnetically aligned dust grains emit
thermal radiation that is polarized perpendicular to the magnetic
field. Observations of dust polarization, which comprise the
vast majority of the single-dish and interferometric polarization
observations to date, are discussed at length throughout
this article.

1.1.2. Polarized Molecular-Line Emission
Polarization of molecular-line emission is another tracer of the
magnetic field in star-forming regions. Molecular and atomic
lines are sensitive to magnetic fields, which cause their spectral
levels to split intomagnetic sub-levels. For somemolecules, linear
polarization can arise when an anisotropy in the radiation and/or
velocity field yields a population of magnetic sub-levels that are
not in local thermodynamic equilibrium (LTE); this is known
as the Goldreich-Kylafis (G-K) effect. Polarization from the G-K
effect is most easily detected where the spectral line emission has
an optical depth τ ≈ 1, when the ratio of the collision rate to the
radiative transition rate (i.e., the spontaneous emission rate) is
∼ 1, and where the gradient in the radiation and/or velocity field
is large. The effect is strongest in the lowest rotational transitions
of simple molecules such as CO, CS, HCN, SiO, or HCO+.
Spectral-line polarization from the G-K effect can be parallel or
perpendicular to the magnetic field. Due to the different optical
depths of the parallel and perpendicularly polarized components
in different locations on the sky, polarization from the G-K effect
ultimately traces the plane-of-sky magnetic field orientation with
an ambiguity of 90◦ (Goldreich and Kylafis, 1981, 1982; Kylafis,
1983; Deguchi and Watson, 1984; Lis et al., 1988).

The first detections of the G-K effect were by Glenn et al.
(1997), who presented National Radio Astronomy Observatory
(NRAO) 12m telescope observations of the evolved star
IRC +10216, and by Greaves et al. (1999), who observed the
galactic center and the high-mass star-forming clouds S140 and
DR 21 using the James Clerk Maxwell Telescope (JCMT). In
addition to these first observations, others have detected the G-K
effect in molecular outflows from low-mass protostellar sources
(e.g., Girart et al., 1999; Lai et al., 2002; Cortes et al., 2006; Lee
et al., 2014, 2018a; Ching et al., 2016) as well as in high-mass
protostellar sources (e.g., Lai et al., 2003; Cortes et al., 2005, 2008;
Cortes and Crutcher, 2006). The G-K effect is a powerful way to
trace the magnetic field in regions where the brightness of the

5RATs that align grains with respect to the magnetic field B are sometimes

known as “B-RATs,” in contrast to other radiative torque mechanisms such as the

“k-RATs” mentioned in section 5, where RATs align grains with respect to the

radiation direction.
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thermal dust emission is too low to detect polarization at the few-
percent level, either because the source is too distant or because
the column density of dust is too low (e.g., in an outflow cavity
where the gas and dust have been driven away).

One way to resolve the 90◦ ambiguity in G-K observations
is via radiative transfer modeling. This was done in Cortes
et al. (2005), who expanded on the original G-K models
(which assumed that gradients in the CO optical depth were
responsible for the necessary anisotropy in the radiation field)
by including bright, central sources as additional causes of
anisotropy. They used these models to successfully reproduce
the 90◦ difference in polarization angles seen toward the
high-mass star-forming region DR 21(OH) in their 3mm
BIMA observations of CO (J= 1→ 0) versus earlier 1.3mm
observations of CO (J= 2→ 1) by Lai et al. (2003). While the
modeling in Cortes et al. (2005) was successful, in general it is
difficult to know the structure of the radiation field, especially
in high-mass star-forming regions. Other methods exist to
resolve the ambiguity, such as comparing polarization from both
dust and spectral lines in the same region. This was done in
DR 21(OH) by Lai et al. (2003) and Ching et al. (2016); however,
it is not clear how strong the correlation should be between the
polarization angles from the two types of emission, as the dust
emission traces much denser material than the CO.

Looking to the future, in low-mass sources with well behaved
outflows, or in protoplanetary disks, the radiation and velocity
fieldsmay be simple enough to allow us tomore confidently break
the ambiguity in polarization orientation. Given the high quality
of ALMA data toward these types of sources and the fact that
ALMA’s sensitivity will allow us to probe polarization in multiple
transitions ofmany differentmolecules, spectral-line polarization
studies have a bright future.

Finally, onemust exercise caution when interpreting polarized
spectral-line observations, as linearly polarized spectral-line
emission can be converted into circularly polarized emission
via anisotropic resonant scattering. Several studies have detected
non-Zeeman circularly polarized emission, including Houde
et al. (2013) in Orion KL and Hezareh et al. (2013) in the
supernova remnant SNR IC 443. These observations were from
the polarimeters at the Caltech Submillimeter Observatory (CSO)
and the Institut de Radioastronomie Millimétrique (IRAM)
30m telescope, respectively (see Chamma et al., 2018 for
more results from the SMA). The model described in those
publications shows that resonant scattering can cause a rotation
in the polarization position angle in maps of linear spectral-line
polarization. Hezareh et al. (2013) used the detected Stokes V
signal toward SNR IC 443 to correct the map of linear spectral-
line polarization. After doing so, the polarization was well aligned
with dust polarization observations using the PolKA polarimeter
at the Atacama Pathfinder Experiment (APEX) telescope. The
authors note that this effect is proportional to the square of the
magnitude of the plane-of-sky magnetic field, which opens up the
possibility of detecting the magnetic field via circular polarization
observations of Zeeman-insensitive spectral lines.

1.1.3. The Velocity-Gradient Technique
Another method for probing the plane-of-sky magnetic field in
star-forming regions is the “velocity-gradient technique” (VGT),

which estimates the magnetic field orientation using the velocity
gradients present in spectral-line observations. In turbulent
regions that are not gravitationally bound, González-Casanova
and Lazarian (2017) and Yuen and Lazarian (2017) showed
that the magnetic field is expected to be oriented perpendicular
to velocity gradients. The authors also extended their study to
shocked and gravitationally bound regions (Yuen and Lazarian,
under review), and argued that the VGT provides an even
better view of the plane-of-sky magnetic field morphology in
the interstellar medium (particularly in diffuse regions with a
low column density of dust) than both the Planck polarization
data (e.g., Planck Collaboration et al., 2015b) and observations of
neutral HI “fibers,” which also trace the interstellar magnetic field
(Clark et al., 2014, 2015).

1.2. Magnetic Field Tracers (Line-of-Sight
Component): The Zeeman Effect
The Zeeman effect is another important tracer of the magnetic
field that has been observed primarily with single-dish radio
telescopes to infer the line-of-sight magnetic field strength6 in
molecular clouds (Troland andHeiles, 1986; Crutcher et al., 1993;
Crutcher, 1999). When threaded by a magnetic field, atomic
hydrogen and molecules with a strong magnetic dipole moment
will have the degeneracy in magnetic sub-levels lifted for states
with non-zero angular momentum. This will split the radio
frequency transitions into a number of linearly and elliptically
polarized components separated slightly in frequency. Measuring
this Zeeman splitting is the only way to directly measure a
component of the magnetic field strength. However, we will not
focus more on the thermal Zeeman effect in this review, as there
are no reported observations with a (sub)millimeter-wavelength
interferometer. For reviews of single-dish observations of
magnetic fields in molecular clouds via the Zeeman effect, see
Crutcher (2012) and Crutcher and Kemball (20197, in this
volume).

1.3. Analysis Methods
1.3.1. Indirect Estimates of Magnetic Field Strength
The polarization arising from magnetically aligned dust grains
and from the G-K effect yields the plane-of-sky magnetic
field morphology. However, these observations do not contain
information about the magnetic field strength. Since knowing the
field strength is critical to our understanding of the importance
of magnetic fields, a variety of indirect methods have thus
been developed to estimate the field strength from these types
of observations.

The most longstanding of these methods is the Davis-
Chandrasekhar-Fermi (DCF) method (Davis, 1951;
Chandrasekhar and Fermi, 1953), which uses the fact that
turbulent motions should cause an observable scatter in what

6Note that under certain conditions one can derive the total magnetic field strength

from the Zeeman effect (Heiles et al., 1993; Heiles and Crutcher, 2005). This has

been seen several times toward galactic OHmasers (Hutawarakorn et al., 2002; Fish

and Reid, 2006; Caswell et al., 2014). However, in typical Zeeman observations of

star-forming molecular clouds, the Zeeman signal is only strong enough to yield

the strength of the magnetic field along the line of sight.
7Crutcher, R. M. and Kemball, A. J. (2019). Zeeman effect observations of regions

of star formation. Front. Astron. Space Sci. under review.
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would otherwise be a well ordered mean magnetic field. The
original, simplest form of the DCF formula yields an estimate of
the plane-of-sky magnetic field strength

BPOS =

√

4πρ

δφ
δV , (1)

where ρ is the gas density, δV is the one-dimensional velocity
dispersion, and δφ is the dispersion in polarization position
angles. δV and δφ are both assumed to be caused by turbulent
motions in the region being studied. The derivation of this
expression also assumes that there is a mean magnetic field in
the region, that the turbulence is incompressible and isotropic,
and that the turbulent components of the kinetic and magnetic
energies are in equipartition. Note that the DCF method also
assumes that the dispersion is “small,” i.e., that the turbulent
magnetic energy is small compared with the mean-field magnetic
energy in the system.

The DCF method was originally developed to estimate
magnetic field strengths in the diffuse ISM, where perturbations
in the magnetic field can be assumed to be caused by turbulent
motions in the magnetized medium. Comparisons with MHD
simulations of giant molecular clouds (GMCs) by Ostriker et al.
(2001) found that at these scales, the original DCF method
typically overestimates the magnetic field strength by a factor of
∼ 2 because line-of-sight field tangling is not taken into account.
Further simulations by Heitsch et al. (2001) also found that
the true field strength is overestimated unless finite telescope
resolution and self-gravity within the GMC are accounted for.

At the smaller scales of the individual star-forming clumps
and cores that are probed by interferometers, gravity is almost
always the dominant dynamical factor, and thus the structure
of the background field must be removed before calculating
the dispersion in polarization position angles. In two ideal
cases with very clean examples of hourglass-shaped magnetic
fields, Girart et al. (2006) and Qiu et al. (2014) removed the
background hourglass field by subtracting a set of parabolic field
lines from the data, after which they calculated the magnetic field
dispersion relative to the background structure. In complicated
cases, however, a more general method is necessary to remove
arbitrary background field structure. This has been achieved by
employing a second-order structure function of the polarization
angle that allows the separation of the turbulent and mean
magnetic-field components, with the underlying assumption that
the mean-field component has an intrinsically larger spatial scale
than the turbulent component (Falceta-Gonçalves et al., 2008;
Hildebrand et al., 2009; Houde et al., 2009, 2011; Chitsazzadeh
et al., 2012). Further refinements of these studies have also taken
into account interferometric filtering effects (Houde et al., 2016).

Falceta-Gonçalves et al. (2008) used the structure-function
approach to test the validity of the DCF technique using
their MHD simulations. In addition to analyzing the effect
of different telescope resolutions (their conclusion: lower-
resolution observations tend to overestimate the field strength),
they also derived a generalized form of the DCF equation,
which allows for the separation of the turbulent and mean
magnetic field components, and yielded magnetic-field estimates

that were accurate to within ∼ 20%. More recently, Juárez et al.
(2017) performed SMA observations of a magnetized high-mass
star-forming region and used the structure-function method
to compare the data with synthetic observations of gravity-
dominated MHD simulations. They found the magnetic field
strength estimates from both the observations and simulations
to be in good agreement.

Koch et al. (2012) proposed another method of indirectly
measuring the magnetic field strength that is also based on an
ideal MHD framework. They argue that a position-dependent
magnetic field strength in a polarization map can be calculated
using the angle between the magnetic field and the gradient
of the total-intensity emission, and a second angle between
the local gravity direction and the gradient of the total-
intensity emission. This is based on the assumption that the
intensity gradient is a proxy for the direction of motion in the
MHD force equation. For example, in a centrally concentrated,
gravitationally bound core, the infalling motion will be along
the intensity gradient (across the iso-intensity contours). This
method requires observations of the magnetic-field morphology
(i.e., via observations of thermal dust polarization or the G–K
effect) in order to produce a spatial distribution of the magnetic
field strength. However, unlike the DCF method, this method
does not require spectral-line observations in the analysis.
Estimations of magnetic field strengths using this method have
been found to be consistent with previous estimations from the
DCF method (see e.g., section 3.1).

1.3.2. The Mass-to-Flux Ratio
Merely measuring the magnetic field strength does not allow
us to determine immediately the importance of the magnetic
field in a given star-forming region. Therefore, in magnetic
field studies it is common to compare the magnetic energy
density with that of other dynamical quantities such as gravity,
turbulence, and outflow feedback (see, e.g., Hull et al. 2017b for a
comparison of magnetic energy with gravitational and outflow
energy densities in the intermediate-mass Class 0 protostellar
core Serpens SMM1).

Historically, there has been a strong focus on the comparison
of gravity (which causes inward motion) and the magnetic
field (whose tension provides resistance against infall across the
field lines). The common quantity quoted as a metric for the
importance of the magnetic field with respect to gravity is the
“mass-to-flux ratio” M/8, where M is the mass of the object
of interest and 8 is the flux of the magnetic field threading the
object. As discussed in Crutcher (2004, and references therein),
the maximum mass that can be supported by a given magnetic
flux is given by Mcrit = 8/2π

√

G. However, it is more useful
to discuss the dynamical status of an object by measuring the
ratio λ of the observed mass-to-flux ratio to the critical mass-to-
flux ratio:

λ =

(M/8)obs

(M/8)crit
. (2)

Clouds that are supported by the magnetic field and are not
collapsing are deemed “subcritical” (λ< 1), whereas those where
gravity has overcome the resistance of the magnetic field are
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referred to as “supercritical” (λ > 1). Crutcher (2012) analyzed
data across a wide range of spatial scales that trace more than
five orders of magnitude in densities, and found that when the
hydrogen column density NH > 1021 cm−2, all star-forming
objects are supercritical (i.e., are collapsing). This value is less
than the typical column densities of low-mass (NH ∼ 1022 −

1023 cm−2; e.g., Girart et al. 2006; Hull et al. 2017b) and high-
mass (NH ∼ 1023−1024 cm−2; e.g., Girart et al. 2009) protostellar
cores, and thus the types of objects we review in this article are
all supercritical. This is reasonable, as most of them have already
formed stars, as revealed by the presence of bipolar outflows.
Furthermore, due to the sensitivity limits of CARMA and the
SMA, most of the sources in previous interferometric surveys of
polarization (Hull et al., 2014; Zhang et al., 2014) were chosen
based on their strong millimeter flux, which correlates with the
presence of embedded star formation.

1.4. Core-Mass Estimates From Dust
Emission
In order to convert the observed millimeter-wave flux density Sν

contained within a given spatial area into a corresponding gas
massMgas, we can use the following relation:

Mgas =
Sνd

2

κνBν (Td)
, (3)

where d is the distance to the source, κν is the opacity of
the dust (Ossenkopf and Henning, 1994), and Bν (Td) is the
Planck function at the frequency of the observations. Td is the
temperature of the dust, which is usually ∼ 20–50K in a low-
mass protostellar core (Girart et al., 2006), and as high as (or
greater than) 100K in a high-mass core (Girart et al., 2009). Once
the dust mass is calculated, a gas-to-dust mass ratio of 100 is
usually assumed in order to calculate the total (gas+ dust) mass
of the protostellar core. Note that such an estimate does not
include the mass of the central star(s), which must be obtained by
other means, e.g., via direct detection of a Keplerian disk around
the source (e.g., Tobin et al., 2012; Ohashi et al., 2014) or via
determination of the source’s bolometric luminosity.

1.5. Motivating Questions in Low- and
High-Mass Star Formation
The primary goal of observing the magnetic field at any spatial
scale is to determine the importance (or lack thereof) of the
magnetic field in the star-formation process. The steady progress
toward this goal over the last two decades began with single-dish
submillimeter polarization surveys probing & 20′′ scales using
the Viper 2m telescope at the South Pole (SPARO polarimeter,
e.g., Dotson et al., 1998; Renbarger et al., 2004; Li et al., 2006), the
JCMT (850µm SCUBA polarimeter, e.g., Matthews et al. 2009),
and the CSO (350µm SHARP Li et al. 2008 and Hertz Dotson
et al. 2010 polarimeters). A resurgence of single-dish studies has
been brought about by results from the PolKa polarimeter at
the APEX telescope (Siringo et al., 2004, 2012; Hezareh et al.,
2013; Alves et al., 2014; Wiesemeyer et al., 2014), the BISTRO
survey with the upgraded POL-2 polarimeter at the JCMT (e.g.,
Pattle et al., 2017, 2018; Ward-Thompson et al., 2017; Kwon

J. et al., 2018; Soam et al., 2018), results from the polarimeter
on the Balloon-borne Large Aperture Submillimeter Telescope
(BLAST; Roy et al., 2011; Fissel et al., 2016; Gandilo et al.,
2016), observations from the HAWC+ polarimeter (Vaillancourt
et al., 2007) on the Stratospheric Observatory for Infrared
Astronomy (SOFIA; e.g., Chuss et al., 2018; Gordon et al.,
2018; Lopez-Rodriguez et al., 2018), and the galactic polarization
maps from the Planck satellite (e.g., Planck Collaboration et al.,
2015a,b,c, 2016a,b,c). These new studies will pave the way for
future work with even more sensitive instruments such at the
next-generation BLAST instrument (BLAST-TNG; Galitzki et al.
2014), the NIKA2 polarimeter at the IRAM 30m telescope
(Ritacco et al., 2017), and the TolTEC polarimeter at the Large
Millimeter Telescope (LMT). For reviews on multi-scale/multi-
wavelength studies and single-dish observations of magnetic
fields, respectively, see Li and Law (2019)8 and Pattle and Fissel
(2019)9, both in this volume.

There are a number of questions applicable to both low-
and high-mass star formation that have been investigated using
(sub)millimeter polarimetric observations. These include the
(direct or indirect) measurements of the absolute magnetic field
strength in star-formingmaterial at different spatial scales, as well
as the estimation of the dynamical importance of the magnetic
field with respect to gravity (i.e., themass-to-flux ratio; see section
1.3.2). Observations of magnetic fields across multiple spatial
scales toward both low-mass (Li et al., 2009; Hull et al., 2014) and
high-mass (Zhang et al., 2014; Li et al., 2015) protostellar sources
have also been used to constrain the dynamical importance
of the magnetic field based on the morphological consistency
(or lack thereof) of the field as a function of scale. Generally,
however, these observations have only compared two or three of
the relevant spatial scales (i.e., 100 pc cloud scales, 1 pc clump
scales, 0.1 pc dense-core scales, 1,000 au protostellar envelope
scales, and 100 au disk scales). A full characterization of the
magnetic field from galactic (Planck) scales down to scales
approaching the 100 au size of protoplanetary disks has yet
to be accomplished, but will be possible in the near future
when upcoming polarization surveys of the full populations of
protostars in entire molecular clouds are completed.

In the low-mass regime, single-dish observations probe the
magnetic field in star-forming clouds at large scales, revealing
the magnetic field from the scale of entire molecular clouds
(Planck, BLAST) to the canonical,∼ 0.1 pc dense core, where one
or a few protostars will form (JCMT, CSO). One of the main
benefits of single-dish studies is their ability to recover a larger
range of spatial scales than interferometers, thus enabling an
accurate characterization of the magnetic field in ambient cloud
material. However, higher resolution is needed in order to probe
the environments of individual stars; this is where results from
the BIMA, CARMA, SMA, and ALMA interferometers dominate
the discussion, allowing us to characterize themagnetic field from

8Li, H.-B., and Law, C. Y. (2019). Observing the impacts of magnetic fields on

molecular clouds. Front. Astron. Space Sci. under review.
9Pattle, K., and Fissel, L. M. (2019). Submillimeter and far-infrared polarimetric

observations of magnetic fields in star-forming regions. Front. Astron. Space Sci.

under review.
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scales of several × 1,000 au down to the scales of a few × 10 au
accessible to ALMA10. Themain questions that have been tackled
over the last two decades using data from these interferometers
include: (1) What is the importance of the magnetic field in
regulating the collapse of star-forming cores? (section 2.1); (2)
What is the relationship of bipolar outflows with the magnetic
field? (section 2.2); and (3)What is the role of the magnetic field
in the launching and collimation of bipolar outflows in low-mass
protostars? (section 2.3).

Moving to the high-mass regime: high-mass stars (M
∗

>

8M
⊙
) form predominantly in clustered environments where a

population of stars are born with a range of stellar masses (Lada
and Lada, 2003). These high-mass stellar populations form in
dense cores that are embedded in parsec-scale, massive molecular
clumps. This review will focus on several questions raised in
recent studies of these high-mass sources, including (4) What
is the dynamical role of magnetic fields in dense cores? (section
3.1); (5) What is the role of the magnetic field in the formation
of disks and the launching of protostellar outflows in high-
mass protostars? (section 3.2); (6) Do magnetic fields play a
significant role in the fragmentation of molecular clumps and the
formation of dense cores? (section 3.3); and (7) Does high-mass
star formation proceed in virial equilibrium? (section 3.4).

The dense clustering nature of high-mass star formation
implies considerable fragmentation within these massive
molecular clumps, which distinguishes high-mass star formation
from the more isolated process of low-mass star formation.
High-mass regions also tend to have much more intense
radiation environments, hosting HII regions whose radiative
feedback and ionization can impact the ambient magnetic field.
Another clear difference arises from the fact that the best-studied
low-mass stars are forming at distances ∼ 10× closer than
typical high-mass star forming regions, allowing us to study the
formation of individual low-mass protostellar systems and their
associated outflows, jets, and disks in much greater detail than
is possible in high-mass systems. Ultimately, however, studies of
both low- and high-mass star formation use the same observing
techniques and confront many of the same questions. In this
review we focus on those questions that have been of the most
interest to both communities in recent years.

2. MAGNETIC FIELDS IN LOW-MASS STAR
FORMATION

The revolution of high-resolution, interferometric observations
of polarization began with BIMA and the Owens Valley Radio
Observatory (OVRO). These two sets of antennas were later
combined into CARMA (Bock et al., 2006). Early observations
with BIMA and OVRO11 covered a wide range of topics,
including polarization observations of dust, SiO, CO, and SiO

10At the high resolutions achievable by ALMA, several studies have revealed

polarization in well resolved maps of protoplanetary disks; however, it appears

that in many cases the polarized emission is from dust scattering and not from

magnetically aligned dust grains (see section 5).
11The two polarization results from OVRO are observations toward NGC 1333-

IRAS 4A and IRAS 16293 (Akeson et al., 1996; Akeson and Carlstrom, 1997);

however, OVRO was known to have issues with polarization calibration, which

FIGURE 1 | A model from Allen et al. (2003) showing an hourglass-shaped

magnetic field configuration in a collapsing, magnetized star-forming core.

Reproduced with permission from the American Astronomical Society (AAS).

masers toward iconic regions inOrion (Rao et al., 1998; Plambeck
et al., 2003; Girart et al., 2004; Matthews et al., 2005) as well as
observations of individual protostars (Girart et al., 1999; Cortes
et al., 2006; Kwon et al., 2006). These first observations, combined
with the extensive follow-up from CARMA, the SMA, ALMA
form the body of work motivating this review. Below we put
this work in the context of a narrative addressing several of
the major open questions in the field of magnetized low-mass12

star formation.

2.1. The Role of the Magnetic Field in
Protostellar Collapse
In models of magnetically regulated protostellar collapse (e.g.,
Mouschovias, 1976a,b, 1991; Mouschovias and Ciolek, 1999), a
strong, well ordered magnetic field provides outward pressure
support of the infalling material. This is because the field is
coupled (or “frozen”) to the small fraction of charged particles
in the weakly ionized gas. However, in non-turbulent models, the
non-idealMHD effect of ambipolar diffusion (Mestel and Spitzer,
1956) enables the neutral material (which comprises the bulk of
the star-forming core) to slip slowly past the magnetic field lines,

is the most likely explanation for the inconsistency of those results with later

observations of the same sources (Girart et al., 1999, 2006, 2008; Rao et al., 2009).
12We do not treat the topic of intermediate-mass star formation separately in this

review. As many of the characteristics of the early stages of intermediate- and low-

mass star formation are thought to be similar (Beltrán, 2015), we include references

to several intermediate-mass objects and regions in this section. Many of these

intermediate-mass sources are in Orion (e.g., Takahashi et al., 2006, 2019; Hull

et al., 2014), but there are also objects in other regions, such as Serpens SMM1 in

the Serpens Main molecular cloud (van Kempen et al., 2016; Hull et al., 2017b).
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FIGURE 2 | Observations of hourglass-shaped magnetic field configurations (line segments). The rightmost, overlapping panels are NGC 1333-IRAS 4A, observed by

the SMA in Girart et al. (2006, top), and again by CARMA in Hull et al. (2014, bottom/background). The SMA and CARMA observations are zoomed to the same

spatial scale. The left-hand panel is the isolated Class 0 protostar L1157 (adapted from Hull et al., 2014; see also Stephens et al., 2013). Figures reproduced with

permission from Science magazine and the AAS.

thus removing magnetic flux and eventually allowing collapse to
proceed once the mass-to-flux ratio exceeds the critical value.

One of the predicted signposts of highly magnetized star
formation is that at high enough densities (& 104 cm−3),
the collapse of strongly magnetized gas should pinch the
magnetic field into an “hourglass” shape with a symmetry
axis perpendicular to the major axis of a flattened, ∼ 1000 au
“pseudodisk” (Galli and Shu, 1993a,b). The hourglass is expected
to persist down to scales <1,000 au (Fiedler and Mouschovias,
1993; Galli and Shu, 1993b; Allen et al., 2003; Gonçalves et al.,
2008; Frau et al., 2011; Kataoka et al., 2012; Mocz et al., 2017);
see Figure 1. And indeed, the predicted hourglass has now been
seen in a number of interferometric observations of low-mass
protostellar cores (Girart et al., 1999, 2006, 2008; Rao et al.,
2009; Stephens et al., 2013; Hull et al., 2014; Maury et al., 2018;
Sadavoy et al., 2018a; KwonW. et al., under review, see Figure 2),
suggesting that some protostellar cores do form in strongly
magnetized regions. For a discussion of constraining strong-field
star formation via observations of hourglass-shaped magnetic
fields, see section 4.

A second signpost of strong-field star formation is the
consistency of the magnetic field orientation across multiple
spatial scales. If the field is strong relative to other dynamical
effects, observations at small scales should reveal a magnetic field
whose original orientation is preserved from the parsec scale
of the cloud in which the source is embedded. To date, multi-
scale studies of the magnetic field in low- and high-mass star-
forming regions have compared two or three scales: i.e., ∼ kpc
galactic scales to ∼ 0.1 pc dense-core scales in Stephens et al.
(2011); 100 pc cloud scales to 0.1 pc dense-core scales in Li et al.
(2009, 2015); 1 pc clump scales to 0.1 pc dense-core scales in
Zhang et al. (2014), continuing down to∼ 0.01 pc scales in Girart
et al. (2013) and Ching et al. (2017); 0.1 pc dense core scales to
1,000 au protostellar envelope scales in Hull et al. (2014) and
Davidson et al. (2014); and 0.1 pc to 1,000 au to 100 au scales
in Hull et al. (2017a,b).

In the low-mass regime, Li et al. (2009) found striking
consistency between the magnetic field orientation in the Orion
molecular cloud derived from background starlight polarization
at ∼ 100 pc scales versus polarized thermal dust emission at
∼ 0.1 pc scales. Hull et al. (2014) took this one step further,
finding consistency in the field orientation in just a few of
the low-mass protostars in their sample from scales of ∼ 0.1 pc
to ∼ 1,000 au. The sample of sources from Hull et al. (2014)
that maintained consistency in the magnetic field orientation
down to scales of ∼ 1,000 au tended to be those sources with
a higher polarization fraction, which implies that the magnetic
fields in those sources are more ordered, and thus may be more
dynamically important.

Among those sources with consistent large-to-small scales
magnetic fields are several with known hourglass morphologies,
including OMC3 MMS6 (Hull et al., 2014), NGC 1333-IRAS 4A
(Girart et al., 2006), L1157 (Stephens et al., 2013), and L1448 IRS
2 (Kwon W. et al., under review). The magnetic field strengths
have been estimated toward the latter three objects, an are all
relatively high, on the order of &1mG, which is similar to
values obtained in high-mass regions (see section 3.1). However,
while the values are high [5mG in IRAS 4A (Girart et al.,
2006); 1.3–3.5 mG in L1157 (Stephens et al., 2013); and 750µG
in L1448 IRS 2 (Kwon W. et al., under review)], the mass-
to-flux ratios calculated for the two most magnetized sources
(IRAS 4A and L1157) are both slightly greater than the critical
value (1.7 and 1.1 for IRAS 4A and L1157, respectively), which is
reasonable, considering that the objects have already collapsed to
form protostars.

Follow-up studies with ALMA of individual sources from
previous surveys (e.g., Hull et al., 2014) have suggested that
consistency in the magnetic field orientation across spatial scales
may be the exception rather than the rule at scales smaller than
∼ 0.1 pc. Indeed, detailed multi-scale follow-up studies by Hull
et al. (2017a,b) of Ser-emb 8 and Serpens SMM1, two Class 0
protostellar sources in the Serpens Main molecular cloud, found
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FIGURE 3 | (Top) Multi-scale observations of the magnetic field (line segments) toward the low-mass Class 0 protostar Ser-emb 8. Grayscale is total-intensity (Stokes

I) thermal dust emission. Observations are from the JCMT at 850µm (top-left; Matthews et al., 2009), CARMA at 1.3mm (bottom-left; Hull et al., 2014), and ALMA at

870µm (right). The red and blue arrows indicate the red- and blueshifted lobes of the bipolar outflow from Ser-emb 8 traced in CO (J=2→ 1). The data show the

inconsistency of the magnetic field across spatial scales, and are consistent with moving-mesh AREPO MHD simulations (Bottom) whose initial conditions include a

magnetic field that is weak compared with turbulence at large (5 pc) scales. Adapted from Hull et al. (2017a). Reproduced with permission from the AAS.

significant deviations in the magnetic field morphology across
spatial scales ranging from∼ 0.1 pc down to∼ 100 au.

In the case of Serpens SMM1, it appears that the deviations
at the ∼ 100 au scales probed by ALMA are due to shaping of
the magnetic field by the bipolar outflow. This is in spite of the
fact that the magnetic field strength is estimated to be quite high,
∼ 5.7mG (Hull et al., 2017b). The fact that dynamics are shaping
the magnetic field morphology in this source is not surprising,
however, as the magnetic is comparable to the kinetic energy in
the outflow. This is in contrast to sources like NGC 1333-IRAS

4A, where estimates by Girart et al. (2006) show that themagnetic
energy is clearly dominant over turbulent motions in the source.

In the case of Ser-emb 8, the outflow does not have a clear
effect on the magnetic field, and yet the field morphology is still
not consistent across scales. A comparison of the Ser-emb 8 data
with moving-mesh AREPO gravoturbulent MHD simulations
(Mocz et al., 2017) suggests that Ser-emb 8 may have formed
in an environment where dynamical effects such as turbulence
and infall dominate the magnetic field, in contrast to the strong-
field examples described above; see Figure 3. These results are
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qualitatively consistent with other simulations studying star
formation in weakly magnetized turbulent environments (e.g.,
Seifried et al., 2015; Offner and Chaban, 2017), suggesting that
the importance of the magnetic field at the smallest scales of
star formation lies along a continuum, from the bright, highly
polarized examples of strong-field star formation to the more
complex examples of star formation in regions dominated by
dynamical processes. Large, high-resolution polarization surveys
by ALMA will reveal the distribution of low-mass protostars
across this continuum of magnetic importance, and will allow us
to compare with results from high-mass regions such as those
by Zhang et al. (2014), who found that the magnetic field is
dynamically important at the larger spatial scales probed by their
observations (see section 3.3).

2.2. Misalignment of Outflows and
Magnetic Fields
For more than a decade, one of the primary ways that
astronomers have tested the importance of the magnetic field
in star-forming regions has been via comparisons of the
orientations of bipolar outflows/jets and the ambient magnetic
field. This is because if a protostellar core is very strongly
magnetized, the magnetic field has the ability to align all of
the relevant axes: the axis of the (well ordered and poloidal)
magnetic field, the symmetry axis of the pseudodisk, the
rotational axis of the protostellar disk, and the axis of the
outflow and/or jet emanating from the central source. This
happens because of the “magnetic braking” phenomenon (Allen
et al., 2003), where a strong magnetic field removes angular
momentum from the central source and causes the angular
momentum (and thus disk/outflow) and magnetic axes to align
(e.g., Machida et al., 2006).

This same magnetic braking phenomenon can potentially
lead to what has come to be known as the “magnetic braking
catastrophe,” where a strong magnetic field aligned with the
core rotation axis can suppress the formation of a Keplerian
disk in MHD simulations (e.g., Galli et al., 2006; Mellon and
Li, 2008; Li et al., 2011). This may lead to the formation of
sources like L1157 (Stephens et al., 2013) and B335 (Maury
et al., 2018), which have outflows aligned with the magnetic
field, and which have as-of-yet undetectably small disks (.10 au).
However, since it is known that large Keplerian disks form
aroundmany protostellar sources, a variety of methods have been
proposed to overcome this problem, including the introduction
of an initial misalignment between the rotation axis and the
magnetic field, which enhances disk formation (e.g., Hennebelle
and Ciardi, 2009; Joos et al., 2012; Krumholz et al., 2013; Li
et al., 2013), and the consideration of non-ideal MHD effects
such as ambipolar diffusion (Dapp et al., 2012; Masson et al.,
2016; Tsukamoto et al., 2018), Ohmic dissipation (Dapp et al.,
2012; Tomida et al., 2015; Tsukamoto et al., 2018), the Hall effect
(Tsukamoto et al., 2015, 2017;Wurster et al., 2018), and magnetic
reconnection (Santos-Lima et al., 2012; Li et al., 2014).

Observationally, if very strong magnetic fields were the norm,
then the rotational axes of protostellar disks, and the jets and
outflows that emanate from them, should all be parallel with the

FIGURE 4 | The thick, stepped curve shows the cumulative distribution

function (CDF) of the (projected) angles between the bipolar outflows and the

mean magnetic-field orientations in the full sample of low-mass protostellar

cores observed to date in full polarization with BIMA, the SMA, CARMA, and

ALMA. The dotted curves are the CDFs from Monte Carlo simulations where

the magnetic fields and outflows are oriented within 20, 45, and 70–90◦ of one

another, respectively. The straight line is the CDF for random orientation. The

plot shows that outflows appear to be randomly aligned with magnetic fields in

the sample of low-mass sources whose magnetic fields have been observed

with ∼500–1,000 au resolution.

ambient magnetic field. A study of seven low-mass protostellar
cores by Chapman et al. (2013) found a correlation between
outflows and magnetic fields at ∼ 0.1 pc scales. However, the
majority of the studies of this type have come to the opposite
conclusion. For example, Ménard and Duchêne (2004) found
that the optical jets from classical T Tauri stars in the Taurus-
Auriga molecular cloud are randomly oriented with respect
to the parsec-scale magnetic field observed via background-
starlight polarization observations. Targon et al. (2011) obtained
a similar result for 28 regions spread over the Galaxy, finding
no strong correlations between protostellar jets and the ambient
magnetic field. On the ∼ 0.1 pc scales of high-mass star-forming
cores, Curran and Chrysostomou (2007) and Zhang et al. (2014)
used thermal dust polarization observations by the JCMT and
the SMA, respectively, to determine that outflows and inferred
magnetic fields are randomly aligned. Finally, Hull et al. (2013,
2014) used the 1.3mm polarization system at CARMA (Hull
and Plambeck, 2015) to observe dust polarization toward a
sample of low- and high-mass sources, and found that the
outflows and ∼ 1,000 au-scale magnetic fields in the low-mass
sources were randomly aligned. In Figure 4, we compile all
of the outflow-versus-magnetic-field angles derivable to date
from interferometric observations of low-mass protostellar cores
(Girart et al., 1999, 2006, 2008; Rao et al., 2009; Hull et al., 2013,
2014, 2017a,b; Stephens et al., 2013; Cox et al., 2018; Galametz
et al., 2018; Harris et al., 2018; Maury et al., 2018; Sadavoy
et al., 2018a; Kwon W. et al., under review), and come to the
same conclusion: while a few sources have well-aligned outflows
and magnetic fields (e.g., those on the very bottom-left of the
plot in Figure 4 that are climbing the 0–20◦ curve, several of
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which have hourglass-shaped field morphologies; see section 4),
overall protostellar outflows and magnetic fields measured at
1,000 au-scales are randomly aligned.

The finding from several studies that magnetic fields and
outflows are randomly oriented suggests that most protostars
form out of material with a magnetic field that is too weak
to maintain a consistent orientation all the way down to the
0.1–10 au scales where outflows are launched. Rather, it seems
likely that dynamical effects such as turbulence and infall are
more important than the magnetic field when it comes to
dictating the ultimate angular-momentum direction at the small
(< 1,000 au) scales relevant for the formation of protostellar disks
and outflows/jets. This claim is corroborated by the analysis by
Lee J. W. Y. et al. (2017) of the synthetic observations (produced
using the Dustpol radiative transfer software; Padovani et al.,
2012) of two MHD simulations with different initial mass-to-
flux ratios (Offner and Chaban, 2017). They concluded that
while the protostar that formed in the strong-field case exhibited
a correlation between the outflow and the magnetic field,
the weaker-field case showed a random orientation. This is
most likely because asymmetric accretion from the turbulent
envelope stochastically reoriented the disk/outflow during the
earliest (Class 0) formation stage, ultimately decoupling the
source from the natal magnetic field (see, e.g., simulations
by Chen and Ostriker, 2018).

Two non-magnetic studies focused on the alignment of
protostellar outflows with respect to the natal filamentary
structure in which the sources formed, and on the relative
alignment of the outflows from wide (∼ 1,000 au) and tight
(< 250 au) binary/multiple systems. Both studies used data from
the MASSES survey at the SMA (Lee et al., 2015; Stephens
et al., 2018). Regarding outflows versus filaments, Stephens
et al. (2017a) studied the relative orientation of 57 protostellar
outflows in the Perseus molecular cloud (derived from the SMA
MASSES data) with the local filamentary structure (derived
from Herschel observations), and found that the orientations
are consistent with a random distribution. Their results held
regardless of protostellar age, multiplicity, or the opacity of
the dense core, suggesting that the angular momentum of the
protostellar cores and outflow-launching disks are independent
of the large-scale structure out of which the protostars are
forming. Regarding the orientation of outflows from multiple
systems, Lee et al. (2016) used SMA MASSES observations to
determine that the outflows from proto-multiple systems in the
Perseus molecular cloud are randomly aligned. Offner et al.
(2016) followed up with MHD simulations that are consistent
with the SMA observations, arguing that multiple systems with
randomly oriented angular momenta are likely to have formed
from turbulent fragmentation.

The turbulent fragmentation scenario is consistent with
recent ALMA observations of multiple systems with misaligned
protoplanetary disks (Jensen and Akeson, 2014; Lee J.-E. et al.,
2017). However, observations by Tobin et al. (2016a) have found
evidence for an alternative theory of multiple formation: disk
fragmentation (Kratter et al., 2010). The VLA Nascent Disk and
Multiplicity Survey of Perseus Protostars (VANDAM) by Tobin
et al. (2016b) found a bimodality in the multiplicity of systems;

they argued that the wide multiples are the result of turbulent
fragmentation, whereas the tight multiples are the result of disk
fragmentation. This latter conclusion was strengthened in a
follow-up study by Tobin et al. (2018), who observed a sample
of tight binaries from the VANDAM survey with ALMA in both
continuum and spectral lines.

Recent work by Galametz et al. (2018) focused on the role of
the magnetic field in the formation of multiple systems using
an SMA survey of magnetic fields in protostellar cores. They
found tantalizing evidence that a large misalignment between
the outflow and the magnetic field is found preferentially
in protostars with higher rotational energies. This ∼ 90◦

misalignment observed in some objects could thus be due to
the winding of the magnetic field lines in the equatorial plane
by strong rotation. Furthermore, they found hints that many of
those same sources (i.e., those with approximately perpendicular
outflows and magnetic fields) are wide multiple sources and/or
have large disks, whereas the sources with well aligned magnetic
fields and outflows tend to be single objects with small (or
undetected) disks at the ∼ 500–1,500 au resolution of their
observations. The trend of large disks being associated with
sources that have misaligned magnetic fields and outflows was
also tentatively seen in an analysis of Karl G. Jansky Very Large
Array (VLA) observations of Class 0 and I protostars by Segura-
Cox et al. (2018). These results suggest that the morphology
and dynamical importance of magnetic fields at the scale of
the protostellar envelope may significantly impact the outcome
of protostellar collapse as well as the formation of disks and
multiple systems. Large ALMA surveys in polarization toward
binary/multiple systems will shed light on the impact of the
magnetic field on multiple formation via both turbulent and
disk fragmentation.

2.3. The Importance of the Magnetic Field
in Launching Jets and Outflows
Magnetic fields play a critical role in launching and collimating
both bipolar outflows and jets from young forming stars (Frank
et al., 2014). Several theories exist to explain how outflows and
jets are generated, including the “disk wind” theory where an
outflow is launched from the magnetized, rotating surface of
a disk (Konigl and Pudritz, 2000), and the “X-wind” theory
where jets are launched close to the central protostar itself (Shu
et al., 2000). Both of these theories require a magnetic field
to function, and that magnetic field is expected to have both
poloidal (i.e., along the outflow) and toroidal (perpendicular
to the outflow) components due to the combination of infall,
outflow, and rotational motions present near a forming star.
Characterizing the magnetic field in outflows and jets can thus
allow us to investigate the origin of outflows in the context of
these different theories.

Historically, observations of dust polarization have been
used mainly to study the magnetic field morphology in the
optically thin dense cores of dust and gas surrounding embedded
protostars. With the sensitivity and resolution of ALMA, it is
now possible to detect polarized dust emission along the edges of
outflow cavities (Hull et al., 2017b; Maury et al., 2018). However,
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FIGURE 5 | Observations of spectral-line polarization from the G-K effect toward bipolar outflows from low-mass protostellar sources. (Top left) SMA observations of

polarization of the CO (J=3→ 2) line (red and blue line segments) toward NGC 1333-IRAS 4A, adapted from Ching et al. (2016). The grayscale shows the

CO (J= 3→ 2) polarized intensity in units of Jy beam−1 kms−1. The authors also compare with CO (J= 2→1) BIMA polarization results from Girart et al. (1999),

plotted in green. (Top right) Comparison of the SMA CO polarization data with the 870µm dust polarization map (the black line segments have been rotated by 90◦

to reflect the inferred magnetic field direction). (Bottom) SMA observations of polarization in the SiO (J= 8→7) line, adapted from Lee et al. (2018a). The colors of the

line segments indicate different levels of significance in the polarized intensity; the lengths of the segments are scaled to the polarization fraction. The top panel was

reproduced with permission from the AAS. The bottom panel was reproduced, with modifications, in accordance with the Creative Commons Attribution 4.0

International License (creativecommons.org/licenses/by/4.0).

there is not enough dust in the cavity itself (where the outflow
has evacuated most of the material) to allow for a detection of
the polarized emission. Therefore, in order to probe the magnetic
field in the outflowing material, one must turn to observations of
spectral-line polarization (see section 1.1.2).

While several studies have focused on SiO maser polarization
(e.g., Plambeck et al., 2003), the majority of spectral-line
polarization studies toward low-mass forming stars have targeted
thermal CO and SiO emission polarized due to the G-K
effect. Pioneering CO (J= 2→ 1) polarization observations were
performed with BIMA by Girart et al. (1999, 2004), Cortes
et al. (2006), and Kwon et al. (2006). So far there has been one
detection of SiO (J= 8→ 7) polarization toward the low-mass

protostar HH 211, tentatively detected by Lee et al. (2014)
using the SMA, and recently confirmed by ALMA observations
reported in Lee et al. (2018a): see the bottom panel of Figure 5.

The BIMA observations of CO (J= 2→ 1) polarization
toward the iconic Class 0 protostar NGC 1333-IRAS 4A by
Girart et al. (1999) were the first interferometric detection of
the G-K effect. Toward the central core, these observations are
consistent with the magnetic field inferred from polarized dust
emission. The observations by Girart et al. were followed up with
the SMA by Ching et al. (2016) in the higher-energy transition
CO (J= 3→ 2). Ching et al. found good consistency between
their observations and those by Girart et al. in the inner regions
of the outflow where the polarization detections overlap. These
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SMA observations, shown in Figure 5 (top panel), allowed the
authors to come to a number of conclusions. First was the fact
that the data are consistent with a magnetic field in IRAS 4A that
is poloidal at the base of the outflows (there are two outflows, each
launched by a member of the embedded binary) and toroidally
wrapped up further out in the outflow cavity. This observation,
combined with the coexistence of a low-velocity outflow and a
high-velocity jet in the source, led the authors to conclude that
the outflows in IRAS 4A are most likely driven by MHD winds
from the surface of a rotating disk.

3. MAGNETIC FIELDS IN HIGH-MASS STAR
FORMATION

3.1. Magnetic Field Measurements at Core
Scales
The first pioneering high-resolution observations of linearly
polarized continuum and spectral-line emission toward
high-mass star-forming regions were made with the BIMA
interferometer. Rao et al. (1998) reported the first interferometric
polarization observations of a high-mass star-forming region,
toward Orion KL. They detected linear polarization at both 3.3
and 1.3mm in the BIMA data at a resolution of 1,000–3,000 au,
revealing abrupt changes in the magnetic field orientations
among the continuum emission peaks. This chaotic distribution
is in contrast to the uniform magnetic field topology in
the lower resolution polarization maps revealed by single
dish telescopes (e.g., Schleuning, 1998; Houde et al., 2004;
Pattle et al., 2017; Ward-Thompson et al., 2017).

Shortly after the Orion KL study, Lai et al. (2001) reported
polarization observations of W51 e1 and e2 in the 1.3mm
continuum emission using BIMA. Later, Tang et al. (2009b) and
Koch et al. (2018) published results toward the same source using
the SMA and ALMA, respectively. W51 is a cloud complex that
harbors massive star formation at various evolutionary stages
(Ginsburg et al., 2015; Saral et al., 2017). W51 east hosts an active
star-forming molecular clump with as many as 10 compact radio
continuum sources over the 0.2 pc projected area of sources e1
and e2 (Ginsburg et al., 2016). Zhang and Ho (1997) reported
inverse P-Cygni profile in the e2 core in the NH3 (J,K) = (1,1),
(2,2), and (3,3) spectral lines, consistent with infall motions of
the dense gas. Lai et al. (2001) detected linear polarization in the
continuum emission in the e2 and e8 cores at a resolution of
14,000 au using BIMA and found that the inferred plane-of-sky
components of the magnetic fields are mostly uniform, with an
average position angle of 113◦ in the e2 and 105◦ in the e8 core.
Using the DCF method, the authors estimated a magnetic field
strength of 0.8 and 1.3mG in the e2 and e8 cores, respectively.

More sensitive observations of continuum emission at 870µm
toward W51 using the SMA revealed a non-uniform magnetic
field morphology at a higher resolution of 3,300 au (Tang et al.,
2009b). Tang et al. explored the possible reasons for the different
distributions between the BIMA and the SMA images, finding
that interferometric spatial filtering is the most likely cause. This
spatial filtering by interferometers can be an advantage, as it
allows us to probe magnetic fields at different spatial scales, thus

revealing the dynamical role of themagnetic field across themany
spatial scales relevant to the star-formation process.

Figure 6 shows the magnetic field maps obtained by the SMA
and later by ALMA at various spatial resolutions toward W51
e2 and e8. The figure shows a pinched, hourglass morphology
in the e2 core at a resolution of 3,300 au (the top-middle panel),
and significantly more substructures at a resolution of 1,500 au
(top-right panel). Koch et al. (2018) speculate that the additional
substructure in the magnetic field is the result of gravitational
collapse at high densities that pulls and/or bends the field lines.

One of the key questions in the fields of magnetized low-
and high-mass star formation is whether the magnetic field is
dynamically important relative to turbulence and gravity. Koch
et al. (2010) applied the two-point correlation function technique
(Hildebrand et al., 2009) and found a ratio of turbulent to
magnetic energy ranging from 0.7 to 1.27 at scales ranging from
∼ 15,000 au down to ∼ 500 au. Koch et al. (2012) proposed a
polarization-intensity-gradient technique that can be used to
derive a distribution of magnetic field strength in a given source
(see section 1.3.1). Applying the technique to the polarization
map of W51 e2, Koch et al. (2012) found a field strength of
7.7mG. This value is in agreement with the estimate by Tang
et al. (2009b), who derived the field strength from the SMA
polarization observations. However, it is higher than that found
by Lai et al. (2001), who used lower-resolution BIMApolarization
observations probing larger spatial scales. The different values
reported by Lai et al. (2001) and Koch et al. (2012) can be
explained by the fact that the magnetic field strength increases
toward smaller spatial scales where the gas density is higher.

Besides W51, another region of massive star formation whose
magnetic field has been well studied is DR 21(OH) and its
neighboring regions along the DR 21 filament (Lai et al., 2003;
Cortes et al., 2005; Girart et al., 2013; Hull et al., 2014; Houde
et al., 2016; Ching et al., 2017, 2018). DR 21(OH) was first
imaged in linear polarization using BIMA in the CO (J= 2→ 1)
transition and 1.3mm continuum emission (Lai et al., 2003).
These results were followed up in the CO (J= 1→ 0) transition
and 3.4mm continuum emission using BIMA (Cortes et al.,
2005); in the CO (J= 3→ 2) transition and 870µm continuum
emission using the SMA (Girart et al., 2013; Zhang et al., 2014);
and in the CO (J= 2→ 1) transition and 1.3mm continuum
emission with CARMA (Hull et al., 2014; Houde et al., 2016).
Strong polarization was detected in both 1.3mm and 870µm
continuum emission. The field strength derived using the two-
point correlation function is 2.1mG, yielding a mass-to-flux ratio
of 6× the critical value (Girart et al., 2013). The field strength
is consistent with the value reported by Lai et al. (2003) using
the DCF method. Ching et al. (2017) imaged five additional
regions along the DR 21 filament using the SMA. The magnetic
fields in all six cores display large dispersions, in contrast to the
ordered magnetic field obtained with the JCMT at lower angular
resolution (Vallée and Fiege, 2006; Matthews et al., 2009). The
field strength derived from the DCF method ranges from 0.4 to
1.7mG among the five cores, with mass-to-flux ratios from 1 to
4.3× the critical value.

As was the case in many low-mass star formation studies (see
section 2.1), significant effort has been devoted to the search
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FIGURE 6 | Magnetic fields (red line segments) in W51 e2 and e8 obtained from the SMA and ALMA that exhibit more substructure at higher angular resolution.

(A) SMA observations at 870µm probing large scales at a resolution of 2′′ (∼10,000 au). (B,C) SMA observations with a resolution of 0.′′7 (∼3,500 au) at 870µm.

(D,E) ALMA observations at 1.3mm with a resolution of 0.′′26 (∼1,330 au). Contours are Stokes I dust continuum intensity at levels of 3, 6, 10, 20, 35, 50, 65, 80, 95...

times 75mJy beam−1 in (A), 60mJy beam−1 in (B,C), and 6mJy beam−1 in (D,E). × symbols in (A,B,D) mark the known continuum sources W51 e2-E, e2-W,

e2-NW, and e2-N. Star symbols indicate known ultra-compact HII (UCHII) regions. Synthesized beams are shown as ellipses at the lower-left corner of (A,C,E).

Adapted from Koch et al. (2018). Reproduced with permission from the AAS.

for pinched, hourglass-shaped magnetic field morphologies in
massive dense cores. So far, the best examples of hourglass-
shaped magnetic fields in massive dense cores are G31.41+0.31
and G240.31+0.07 (Girart et al., 2009; Qiu et al., 2014).
G31.41+0.31 is a 500M

⊙
hot molecular core with a luminosity

of 3 × 105 L
⊙
. Observed at resolutions as high as 2,400 au, the

dense core does not appear to fragment in the dust continuum
emission. However, sensitive observations with the VLA at 1.3
and 0.7 cm wavelength revealed two compact continuum objects
with a projected separation of 1,300 au (Cesaroni et al., 2010).
The dense core exhibits infall motions as well as rotation over
a scale of 14,000 au. Magnetic fields inferred from the 870µm
continuum emission reveal a distribution that is pinched along
the major axis of the flattened core (Girart et al., 2009). No
molecular outflows have been definitively identified in this
region. Observations in the CO (J= 2→ 1) transition found a
velocity gradient along the major axis of the flattened core
(Cesaroni et al., 2011); however, it is not clear if the gradient
represents an outflow, or if it is due to core rotation. The
strength of the plane-of-sky component of the magnetic field is
9.7mG, implying a turbulence-to-magnetic-energy ratio of 0.35.
The rotational velocity within the core inferred from spectral-
line observations of high-density tracers indicates significant
magnetic braking. G31.41+0.31 is a case where the magnetic field
dominates the turbulence and the dynamics in the system.

Similar to G31.41+0.31, G240.31+0.07 is a massive star-
forming region with an hourglass magnetic field morphology

(Qiu et al., 2014). As shown in Figure 7, the dust continuum
emission reveals a flattened structure extended along the
northeast–southwest direction that has fragmented into three
cores, each harboring at least one massive young star. A wide-
angle, bipolar outflow is seen in the CO emission (Qiu et al.,
2009), with the outflow axis parallel to the minor axis of the
flattened dense core. Polarization observations at 870µm reveal a
magnetic field topology pinched along the major axis of the core.
The magnetic field strength estimated from the DCF method
is 1.2mG, with a mass-to-flux ratio of 1.2× the critical value,
and a turbulent-to-magnetic-energy ratio of 0.4. G240.31+0.07 is
another clear example of a massive star-forming core in which
the magnetic field dominates the turbulence and the dynamics in
the system.

So far, the overwhelming majority of publications on
interferometric observations of magnetic fields are studies of
individual objects. The improvement in sensitivity with the
advent of the CARMA and SMA polarimeters led to surveys of
small—but significantly larger—samples of objects. See section
2.1 for a discussion of the TADPOL survey of predominantly low-
mass sources by Hull et al. (2014). On the high-mass end, Zhang
et al. (2014) reported polarization detections in 14 massive star-
forming clumps from a survey of 21 star forming regions. This
effort significantly increased the number of clumps withmagnetic
fields detections and consequently enabled statistical analyses of
the ensemble behavior of magnetic fields in massive star-forming
regions. To date, there are approximately 24 unique high-mass
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FIGURE 7 | Magnetic field (red line segments in the right panel) in the high-mass star formation region G240.31+0.07 inferred from dust continuum polarization at

870µm with the SMA (Qiu et al., 2014; Zhang et al., 2014). The left panel presents an overview of the region in a three-color composite of Spitzer IRAC images in the

3.6µm (green), 4.5µm (blue), and 8.0µm (red) bands; the middle panel shows a wide-angle bipolar molecular outflow in the CO (J= 2→ 1) line (Qiu et al., 2009). The

star symbols indicate the known continuum peaks. Reproduced with permission from the AAS.

star forming clumps that have been observed in polarization with
interferometers. They are Orion KL, NGC 2071, W3, W3(OH),
DR 21(OH), DR 21 filament, G192, G30.79, NGC 6334 I/In/IV/V,
W51 e and N, IRAS 18306, IRAS 18089, W43, NGC 7538, G5.89,
NGC 2264C1, G34.4, G35.2N, G31.41+0.31, and G240.31+0.07
(Rao et al., 1998; Lai et al., 2001, 2003; Cortes and Crutcher,
2006; Cortes et al., 2006, 2008, 2016; Girart et al., 2009, 2013;
Tang et al., 2009a,b, 2010; Beuther et al., 2010; Chen et al., 2012;
Liu et al., 2013; Qiu et al., 2013, 2014; Frau et al., 2014; Hull
et al., 2014; Sridharan et al., 2014; Wright et al., 2014; Zhang
et al., 2014; Li et al., 2015; Houde et al., 2016; Ching et al., 2017;
Juárez et al., 2017; Koch et al., 2018) Magnetic fields toward these
sources display diverse topologies. In sections 3.2, 3.3, 3.4, and
4 we discuss findings and interesting trends from the statistical
analysis of this sample. While the analysis represents a significant
advance in the study of the role of the magnetic field in high-mass
star formation, the limitations and biases in the sample used in
the analysis cannot be overlooked. One of the most significant
limitations is that non-detections are not included in the
statistics. The advent of ALMAwill increase the size of the sample
drastically, enabling significantly more robust analysis within the
next decade.

3.2. Outflow—Core Magnetic Field
Connection
Linear polarization from CO rotational transitions (i.e., from
the G-K effect) probes magnetic fields in molecular gas with
densities from 102 to 103 cm−3. This can be an effective tool
for tracing magnetic fields in protostellar outflows. In the
context of high-mass star formation, Lai et al. (2003) reported
the first detection of linear polarization in the CO (J= 2→ 1)
transition in DR 21(OH). The inferred magnetic field orientation
is in the east–west direction, aligned with the major axis
of the CO outflows. Subsequent polarimetric observations in
the CO (J= 1→ 0) transition by Cortes et al. (2005) found
linear polarization perpendicular to that of the CO (J= 2→ 1)
transition. While this disagreement may be reconciled by
anisotropy in the CO optical depth and external radiation field

(see section 1.1.2), it highlights the difficulty of interpreting
spectral-line polarization from the G-K effect. Finally, Beuther
et al. (2010) reported detections of spectral-line polarization in
the CO (J= 3→ 2) transition in IRAS 18089-1732. Using the
DCF method, they derived a magnetic field strength of 28µG.
A similar field strength of 10µG is reported in DR 21(OH)
by Cortes et al. (2005).

Despite the early success in detecting spectral-line polarization
primarily in DR 21(OH), very few protostellar sources have
shown detectable spectral-line linear polarization since those
early results. In the survey of 14 high-mass protostellar clumps
by Zhang et al. (2014), only DR 21(OH) had detectable
polarization in the CO (J= 3→ 2) transition (Girart et al., 2013).
The limited sensitivity of the SMA may be a contributing
factor to these non-detections. Furthermore, the CO emission
is typically spatially extended, which presents an additional
challenge when imaging linear polarization, since Stokes Q and
U can be either positive or negative, and a lack of short-
spacing information in sparsely sampled interferometric data
can produce negative emission that may be confused with
the polarization signal in Stokes Q and U. Both factors are
mitigated by ALMA, which provides significant improvements
in sensitivity and imaging fidelity over BIMA, CARMA, and
the SMA.

Probing magnetic fields in accretion disks around high-mass
protostars is challenging in two regards. First, extremely high
angular resolution observations are required to achieve the
∼ 100 au linear scales of a disk at a typical source distance
of several kpc. Second, at the typical high densities and
optical depths in these disks, the polarized emission may be
contaminated (and sometimes dominated) by self-scattering of
large dust grains (see section 5). For example, Girart et al. (2018)
observed polarized emission from the disk associated with the
radio jet HH 80-81. These deep ALMA observations in the
1.14mm continuum emission spatially resolved a flattened disk
with a radius of 291 au. The disk is partially optically thick and its
polarized emission appears to be dominated by self-scattering of
large dust grains.
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In the absence of magnetic field information in protostellar
outflows and disks, the comparison of magnetic fields in cores
with outflow axes offers an alternative to assess the importance of
magnetic fields in the formation of disks and outflows in high-
mass systems. As discussed in section 2.1, when collapsing to
form stars, strongly magnetized cores are expected to form a disk
and outflow system with the major axis of the outflow parallel
to the magnetic field. Zhang et al. (2014) compared outflow
axes with the plane-of-the-sky component of magnetic fields in
cores from which the outflows originate. They found a slight
preference around 0◦ and 90◦ in angles between the magnetic
field and the outflow axis. However, due to the small sample size,
the data are consistent with a random orientation of magnetic
fields and outflows. This lack of correlation, if confirmed by more
statistically significant samples, suggests that angular momentum
in accretion disks is not dictated by the orientation of the
magnetic field in the cores. The dynamical importance of the
magnetic field thus appears to weaken relative to gravity and
angular momentum from the core to the disk scales.

3.3. Fragmentation and Cluster Formation
The clustering nature of massive stars implies that there must
be considerable fragmentation in parsec-scale molecular clumps
in order to produce a cluster of stars. Gravity, turbulence,
magnetic fields, and stellar feedback all influence fragmentation
and the outcome of cluster formation. The dynamical role of the
magnetic field during the fragmentation of molecular clumps can
be assessed if the magnetic field strength is measured directly.
As mentioned in section 1.2, this can be achieved by observing
circular polarization from the Zeeman effect. While observations
of the Zeeman effect have been carried in HI and OH line
emission using the VLA (Crutcher, 2012; Crutcher and Kemball,
20197), these observations probe a low-density medium that
may not be directly involved in gravitational collapse. There are
no reported interferometric observations of the Zeeman effect
in dense molecular gas, although ALMA is likely to reshape
this field once precise measurements of circular polarization
become available to the user community. Future interferometric
observations of the Zeeman effect (measuring the line-of-sight
magnetic field), when combined with linear dust and spectral-
line polarization observations (measuring the plane-of-sky field),
will allow much more robust estimates of the total magnetic field
strengths in star-forming regions.

A powerful indirect method that can be used to assess the
dynamical role of magnetic fields in protocluster formation is
the analysis of the distribution of magnetic fields within cluster-
forming molecular clumps. Numerical simulations of turbulent,
magnetized molecular clouds offer clues about magnetic field
topologies in strong and weak field regimes. When the magnetic
field is strong relative to turbulence, the field is less disturbed and
appears to be ordered (e.g., Ostriker et al., 2001).

Observationally, such a study becomes meaningful only when
a statistically significant sample is involved. Zhang et al. (2014)
compared dust polarization in dense cores probed by the SMA
with the polarization in the parental molecular clumps observed
by single-dish telescopes in a sample of 14 high-mass star forming
regions; the results show a bimodal distribution in polarization

FIGURE 8 | The distribution of polarization angles in dense cores with respect

to polarization angles of their parental clumps. The dashed line represents the

probability distribution of the plane-of-the-sky-projected orientations of pairs of

vectors with 0− 40◦ opening angles randomly oriented in space. The dotted

line represents the probability distribution where the vectors are preferentially

perpendicular, with 80− 90◦ opening angles. The dashed-dotted line

represents the contributions from the two distributions. Adapted from Zhang

et al. (2014). Figures reproduced with permission from the AAS.

angles. As shown in Figure 8, magnetic fields on dense-core
scales are not randomly distributed, but are either parallel or
perpendicular to the field orientations in their parental clumps.
A later study of a larger sample of 50 primarily high-mass sources
by Koch et al. (2014) compared the magnetic field orientation
with the gradient of the total dust emission and came to the same
conclusion. These findings indicate that the magnetic fields are
dynamically important in cluster-forming clumps, and that the
field is strong enough on the clump scale to channel the material
along the field lines into dense cores during the gravitational
collapse. While Hull et al. (2014) found hints of consistency in
the magnetic field orientation from ∼ 0.1 pc to ∼ 1,000 au scales
in a few low-mass sources (see section 2.1), the results at the∼ 1–
0.1 pc scales from Koch et al. (2014) and Zhang et al. (2014) are
much more significant, suggesting that the magnetic field may be
more dynamically important at parsec scales.

3.4. Virial Equilibrium in Massive Cores and
Cluster Formation
An essential component of the classical view of star formation
is that dense cores should be in a state of an approximate
virial equilibrium (Larson, 1981; Shu et al., 1987; McKee and
Tan, 2003). However, there is increasing evidence from recent
observations that cores forming high-mass protostars may not
be in virial equilibrium. Pillai et al. (2011) carried out a stability
analysis in two infrared dark clouds (IRDCs) and found that
the virial parameter αvir, defined as the ratio between the virial
mass MVirial and the gas mass Mgas, is typically between 0.1
to 0.3. These results are corroborated by Kauffmann et al.
(2013), who compiled a large sample of massive clumps from
surveys and found that a significant fraction of them have
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virial parameters ≪ 2, where 2 is the value expected from a
pressure confined, self-gravitating Bonnor-Ebert sphere. More
recently, Traficante et al. (2018) pointed out that the virial mass
can be underestimated because the spectral line emission of a
tracer molecule preferentially probes sections of a cloud with gas
densities above the critical density of the line transition. This
effect may result in an underestimate of the observed line width,
and hence lead to a small virial parameter. However, since the
effective excitation density of a line transition is typically lower
than the critical density due to radiative trapping of photons
when the optical depth is non-negligible, this effect may not
be as significant. For example, many of the virial analyses in
the literature use the NH3 and N2H

+ lines, which often exhibit
consistent line widths despite having critical densities that differ
by more than a factor of 5.

These small virial parameters appear to challenge the
picture of star formation in which gas evolves in a state of
equilibrium. However, the virial analyses discussed above do not
include contributions from magnetic fields, which may provide
significant support in dense cores. Frau et al. (2014) carried
out continuum polarization measurements of NGC 7538 with
the SMA and found a magnetic field strength of 2.3–2.6mG
in the region. Frau et al. also performed a detailed energetics
comparison of the gravitational potential energy, turbulent
support, thermal pressure, and magnetic support. Among the
13 dense cores analyzed, the magnetic support amounts to
0.2 to 2.4× the combined effect from turbulent and thermal
pressure. More than half (eight out of 14) of the cores have
magnetic support comparable to the turbulent and thermal
support. In addition, the virial parameters including themagnetic
support vary from 0.1 in the central region where star formation
takes place to 8 in cores that are influenced significantly by
molecular outflows.

The studies of NGC 7538 by Frau et al. (2014) and Wright
et al. (2014) demonstrate that magnetic fields can indeed be a
significant contributor to the support of dense cores. Such an
analysis should be extended to high-mass star-forming regions
at earlier evolutionary stages when stellar feedback has not
significantly altered the initial physical conditions. To that
end, Pillai et al. (2011) Zhang et al. (2015) Ohashi et al.
(2016), Sanhueza et al. (2017), and Lu et al. (2018) performed
virial analyses in high-mass star forming regions prior to
the development of strong HII regions. The interferometric
observations allowed the identification of structures < 0.1 pc in
size within massive clumps. Figure 9 presents a comparison of
the virial mass and the gas mass for structures identified in 12
high-mass star forming regions (Pillai et al., 2011; Zhang et al.,
2015; Ohashi et al., 2016; Lu et al., 2018). The virial mass is
computed as

MVirial =
3kRσ 2

v

G
, (4)

where σv is the line-of-sight velocity dispersion due to both non-
thermal and thermal broadening, R is the radius, and G the
gravitational constant. k =

5−2a
3−a is a correction factor related

to the density profile ρ ∝ r−a. We assume a constant density
in the structure, i.e., a = 0, which leads to the maximum value

FIGURE 9 | Virial mass MVirial vs. gas mass Mgas for clumps and cores in 12

high-mass star forming regions. The data were taken from Pillai et al. (2011),

Zhang et al. (2015), Ohashi et al. (2016) and Lu et al. (2018). The virial mass

includes contributions from thermal and non-thermal line widths. The gas mass

was derived from dust continuum emission. The dashed, solid, and dotted

lines denote virial parameters αvir = MVirial/Mgas of 2, 1, and 0.1, respectively.

The majority of the data points have αvir < 1, indicating that clumps and cores

are far from virial equilibrium when contributions from magnetic fields are not

included. The red arrows indicate the strength of the magnetic field (in mG)

that are required to increase αvir from 0.5 to 1.0 (see section 3.4).

in the correction factor (k = 5/3) and thus the maximum virial
mass. The gas mass is derived from the dust continuum emission
(see section 1.4). Figure 9 reveals that the dense gas structures
in these high-mass star forming regions have virial parameters
< 2. Furthermore, a large fraction of the dense gas structures have
virial parameters ≪ 2. Since there are no direct measurements
of magnetic fields for this sample, we compute the magnetic
field required to increase the virial parameter from 0.5 to 1.0.
The magnetic virial mass (Hennebelle and Chabrier, 2008) is
computed as

MMag =
5Rσ 2

A

6G
, (5)

where σA =

B
√

4πρ
is the Alfvénic velocity corresponding to

a magnetic field strength B and density ρ. We compute the
magnetic field strengths when MMag = MVirial = 0.5Mgas.
Assuming a representative gas mass Mgas and radius R for
the clumps (Mgas = 1,000M

⊙
, R = 0.5 pc), cores (Mgas =

50M
⊙
, R = 0.05 pc), and condensations (Mgas = 5M

⊙
, R =

0.005 pc), we find required magnetic field strengths of 0.29, 1.46,
and 14.4mG, respectively. Under these conditions, the virial
parameters would be 0.5 without the contribution of magnetic
fields, and would increase to 1 after the inclusion of magnetic
fields. The required field strengths are in broad agreement with
typical literature values of magnetic fields that were derived using
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the DCF method based on polarization observations of massive
star-forming regions.

Recent measurements of the thermodynamic properties in
high-mass star-forming regions reveal small virial parameters
that appear to challenge the assumption of equilibrium star
formation. However, a lack of magnetic field measurements in
these same regions leaves open the possibility of virialized star
formation, since the field strength of a fraction of a mG to several
mG could bring the dense gas close to a state of equilibrium.
With the advent of ALMA, we expect significant progress to be
made on this vital question in high-mass star formation as more
observations of both spectral lines and polarization are carried
out over the coming years.

4. CONSTRAINING STRONG-FIELD STAR
FORMATION WITH STATISTICS OF
HOURGLASS-SHAPED MAGNETIC FIELDS

There are approximately 32 unique interferometric observations
of low-mass (Class 0, 0/I, or I) star-forming cores exhibiting
significant polarization detections that are not obviously
dominated by dust scattering. They are L1448 IRS 2, L1448N(B),
L1448C, NGC 1333-IRAS 2A, SVS 13A, SVS 13B, NGC 1333-
IRAS 4A, Per-emb-21, NGC 1333-IRAS 7, NGC 1333-IRAS 4B,
IRAS 03282+3035, IRAS 03292+3039, B1-c, B1-b, HH 211 mm,
HH797, L1551 NE, NGC 2024 FIR 5, OMC3-MMS5, OMC3-
MMS6, OMC2-FIR3, OMC2-FIR4, VLA 1623, IRAS 16293A,
IRAS 16293B, Ser-emb 8, Ser-emb 8 (N), Serpens SMM1-a,
Serpens SMM1-b, B335, L1157, and CB 230 (Girart et al., 1999,
2006; Lai et al., 2002; Rao et al., 2009; Alves et al., 2011; Hull et al.,
2013, 2014, 2017a,b; Stephens et al., 2013; Segura-Cox et al., 2015;
Cox et al., 2018; Galametz et al., 2018; Harris et al., 2018; Maury
et al., 2018; Sadavoy et al., 2018a,b; KwonW. et al., under review).

Among them, NGC 1333-IRAS 4A, IRAS 16293A, L1157,
NGC 2024 FIR 5, OMC3 MMS 6, L1448 IRS 2, B335, VLA
1623, and B1-c (9/32 ≈ 28%) exhibit hourglass morphologies,
consistent with magnetically dominant star formation (Girart
et al., 1999, 2006; Lai et al., 2002; Rao et al., 2009; Alves et al., 2011;
Stephens et al., 2013; Hull et al., 2014; Cox et al., 2018; Galametz
et al., 2018; Maury et al., 2018; Sadavoy et al., 2018a; Kwon W.
et al., under review).

On the high-mass side, there are 24 unique high-mass star
forming clumps observed in polarization with interferometers.
They are Orion KL, NGC 2071, W3, W3(OH), DR 21(OH), DR
21 filament, G192, G30.79, NGC 6334 I/In/IV/V, W51 e and
N, IRAS 18306, IRAS 18089, W43, NGC 7538, G5.89, NGC
2264C1, G34.43+0.24, G35.2N, G31.41+0.31, and G240.31+0.07
(Rao et al., 1998; Lai et al., 2001, 2003; Cortes and Crutcher, 2006;
Cortes et al., 2006, 2008, 2016; Girart et al., 2009, 2013; Tang et al.,
2009a,b, 2010; Beuther et al., 2010; Chen et al., 2012; Liu et al.,
2013; Qiu et al., 2013, 2014; Frau et al., 2014; Hull et al., 2014;
Sridharan et al., 2014; Wright et al., 2014; Zhang et al., 2014; Li
et al., 2015; Houde et al., 2016; Ching et al., 2017; Juárez et al.,
2017; Koch et al., 2018).

Of these, G31.41+0.31, G240.31+0.07, NGC 6334 I and In,
and W51 e2 (5/24 ≈ 21%) exhibit hourglass magnetic field

configurations (Girart et al., 2009; Tang et al., 2009a; Qiu et al.,
2014; Li et al., 2015).

A pinched/hourglass-shaped magnetic field configuration can
yield a range of magnetic-field morphologies when projected in
the plane of the sky (Frau et al., 2011). When the main axis
of the system is aligned with the line of sight, the plane-of-sky
component of the field is oriented radially outward. This scenario
was proposed by Girart et al. (2013) to explain the magnetic
field topology in DR 21(OH). Among the low- and high-mass
objects with robust detections of polarization (and thus inferred
magnetic fields), 28% of the low-mass sources and 21% of the
high-mass sources exhibit hourglass configurations. Assuming
that the sample is randomly oriented in three dimensions, the
probability than an hourglass axis will be oriented within 30◦

of the line of sight is ∼ 13% (Frau et al., 2011 show that an
angle closer to the line of sight than ∼ 30◦ yields a mostly radial
pattern). Therefore, the majority of the objects (∼ 87%) should
display an hourglass shape if the variations in magnetic field
morphologies were solely due to projection effects.

The fact that only a small fraction of the objects exhibit
hourglass morphologies suggests that the scenario of
magnetically dominant core collapse is not the predominant
mode of low- or high-mass star formation. However, we should
note that when taking into account the projection effect, the
fraction of the detected hourglass reaches 28/87% ≈1/3 for low-
mass and 21/87% ≈1/4 for high-mass sources. Such fractions
are not negligible, and are even more significant considering
the various environmental and dynamical differences between
sources, as well as the observational limitations that may hinder
the detection of an hourglass—in particular the sensitivity and
dynamic range limitations of the pre-ALMA interferometers.

Of the sources observed by ALMA that clearly lack hourglass
magnetic field morphologies, only one so far (Ser-emb 8 in Hull
et al., 2017a; see Figure 3) shows a truly chaotic morphology,
presumably having been influenced by turbulence and infall.
However, the few ALMA polarization observations published to
date have shown more examples of magnetic fields that seem
to have been shaped by bipolar outflows. These observations
are challenging to interpret, as magnetic fields aligned with the
walls of an outflow cavity can look quite similar to an hourglass
when observed with low resolution. Thus, future studies will need
to carefully consider how to determine which “hourglasses” are
preserved from the natal collapse phase, such as in NGC 1333-
IRAS 4A, where at ∼ 1,000 au scales the hourglass appears to be
unperturbed by the two outflows emanating at different angles
from the embedded binary (Girart et al., 2006); vs. which are
caused by outflow/jet feedback, such as in Serpens SMM1 (Hull
et al., 2017b) and B335 (Maury et al., 2018).

We further caution that the above values are lower limits that
are limited by telescope resolution: i.e., in the high-mass case, we
consider each source as unique, despite the fact that each clump
is likely to have more than one protostellar object. This is even
true in the low-mass case: for example, SMA observations were
able to distinguish the magnetic fields in SVS 13A and B, whereas
CARMA observations were not; and ALMA observations were
able to map the magnetic fields in Serpens SMM1-a and b
separately, whereas CARMA and SMA observations were not.
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Finally, and perhaps most important, the number of objects
observed with interferometers remains small: observations by
ALMA are likely to increase the sample size significantly in
the near future, enabling studies that will establish far better
statistical constraints.

5. POLARIZATION FROM DUST
SCATTERING

While polarized emission from dust scattering is independent
of the magnetic field, we briefly mention it here because this
young, quickly growing subfield emerged from studies that were
attempting to make resolved maps of the magnetic field in
protoplanetary disks, which is one of the longstanding goals
of disk- and star-formation studies. Rao et al. (2014) reported
a tentative detection of a toroidally wrapped magnetic field in
the Class 0 protostar IRAS 16293B at ∼ 75 au resolution using
the SMA. However, on the whole, pre-ALMA full polarization
observations of disks did not have the sensitivity or the resolution
necessary to make well resolved maps of low-level (. 1%)
polarized dust emission (Hughes et al., 2009, 2013).

Around the same time that ALMA started producing
polarization results, several theoretical studies suggested that
polarized (sub)millimeter-wave emission from protoplanetary
disks could be caused by the self-scattering of emission from
(sub)millimeter-sized dust grains (Kataoka et al., 2015, 2016a;
Pohl et al., 2016; Yang et al., 2016a,b), consistent with previous
work by Cho and Lazarian (2007). Kataoka et al. (2016a) and
Yang et al. (2016b) explained the 1.3mm CARMA polarization
observations by Stephens et al. (2014) of the Class I/II source
HL Tau in the context of this self-scattering mechanism. Self-
scattering can also explain the polarization pattern observed
in the Class II protoplanetary disk IM Lup in 870µm ALMA
observations by Hull et al. (2018b), and similar observations of
HD 163296 by Dent et al. (2019).

The situation became even more complex when Tazaki
et al. (2017) proposed yet another mechanism that can cause
polarization in disks: dust grains whose minor axes are aligned
with the gradient in the dust emission (this work is rooted in
the radiative torque model by Lazarian, 2007). This mechanism,
which is sometimes referred to as “k-RATs” (i.e., where k is the
orientation of the gradient in the dust emission; see also Footnote
5), is different from self-scattering by dust grains. However,
similar to self-scattering, it is independent of any magnetic field
that might be in the disk. Polarization from k-RATs, which has
a morphology that is azimuthal, is broadly consistent with 3mm
ALMA observations of polarization in the HL Tau disk (Kataoka
et al., 2017), although Yang et al. (2019) found that their k-
RAT model did not reproduce the data when examined in detail.
The transition from possible k-RAT alignment at long (3mm)
wavelengths to scattering at short (870µm) wavelengths was
shown clearly by Stephens et al. (2017b), who reported high-
resolution ALMA polarization results at 870µm and 1.3mm,
complementing the 3mm observations reported by Kataoka
et al. (2017). The intermediate-wavelength 1.3mm data exhibit

a morphology consistent with roughly equal contributions of
self-scattering and k-RATs.

Other recent results have interpretations that are not as clear.
These include observations of the edge-on HH 111 and HH 212
disks (Lee et al., 2018b), the high-mass protostellar disk Cepheus
A HW2 (Fernández-López et al., 2016), and the transition disk
HD 142527 (Kataoka et al., 2016b; Ohashi et al., 2018); the
polarized emission from these objects may be caused by either
scattering or magnetically aligned grains (B-RATs). Observations
of the low-mass disks CWTau and DG Tau (Bacciotti et al., 2018)
and the massive GGD27MM1 disk (Girart et al., 2018) associated
with the iconic HH 80-81 radio jet show polarization that may
be caused by dust self-scattering and/or k-RATs. Polarization
observations of a number of embedded Class 0 protostars by
Segura-Cox et al. (2015), Cox et al. (2018), Harris et al. (2018),
Sadavoy et al. (2018a,b), and Takahashi et al. (2019) sometimes
show signs of scattering in the inner regions of sources and
magnetic alignment in the outer regions. Finally, Alves et al.
(2018) reported ∼ 30 au-resolution observations of the Class I
binary source BHB07-11, which exhibits consistent polarization
patterns at 3mm, 1.3mm, and 850µm. They argue that the
polarized emission most likely arises from magnetically aligned
dust grains.

We emphasize that studies of (sub)millimeter polarization
from disks are in their infancy. More observations and more
mature, detailed models are necessary before we will be able
to determine whether there is, in fact, any contribution from
magnetic fields in the polarized emission from disks around
young forming stars.

6. SUMMARY

The steady improvement in telescope sensitivity at the
(sub)millimeter-wave bands where dust continuum emission is
strong has led to a revolution in interferometric observations of
linear polarization over the past two decades. In recent years,
both CARMA and the SMA conducted surveys of magnetic fields
in samples of > 10 star-forming cores/clumps. These studies
have proven insightful in revealing the statistical behavior of
magnetic fields in star formation. However, while individual case
studies continue to be fruitful, large, less biased surveys that
target statistically significant samples of sources are the only way
to further constrain the dynamical role of magnetic fields in the
star formation process.

Studies of low-mass star formation have found that while
there are a few cases where the magnetic field seems to
regulate the collapse of star-forming material across the scales
from clouds/clumps to cores to envelopes, there are also many
cases where the multi-scale magnetic field morphology shows
no consistency. Furthermore, the resolution and sensitivity
of ALMA have yielded new observations that show evidence
of shaping of the magnetic field by bipolar outflows at the
∼ 100 au scale in some (but not all) sources. A few recent
observations of spectral-line polarization by the SMA and
ALMA have shed light on the importance of magnetic fields
in the launching of outflows. More observations of this type
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with ALMA will enhance this subfield significantly in the
coming years.

Studies of high-mass star formation found that magnetic
fields are not the dominant force within the parsec scale of
molecular clumps. However, fields appear to be dynamically
important in the fragmentation of clumps into 0.1 pc-scale cores.
Furthermore, molecular gas with densities >104 cm−3 in high-
mass star formation appears to be far from virial equilibrium if
magnetic fields do not contribute significantly to the dynamical
process. This significant departure from the state of virialization
appears to challenge the basic assumption of equilibrium star
formation. Direct measurements of magnetic fields will shed
more insight on this important issue.

In both the low- and high-mass regimes, comparisons
of outflow vs. magnetic field orientations have yielded
random alignment. The outflow is a probe of the angular
momentum at the smallest scales in the source, and thus
the limited data currently available point to a scenario
where angular momentum is far more important than the
magnetic field at the small (< 1,000 au) scales of individual
forming protostars.

The role of magnetic fields in the formation of high-
and low-mass disks is less clear due to a small number of
observations, and the issue of scattering by dust. Near-future
studies targeting the Zeeman and G-K effects may finally be
able to access information about the magnetic field in disks
(e.g., Brauer et al., 2017). Furthermore, high resolution studies
at longer wavelengths in regions that are optically thick (and
thus dominated by scattering) in the ALMA data will be made
possible by future telescopes such as the Next Generation Very
Large Array (ngVLA; Carilli et al., 2015). The ngVLA will
be a powerful tool for studying magnetized star formation
(Isella et al., 2015; Hull et al., 2018a), as it will offer dramatic
improvements in the sensitivity, resolution, and image fidelity
over the current VLA, which has enabled just a few studies
of polarization in the very brightest low- and high-mass star-
forming sources (Carrasco-González et al., 2010; Cox et al., 2015);
(Liu et al., 2016, 2018).

Despite major advances in recent years, the studies presented
in this review—in particular the survey studies—are biased
toward objects with detectable polarization. Nearly all low-
and high-mass star forming objects have embedded protostars
(and sometimes HII regions, in the case of high-mass sources).
A crucial, under-explored area of star formation involves
studying the initial conditions of the magnetic field before
feedback (e.g., infall, outflows, and radiation) has altered its
morphology. However, this has rarely been achieved due to
a lack of sensitivity. In the coming years, large, multi-scale,
multi-telescope surveys of magnetic fields in star-forming
clouds covering the full range of evolutionary stages will

allow us to break new ground in our studies of magnetized
star formation.
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Star-forming gas clouds are strongly magnetized, and their ionization fractions are high

enough to place them close to the regime of ideal magnetohydrodyamics on all but the

smallest size scales. In this review we discuss the effects of magnetic fields on the star

formation rate (SFR) in these clouds, and on the mass spectrum of the fragments that are

the outcome of the star formation process, the stellar initial mass function (IMF). Current

numerical results suggest that magnetic fields by themselves are minor players in setting

either the SFR or the IMF, changing star formation rates and median stellar masses only

by factors of ∼ 2− 3 compared to non-magnetized flows. However, the indirect effects

of magnetic fields, via their interaction with star formation feedback in the form of jets,

photoionization, radiative heating, and supernovae, could have significantly larger effects.

We explore evidence for this possibility in current simulations, and suggest avenues for

future exploration, both in simulations and observations.

Keywords: galaxies: star formation, ISM: clouds, ISM: kinematics and dynamics, ISM: magnetic fields,

magnetohydrodynamics (MHD), stars: formation, turbulence

1. INTRODUCTION

Star-forming molecular clouds are threaded by magnetic fields that are likely inherited from the
galactic-scale interstellar medium out of which they condensed (see the review by Hennebelle
and Inutsuka in this volume). These fields certainly influence cloud morphology and evolution.
However, it remains an open question to what extent magnetic fields set the main quantitative
outcomes of the star formation process: the rate at which molecular clouds convert their gaseous
mass into stars, and the distribution of the masses of the resultant stars. The goal of this review is to
summarize current observational and theoretical evidence that points toward a quantitative answer
to these questions.

1.1. Basic Physical Considerations
Any attempt to understand the role of magnetic fields in regulating the collapse and fragmentation
of molecular clouds must begin from some basic physical considerations. The virial theorem
provides a useful tool with which to describe the relative importance of magnetic forces in
comparison to the forces of gravity, turbulent ram pressure, and thermal pressure. For a fixed
control volume V containing fluid of density ρ and velocity v, with magnetic field B and
gravitational potential φ, this is (McKee and Zweibel, 1992)
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1

2
¨I = 2 (T − T0) + (B − B0) +W −

1

2

d

dt

∫

∂V

(

ρvr2
)

· dS, (1)

where ¨I is the second derivative of the moment of inertia of the
mass insideV , T = (1/2)

∫

(3P+ρv2) dV is the total translational
thermal plus kinetic energy, B = (1/8π)

∫

B2 dV is the total
magnetic energy (with B ≡ |B|), W = −

∫

ρr · ∇φ dV is
the gravitational potential energy, and T0 and B0 represent the
fluid and magnetic stresses, respectively, across the surface of V .
The right hand side of this equation expresses how the various
forces together cause the material inside the volume to accelerate
inward or outward. The final term, involving a time-derivative of
the mass flux across the surface ∂V of volume V , represents the
change in inertia within the control volume not due to forces, but
instead due to bulk flows of mass across the boundary.

Taking ratios of the force terms on the right-hand side of the
virial theorem to form dimensionless ratios yields numbers that
express their relative importance. Taking the ratio of themagnetic
term to the two parts of the kinetic term yields

B

(3/2)
∫

P dV
∼

B2/8π

P
∼ β−1 (2)

and

B

(1/2)
∫

ρv2 dV
∼

B2/8π

ρv2
∼

(vA

v

)2
∼ M

−2
A , (3)

where

vA =

B
√

4πρ
(4)

is the Alfvén speed. The quantities β and MA are the plasma
β and Alfvén Mach number, respectively, and it is immediately
clear that they describe the importance of magnetic forces in
comparison to thermal and turbulent pressure. If β≪1, magnetic
pressure greatly exceeds thermal pressure, and if MA ≪ 1,
magnetic pressure greatly exceeds turbulent pressure.

Similarly, taking the ratio of the magnetic and gravitational
terms, and assuming that the volume’s self-gravity dominates
over any external field so that its gravitational energy may be
expressed asW ∼ −GM2/R, we have

B

W
∼

B2R3/8π

GM2/R
, (5)

where M is the mass within the volume and R ∼ V1/3 is its
characteristic size. For ideal magnetohydrodynamics (MHD), the
magnetic flux through the volume is fixed if there is no mass flux
through its surface, and thus it is convenient to re-express this
ratio in terms of the magnetic flux 8B ∼ BR2, so that

B

W
∼

82
B

GM2
∼

(

M8

M

)2

∼ µ−2
8 , (6)

where

M8 ≡

1

2π

8B
√

G
(7)

is the magnetic critical mass (Mouschovias and Spitzer, 1976),
defined as the maximum mass that can be supported against
collapse by a specified magnetic flux, and µ8 = M/M8 is
the mass measured in units of M8. Clouds with µ8 < 1
are called magnetically subcritical, while those with µ8 >

1 are called magnetically supercritical. Note that the exact
coefficient in M8 depends weakly on the configuration of the
mass; the value 1/2π we have adopted in Equation (7) is for
an infinite thin sheet (Nakano and Nakamura, 1978), but other
plausible configurations give results that differ from this by only
∼ 10% (Tomisaka et al., 1988).

Before moving on, we offer two cautions. First, the
dimensionless ratios MA, β , and µ8 that we have defined
in order to characterize the importance of magnetic terms
in the virial theorem do not include the surface fluid stress
term T0, surface magnetic stress B0, and bulk flow term
(1/2)(d/dt)

∫

V (ρvr
2) · dS. Simulations show that these can make

order unity contributions to the right hand side of Equation
(1) (Dib et al., 2007), and the main reason we have omitted
them is purely pragmatic: they are generally much more difficult
to determine from observations than the volumetric terms.
Nonetheless, we should keep in mind that conclusions about the
relative importance of magnetic forces relative to others might
be altered if we could properly include the hard-to-measure
surface terms.

The second caution is that we have implicitly assumed thatµ8

is a constant, which is true only if the flux is conserved. This holds
for ideal MHD, but non-ideal effects must become important at
some point in the star formation process, as evidenced by the
fact that the magnetic fields of young stars are far weaker than
would be expected if all of the magnetic flux that threads a typical
∼ 1 M

⊙
interstellar cloud were trapped in the star into which

it collapses (e.g., Paleologou and Mouschovias, 1983). Current
simulations suggest that most loss of magnetic flux occurs on
the scales of individual protostellar disks or smaller (e.g., Tomida
et al., 2015; Tsukamoto et al., 2015; Nolan et al., 2017; Vaytet et al.,
2018; Wurster et al., 2018; Zhao et al., 2018; see Li et al., 2014
for a review of earlier work), a scale that is mostly too small to
be important for the SFR or the IMF. The non-ideal mechanism
that operates on the largest scales is ion-neutral drift, also known
as ambipolar diffusion, which allows a redistribution of magnetic
flux in weakly-ionized plasma due to imperfect coupling between
ions and neutrals. The importance of this mechanism can be
characterized by the ambipolar diffusion Reynolds number RAD
(Zweibel and Brandenburg, 1997; Li et al., 2006, 2008), a quantity
comparable to the classical fluid Reynolds number: the latter
measures the ratio of the size scale of a turbulent flow to the
size scale on which viscous dissipation occurs, while the former
measures the ratio the flow size scale to the scale on which ions
and neutrals are able to separate from one another. Observed
dense molecular clumps have RAD ≈ 20 (McKee et al., 2010),
which places them close to but not strongly in the regime of ideal
MHD (corresponding to RAD → ∞). For this reason we will
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assume ideal MHD throughout most of this review, and briefly
introduce non-ideal effects when they are particularly relevant.

1.2. Historical and Observational
Background
Theories of how magnetic fields regulate the star formation rate
(SFR) and the stellar initial mass function (IMF) can be classified
is in terms of the assumptions they make, either implicitly or
explicitly, about the values of the dimensionless ratios defined
in section 1.1. There is little doubt that β < 1, since molecular
clouds are very cold and have low thermal pressures, but there
is much more uncertainty about the values of MA and µ8. The
dominant model of star formation prior to ca. 2,000 implicitly
assumed that molecular clouds also had both MA < 1 and
µ8 < 1 (e.g., Shu et al., 1987; Mouschovias and Ciolek,
1999), i.e., their magnetic fields were strong enough that the
pressure they provided was both stronger than the turbulent ram
pressure and sufficient to prevent gravitational collapse. A model
in which most molecular gas is subcritical leads to a picture of
star formation in which the dominant physical processes are the
non-ideal MHD mechanisms responsible for violation of flux-
freezing, which allowsµ8 to increase until it is greater than unity
(i.e., the cloud becomes supercritical) and collapse can proceed.
This would imply that the rate of star formation is controlled
by the rate at which mass is able to cross from µ8 < 1 to
µ8 > 1 by non-ideal MHD effects (e.g., Tassis and Mouschovias,
2004; Shu et al., 2007), and that the IMF is determined by the
mass distribution of the resulting supercritical structures (e.g.
Shu et al., 2004; Kunz and Mouschovias, 2009).

However, painstaking observational work in the past two
decades, summarized in the review by Crutcher (2012), has called
these assumptions into question. In particular, observations
of Zeeman splitting provide a direct measurement of line-of-
sight magnetic field strengths in molecular clouds, and Zeeman
surveys have failed to detect a significant population of molecular
clouds with µ8 < 1, in contrast to atomic clouds, which
mostly have µ8 < 1). For molecular gas they instead suggest
a distribution of µ8 values whereby µ−1

8 is nearly flat from
0 to 1, i.e., clouds are uniformly distributed from nearly non-
magnetized (µ−1

8 = 0) to lying on the boundary of super-

and subcritical (µ−1
8 = 1). This would imply that the median

molecular cloud hasµ8 ≈ 2, and is therefore supercritical. There
are a few possible caveats to this conclusion. First, as noted above,
a measurement of µ8 only characterizes the importance of the
volumetric magnetic field, not any potential contribution from
magnetic stresses at cloud surfaces. Second, since the Zeeman
effect only allows one to measure the line of sight magnetic
field, inferences of the µ8 distribution depend on statistical
analysis of measurements along multiple sight lines under the
assumption that magnetic field orientations along these sight
lines are randomly distributed; if there are magnetic alignments
over sufficiently large scales, this assumption might fail, in which
case the statistical power of the conclusion would be reduced.
Nonetheless, we regard these possibilities as unlikely, and so for
most of this review we will adopt the view that observations
favor µ8 > 1.

The value of MA is less certain. Observations of polarized
thermal emission or polarized optical absorption by dust gains
permit detection of the plane of the sky orientation of magnetic
fields. These suggest that fields are relatively well-ordered (e.g.,
Heyer and Brunt, 2012; Li H.-B. et al., 2015; Pattle et al., 2017;
Soam et al., 2018, though in some cases alignment appears to
break down at very small scales—Soam et al., 2015; Ching et al.,
2017; Hull et al., 2017b), and that they align well with structures
in the gas column density (e.g., Planck Collaboration et al., 2016);
simulations suggest that such features will be present only in
flows with MA . 1 (e.g., Li et al., 2013; Li P. S. et al., 2015;
Federrath, 2016a; Tritsis and Tassis, 2016, 2018; Mocz et al., 2017;
Tritsis et al., 2018). On the other hand, Padoan and Nordlund
(1999) and Padoan et al. (2004) compare a wide range of statistics
on the density, velocity, andmagnetic field structure in molecular
clouds to simulations with both MA ≈ 1 and MA ≫ 1, and
conclude that only the latter are consistent with the observations.
If MA . 1, this would require that clouds be threaded by
well-ordered fields with a significant net flux that dominate the
total magnetic energy budget, while if MA & 1 the fields could
be ordered, but they could also have a small net flux and be
dominated by a disordered component (Mac Low, 1999; Brunt
et al., 2010), such as that produced by a turbulent dynamo.

Regardless of whether MA ≈ 1 or MA ≫ 1, the observation
that µ8 > 1 has led theoretical focus in the past few years
to shift to models in which molecular clouds are assumed to
be “born” supercritical (e.g., Padoan and Nordlund, 1999; Mac
Low and Klessen, 2004; Krumholz andMcKee, 2005), rather than
having to transition to this state via some slow, non-ideal MHD
process. In such a picture, the primary regulator of both the
SFR and the IMF is usually assumed to be some combination of
turbulence (strongly magnetized if MA . 1, weakly magnetized
otherwise) and stellar feedback; see Krumholz (2014) for a
recent review. In this context, magnetic fields are doubtless
important for shaping the morphology of the ISM, particularly
as regards to the filaments ubiquitously observed in both real
molecular clouds and simulations. For example, magnetic fields
clearly seem to play some role in determining the orientations
of filaments (e.g., Planck Collaboration et al., 2016), and may
be responsible for setting their widths as well (e.g., Seifried
and Walch, 2015; Federrath, 2016b; Federrath et al., 2016). The
relative orientations of magnetic fields and filaments appears to
carry important information about whether flows in molecular
clouds are predominantly solenoidal/shearing or compressive
(Soler and Hennebelle, 2017). However, it is not clear that these
morphological factors are linked to the quantitative “outputs” of
the star formation process, the SFR and IMF. Answering this
question in the context of a cloud where µ8 > 1 is the focus
of the remainder of this review.

2. MAGNETIC FIELDS AND THE STAR
FORMATION RATE

In this section we examine the question of how magnetic fields
affect the rate of star formation in molecular clouds. We begin
in section 2.1 with a brief review of the state of observations
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of the star formation rate, and in section 2.2 we discuss recent
theoretical and numerical work on the role that magnetic fields
might play in explaining these observations. In section 2.3 we
highlight an important and but poorly explored frontier: the
interaction between magnetic fields and stellar feedback.

2.1. Observational Constraints on the Star
Formation Rate
Star formation is a remarkably slow and inefficient process across
nearly all size and mass scales. In nearby galaxies, the observed
molecular gas depletion time (defined as the time required to
convert all molecular gas to stars at the current star formation
rate) at scales of & 100 pc is ∼ 1 Gyr (e.g., Bigiel et al., 2008;
Blanc et al., 2009; Schruba et al., 2011; Rahman et al., 2012; Leroy
et al., 2013, 2017). In comparison, the gas in molecular clouds
has densities n & 30 cm−3, corresponding to free-fall times of at
most tff =

√

3π/32GµHn . 10 Myr; here µH = 2.34 × 10−24

is the mean mass per H nucleus for standard interstellar medium
(ISM) composition. This implies that the star formation rate is a
factor of & 100 smaller than what would be expected for clouds
collapsing to stars in free-fall.

Formally, we can parameterize the efficiency of star formation
in terms of the quantity ǫff, defined such that a gas cloud of mass
M, volume V , and free-fall time tff (evaluated at its mean density,
ρ = M/V), and star formation rate ˙M

∗
has

ǫff =

˙M
∗

M/tff
. (8)

Intuitively ǫff represents the ratio of the observed star formation
rate in a region to the maximal rate that would be expected
if gas were to collapse in free-fall with nothing to inhibit it.
Normalizing to tff is critical when one wishes to compare samples
across a wide range of size and density scales, since denser objects
invariably have higher star formation rates per unit mass simply
as a result of their shorter dynamical times. If one does not
remove the dependence on dynamical time by measuring ǫff,
rather than, for example, the specific star formation rate ˙M

∗
/M,

then anything that correlates with density will appear to correlate
with star formation activity.

2.1.1. Counts of Young Stellar Objects
The observations discussed above imply that, measured at kpc
scales, ǫff . 0.01. However, it is possible to constrain ǫff more
precisely, and on smaller scales, with a variety of techniques.
The most direct method is simply to count young stellar objects
(YSO) within resolved nearby molecular clouds. If one knows the
mean duration of the observed YSO phase (e.g., if the observed
YSOs are selected based on the presence of 24 µm excess, which
several lines of evidence suggest persists for ≈ 2 Myr—Evans
et al., 2009), then the mass of YSOs in that phase provides
an estimate of the star formation rate. Combining this with a
measurement of a mass and an estimate of the volume density
(uncertain since the line of sight depth of a cloud cannot usually
be measured directly), yields an observational estimate of ǫff. In
the past decade a number of studies have been published using
thismethodology (Krumholz et al., 2012a; Federrath, 2013b; Lada

et al., 2013; Evans et al., 2014; Krumholz, 2014; Salim et al., 2015;
Heyer et al., 2016; Ochsendorf et al., 2017), and all published
studies are consistent with an estimate ǫff ≈ 0.01, with roughly a
factor of 3 scatter and a factor of 3 systematic uncertainty, mainly
coming from uncertainties in the gas density and the duration of
the observed YSO phase1.

There is at present no evidence for systematic variation of ǫff,
as opposed to systematic variation in the overall or specific star
formation rate, with properties of the magnetic field. To date the
only published study searching for magnetic effects on the star
formation rate from observation is that of Li et al. (2017), who
analyze the cloud samples of Heiderman et al. (2010) and Lada
et al. (2010). They define the orientation of a cloud on the sky
as the direction in which the observed extinction map has the
largest autocorrelation, and find that the star formation rate per
unit mass is systematically higher in clouds where the large-scale
magnetic field and cloud orientation vectors are closer to parallel.
However, Krumholz et al. (2012a) analyzed the same samples
and found that ǫff is nearly the same in all of the clouds they
contain. Consequently, the most natural interpretation of the Li
et al. (2017) study is not that magnetic fields have an important
effect on the star formation rate, but instead that denser clouds
are more likely to have magnetic fields oriented along rather than
orthogonal to their long axis, and that the apparent correlation
between star formation and magnetic fields is simply a result
of both correlating with density. In order to demonstrate that
magnetic fields (or any other cloud property) is changing the
nature of the star formation process, one would need to show
not merely that the star formation rate as a whole changes with
that property, but that the star formation rate per dynamical time
(i.e., ǫff) does. There is some evidence for such variations in ǫff as
a function of Mach number (e.g., Federrath, 2013b; Salim et al.,
2015; Sharda et al., 2018), but there have been no comparable
observational efforts to search for variations in ǫff as a function
of magnetic properties.

2.1.2. Alternative Methods
While YSO counting is themost direct and unambiguousmethod
of estimating ǫff, one can only use it in relatively nearby clouds
due to the need to resolve individual YSOs2. More distant
targets require different methods. Three in common use are pixel

1Note that Ochsendorf et al. (2017) measure ǫff in molecular clouds in the Large

Magellanic Cloud using two separate methods: counts of massive (M & 8 M
⊙
)

YSOs, and a cloud matching technique as described below. Our statement here

applies to their YSO counting method, which gives a distribution of ǫff with a

median of log ǫff = −1.7 and a 16th–84th percentile range from log ǫff = −2.03 to

−1.25, consistent with both the median and the spread of the other YSO counting

studies within the systematic uncertainty. By contrast their cloudmatchingmethod

gives a median log ǫff = −1.3 with a 16th–84th percentile range log ǫff = 1.74

to −0.69, as we discuss below. The numerical median and percentile ranges we

quote are compiled by Krumholz et al. (2018b), who derive them from Table 6 of

Ochsendorf et al. (2017).
2As noted above, it is possible to extend the YSO counting method to the

Magellanic Clouds, but at the price of substantially reduced sensitivity and

increased uncertainty, because at such large distances observations can at present

detect only very massive YSOs, M & 8 M
⊙

(Ochsendorf et al., 2016, 2017),

which must then be extrapolated to estimate the mass of the unseen population of

lower mass stars. Both this extrapolation and timescales of massive YSO evolution

(needed to complete the estimate of ǫff) are substantially uncertain.
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statistics, the HCN to IR ratio, and cloud matching. The method
of pixel statistics is to map the distributions of molecular gas and
star formation in an external galaxy at high spatial resolution—
typically tens of pc for the gas. The molecular gas map provides
both the gas surface density and the velocity dispersion; the latter,
together with an estimate of the stellar surface density, allows
one to estimate the midplane volume density from hydrostatic
equilibrium. Thus in each pixel one has available mass, free-
fall time, and star formation rate, yielding an estimate of ǫff.
Studies using this method thus far yield ǫff with a dispersion
comparable to that produced by YSO counting, but with a factor
of ∼ 2 − 3 lower mean (Leroy et al., 2017; Utomo et al.,
2018); given the systematic uncertainties in the methods, this is
consistent with the distributions of ǫff being the same3. The HCN
method exploits the fact that, because it is subthermally-excited
at low density, HCN traces ISM at densities& 104 cm−3 (Shirley,
2015; Onus et al., 2018), and thus one can estimate the local gas
density producing HCN emission even if the emitting region is
unresolved4. If one also uses a radiative transfer calculation to
estimate the HCN emitting mass and correlates this with a tracer
of the star formation rate (most commonly infrared luminosity),
this provides all the ingredients necessary—mass, star formation
rate, and free-fall time—to constrain ǫff. As with pixel statistics
and YSO counting, the result of this procedure is generally that
ǫff ≈ 0.01 with a factor of ∼ 3 dispersion and a comparable
systematic uncertainty (e.g., Wu et al., 2010; Usero et al., 2015;
Stephens et al., 2016; Gallagher et al., 2018; Onus et al., 2018).

In the cloud matching technique, one constructs catalogs of
molecular clouds and star-forming regions, and matches them
up based on criteria of separation in position and velocity space.
For each pair of matched clouds and star-forming regions, one
infers the star formation rate of the star-forming region from its
luminosity in IR or radio, and the mass and free-fall time of the
cloud from its molecular line emission, yielding an estimate of ǫff.
In contrast to all other methods, for which the distribution of ǫff
values inferred generally has a dispersion of only. 0.5 dex, cloud
matching yields much larger dispersions of& 0.8 dex, with some
surveys producing a tail of clouds with ǫff ≈ 1 (Lee et al., 2016;
Vutisalchavakul et al., 2016; Ochsendorf et al., 2017). In some of
these studies themean value of ǫff is also substantially higher than
the value of ǫff ≈ 0.01 found by other methods. The difference in
results cannot simply be a result of the cloud matching surveys
targeting different regions or types of molecular cloud than the
other studies, in part because cloud matching studies of the same
region are often inconsistent with one another—Lee et al. (2016)

3Of course we cannot definitively rule out the possibility that there is in fact

a systematic difference between the Milky Way and the LMC (the only two

systems for which YSO counting is available) and the slightly more distant galaxies

surveyed by Leroy et al. (2017) and Utomo et al. (2018). However, systematics due

to the differences in method seem the more likely explanation.
4Kauffmann et al. (2017) argue that the density traced by HCN can be a factor of

a few smaller if molecular clouds host a significant free electron population, which

would help excite the HCN at lower densities. It is unclear at present to what extent

Kauffmann et al.’s result, which is derived based on high-resolution observations

of a single nearby source, can be extrapolated to the much larger scales on which

HCN is generally used as a diagnostic of ǫff.

and Vutisalchavakul et al. (2016) both studied the inner Milky
Way, but obtained median values of ǫff that differ by≈ 0.8 dex.

Instead, the source of the discrepancy between the different
cloud matching studies, and between cloud matching and other
methods, appears to be in the process of constructing the cloud
and star-forming region catalogs and matching them to one
another. Both molecular gas emission and star formation tracer
maps are continuous or nearly so, particularly toward molecule-
rich regions such as the inner Milky Way. The process of
breaking these continuous maps up into discrete “clouds” and
“star-forming complexes” necessarily involves choices about how
to perform the decomposition, and because the “clouds” and
“complexes” are not co-spatial, these choices must be made
independently for each map, and then one must decide how to
associate the “clouds” in one map with the “complexes” in the
other. Depending on how one makes these choices, a wide range
of outcomes are possible. The difference between the results of
Lee et al. (2016) and Vutisalchavakul et al. (2016) arise primarily
from the fact that Vutisalchavakul et al. use substantially more
restrictive criteria for matching clouds with H II regions, and
decline to estimate ǫff values for H II regions for which they
cannot confidently identify a parent cloud. Lee et al. are much
less restrictive in their matching. This problem is unique to cloud
matching, because in all the other techniques (YSO counting,
pixel statistics, and HCN) the star-forming tracer and the
molecular gas are co-spatial, so however one chooses to break
up maps of one, it is possible to use the same decomposition for
the other.

Given this review of the observational literature, our tentative
summary is that observations require that ǫff ≈ 0.01 appears
to be ubiquitous across spatial scales, from kpc-sized swathes of
galaxies to individual molecular clouds and clumps ≈ 1 pc in
size, at densities up to ∼ 104 cm−3. This leads us to the central
question for section 2: to what extent can magnetic fields in
supercritical molecular clouds help explain this observation?

2.2. Magnetic Regulation of the SFR in
Supercritical Clouds
In a cloud that is magnetically supercritical, magnetic fields
alone cannot significantly inhibit collapse. To see this, one need
merely examine the magnetic and gravitational terms in the virial
theorem (Equation 1). For a cloud of mass M and radius R
threaded by a uniform magnetic field B, the gravitational and
magnetic terms in the virial theorem can be expressed as W ∼

GM2/R and B ∼ GM2
8/R, respectively; recall that M8 is the

maximum mass that can be supported by the magnetic field. The
key point to notice is that both these terms scale with radius as
1/R, so that even if |W| is only slightly larger thanB when a cloud
is at some starting characteristic size R0, the mismatch between
these two terms will grow as the cloud contracts, such that, by
the time the cloud has been reduced to a size ∼ R0/2, |W| will
be larger than B by a factor of 2, and the collapse will accelerate
only a factor of 2 slower than if the magnetic field were absent
entirely. The point to take from this thought exercise is that, due
to the 1/R scalings of the gravitational and magnetic terms in the
virial theorem, even a magnetic field that nearly strong enough to
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render a cloud subcritical at the start of its life will only slightly
delay collapse5. To the extent that ion-neutral drift is important,
it only strengthens this conclusion, since this mechanism tends to
decrease the magnetic flux and thus M8 in the densest regions.
For this reason, we focus on the role of magnetized turbulence
in regulating star formation rates, rather than on magnetic fields
by themselves.

2.2.1. Star Formation Rates From Magnetized and

Non-magnetized Turbulence
What do simulations tell us about the star formation rate of
magnetized vs. unmagnetized turbulence? Here we focus on
this question in the context of pure turbulence, deferring the
question of the interaction ofmagnetic fields with stellar feedback
to section 2.3. We show an example result from numerical
simulations in Figure 1. As the figure shows, the presence of
a dynamically significant magnetic field generally reduces the
density contrast in turbulence, and leads to a pattern of star
formation that is more distributed. The overall star formation
rate decreases, or equivalently the time required to convert a fixed
fraction of the gas to stars increases, as themagnetic field strength
increases. A number of authors have conducted parameter
studies of the star formation rate in supersonic turbulence as a
function of magnetic field strength and other parameters (Price
and Bate, 2009; Dib et al., 2010a; Padoan and Nordlund, 2011;
Federrath and Klessen, 2012; Padoan et al., 2012). The primary
finding from these studies is that, compared to a non-magnetized
flow of equal Mach number and virial ratio (ratio of kinetic to
gravitational potential energy), a magnetic field strong enough
to render the gas trans-Alfvénic (MA ≈ 1) but still leave it
supercritical (µ8 < 1) results in a star formation rate that is
a factor of ≈ 2 − 3 lower. This finding holds over a range
of sonic Mach numbers M ≈ 5 − 50 and cloud virial ratios
αvir ≈ 1 − 5. These findings indicate that magnetic fields by
themselves cannot explain the low value of ǫff, but that they can
contribute non-negligibly toward an explanation.

The mechanism by which magnetic fields reduce the star
formation rate is not entirely clear. Modern theories that attempt
to explain the low value of ǫff as a consequence of turbulence
generally contain a few basic ingredients (e.g., Krumholz and
McKee, 2005; Hennebelle and Chabrier, 2011, 2013; Padoan and
Nordlund, 2011; Federrath and Klessen, 2012; Hopkins, 2012,
2013; Padoan et al., 2012; Burkhart, 2018; Burkhart and Mocz,
2018). The first of these is that turbulence, possibly coupled
with self-gravity, will impose a certain probability distribution
function (PDF) on the gas density. In the simplest models
this PDF is taken to be log normal, since numerous numerical
and analytic studies show that isothermal, non-self-gravitating
turbulence generates a PDF of this form. However, some models

5Our claim that B will become increasingly unimportant compared to W as a

cloud collapsesmight fail if the collapse drives a significant dynamo. In this case the

dynamo would cause an increase in the magnetic energy B without a concomitant

increase in the net magnetic flux, so that our assumption that B ∝ M2
8 would

fail (Birnboim et al., 2018). However, even if this does occur, since the dynamo is

ultimately powered by the collapse, it is energetically limited toB < f |W| for some

f < 1. Thus our claim that amagnetic field can only delay collapse in a supercritical

cloud by a factor of order unity continues to hold.

also add a time-dependent evolution of the high-density tail
into a power law shape, since simulations of turbulence with
self-gravity show that such tails tend to grow over time (e.g.,
Klessen, 2000; Dib and Burkert, 2005; Collins et al., 2011, 2012;
Kritsuk et al., 2011; Federrath and Klessen, 2013; Girichidis
et al., 2014; Burkhart et al., 2017; Scannapieco and Safarzadeh,
2018). The second is that the presence of turbulent motions
imposes a critical density at which molecular clouds transition
from gravitationally unbound and inert to bound and star-
forming. Depending on the model, this density may be uniform
everywhere, or it may depend on the particular length or
size scale. Third, mass within a molecular cloud that exceeds
the density threshold for stability is assumed to collapse into
stars and be replaced with fresh, lower density material on
some timescale. Again, depending on the model this timescale
can be the local free-fall time in the high-density gas, the
mean-density free-fall time of the entire cloud, or anything
in between.

Models based on this paradigm of turbulent regulation appear
to be able to reproduce a broad range of observables. For example,
Padoan et al. (2017) simulate a large section of a galaxy in which
molecular cloud turbulence is driven by supernovae; they study
the distribution of ǫff values within individual molecular clouds,
and find a median value of about 0.025, with a spread of ≈ 0.5
dex, fully consistent with the observed distribution. Similarly,
Semenov et al. (2016) use a turbulence-regulated star formation
prescription as a subgrid model in a galaxy-scale simulation,
and show that the result agrees well with galactic-scale
measurements of the correlation between star formation and gas
surface densities.

In the context of these models, magnetic fields play a few
potentially important roles, which in general tend to lower
the star formation rate compared to a similar non-magnetized
case. First, the presence of a magnetic field narrows the density
PDF compared to what would prevail in a non-magnetic flow,
because magnetic fields provide an additional support against
shock compression that renders it more difficult to drive
gas to high densities. This narrowing will lead to less mass
exceeding the threshold density for the onset of collapse. This
effect has been studied by a number of authors (e.g., Cho
and Lazarian, 2003; Kowal et al., 2007; Burkhart et al., 2009;
Molina et al., 2012; Mocz et al., 2017), but its magnitude is
still not entirely certain, because it depends crucially on the
scaling of magnetic field strength with density. The density
jump across an isothermal shock of sonic Mach number M

with pre-shock ratio of thermal to magnetic pressure β0 will
depend on how the pre- and post-shock magnetic fields compare,
which is determined by the relative orientation between the field
and the shock plane. This distribution of relative orientations
is most conveniently expressed in terms of the magnetic
field-density scaling.

For a constant magnetic field on both sides of the shock,
expected if the typical shock is orthogonal to the local magnetic
field, the density jump is ρ1/ρ0 ∝ M

2 independent of β0,
while for B ∝ ρ1/2, for example, ρ1/ρ0 ∝ M

2β0/(β0 +

1); more detailed expressions for other scalings may be found
in Molina et al. (2012) and Mocz and Burkhart (2018). In
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FIGURE 1 | Density projections in three simulations of self-gravitating MHD turbulence from Federrath and Klessen (2012). Each simulation takes place in a periodic

box 8 pc on a side, initially containing 6, 200 M
⊙

of isothermal gas with sound speed cs = 0.2 km s−1, driven with a mix of solenoidal and compressive turbulent

modes at a sonic Mach number M = 10. The three simulations were initialized with uniform magnetic fields with field strength B = 0, 1 µG, and 3 µG (left to right);

once the turbulence reaches steady state, the corresponding Alfvén Mach numbers are MA = ∞, 13, and 2.7. Points show the locations of sink particles, with color

indicating mass. All three simulations have been run to the point where 20% of the initial gas mass has converted to stars, but they have taken different lengths of time

to reach this point.

the regime of super-Alfvénic turbulence (MA ≫ 1) and in
the absence of self-gravity, the turbulence is isotropic and
both analytic arguments and simulations predict the latter
scaling, B ∝ ρ1/2 (e.g., Collins et al., 2011, 2012). This leads
to a prediction that the variance of the logarithmic density
distribution depends on mean Mach number and plasma β as
(Molina et al., 2012)

σ 2
ln ρ = ln

(

1+ b2M2 β

β + 1

)

, (9)

where b is a constant of order unity that depends on the
turbulent driving pattern (Federrath et al., 2008; Konstandin
et al., 2012; Federrath and Banerjee, 2015). When β ≪ 1, as is
the case for observed molecular clouds,6 this yields a significantly
lower dispersion of densities than for a non-magnetized
flow, β = ∞.

However, this relation breaks down in the trans- or sub-
Alfvénic regime that we have argued above is likely more realistic.
For such flows, the magnetic field appears to suppress the density
variance less than what would be predicted by Equation (9). This
may be because the anisotropy of sub-Alfvénic turbulence means
that one can no longer assume a single, simple density-magnetic
field scaling. For example, if strong magnetic fields confine
turbulent motions to flow primarily along rather than across field
lines, then most shocks will be predominantly orthogonal to the

6For 10 K gas that is 75%H2 and 25%He bymass, typical properties in a molecular

cloud, β = 0.21n3/B
2
1, where n3 is the number density of H nuclei in units of 103

cm−3 and B1 is the magnetic field strength in units of 10µG. Crutcher (2012) finds

typical field strengths B1 ≈ 1 at n3 ≈ 1, corresponding to β ∼ 0.1, and B1 ≈ 500

at n3 ≈ 1, 000, corresponding to β ∼ 10−3.

field, in which case the pre- and post-shock fields will be nearly
identical, and magnetic forces will not provide any resistance to
compression. It is also unclear if the scaling between B and ρ

might be different for strongly self-gravitating flows. Li P. S. et al.
(2015) find in simulations of the formation of an infrared dark
cloud that volume-averaged density and magnetic field strengths
are related by 〈B〉 ∝ 〈ρ〉0.65, but it is unclear if the same
powerlaw relationship applies point-wise, rather than averaged
over volumes. In their self-gravitating simulations, Mocz et al.
(2017) find scalings that vary from B ∝ ρ2/3 for initially-weak
fields (MA ≫ 1) to B ∝ ρ1/2 for initially-strong fields, with
a smooth transition as a function of MA. In order to fully
understand how magnetic fields modify the density PDF, more
studies of this type, across a wider range of parameter space,
will be needed to extend the Molina et al. (2012) scaling. In
addition, there is a need for more extensive studies including the
effects of ion-neutral drift. Only a few studies of this type have
been published (Li et al., 2008; Downes, 2012; Meyer et al., 2014;
Burkhart et al., 2015; Ntormousi et al., 2016), and they suggest
that ion-neutral drift at the levels expected for molecular clumps
with the observed value RAD ∼ 20 should partially offset the
tendency of magnetic fields to narrow the density PDF, increasing
the width back toward that produced in the non-magnetized
limit. However, there has yet to be a comprehensive survey of
parameter space.

A second way that magnetic fields can alter the star formation
rate is by providing additional support against collapse, and
thereby increasing the density threshold at which self-gravity
becomes dominant. Consider a uniform spherical region of
radius R, density ρ, 1D velocity dispersion σ , and magnetic field
B; for this region, the condition for the right-hand side of the
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virial theorem (Equation 1) to be negative and thus indicative of
collapse is, neglecting the surface terms

ρ >
3

4πGR2

(

c2s + σ 2
+

v2A
2

)

=

3

4πGR2

[(

1+ β−1
)

c2s + σ 2
]

.

(10)
Thus a non-zero magnetic field, implying vA > 0, makes it
more difficult for a small-scale structure to collapse. A number of
authors have suggested modified collapse criteria incorporating
effects similar in functional form to Equation 10 (Hennebelle
and Chabrier, 2008, 2009; Padoan andNordlund, 2011; Federrath
and Klessen, 2012; Hopkins, 2012, 2013). However, we caution
that none of these modifications (nor, indeed, their original
unmagnetized versions) properly account for the surface terms in
the virial theorem, which can be non-negligible (Dib et al., 2007).

As with the density PDF, the importance of this effect depends
on the small-scale magnetic field and its correlation with density:
if B ∝ ρ1/2, as expected for super-Alfvénic, non-self-gravitating
flows, this would imply vA ≈ constant, in which case magnetic
effects would impose a very important modification on the
collapse criterion, because in observed molecular clouds vA/cs &
10, so amagnetic field would have the effect of raising the effective
sound speed of the gas by a factor of a few to ten. However, this
may be an overestimate of the true effect, because the B ∝ ρ1/2

scaling follows only on scales where the turbulence is super-
Alfvénic. Dense regions in turbulent media have smaller velocity
dispersions, both because they tend to be physically small, and
because density and velocity are anti-correlated (e.g., Offner et al.,
2009a), and thus at scales dense enough to be candidates for
collapse the B ∝ ρ1/2 scaling might break down because the
field is anisotropic. Hopkins (2013) suggest an alternate collapse
criterion that attempts to take this effect into account, but thus
far it has not been tested in simulations.

Given the uncertainty on the scaling of magnetic field with
density, it is not entirely clear which of the two mechanisms
we have discussed—narrowing of the density PDF or increasing
the threshold for collapse—is dominant in explaining how
magnetic fields lower the star formation rate, or if both contribute
comparably. Although they have not been explored extensively,
for completeness we mention two other possible mechanisms
that seem worth of investigation. First, one crucial ingredient
of turbulence regulation models is the velocity power spectrum,
which determines the scaling between σ and R in Equation (10)
and analogous collapse conditions. There is limited evidence
from some MHD simulations that the presence of a strong
magnetic field might alter the velocity power spectrum (e.g.,
Lemaster and Stone, 2009; Collins et al., 2012), but the issue
has received only limited exploration, and all published analytic
models to date assume the same velocity power spectrum
for magnetized and non-magnetized flows. Thus the potential
impact of a velocity power spectrum that depends explicitly on
magnetic field strength has not been explored. A second potential
effect of magnetic fields is in models that include a powerlaw
tail in the density PDF. The rate at which such tails develop,
and the density at which they join onto the log normal part
of the PDF, are at least potentially sensitive to the magnetic
field strength. At present, however, no published models have

examined this possibility. However, we emphasize that, while the
mechanism by which magnetic fields reduce the star formation
rate in a turbulent medium relative to the non-magnetized case
is uncertain, the numerical experiments leave little doubt that the
amount of reduction is roughly a factor of two to three, at least in
the ideal MHD limit.

2.2.2. Effects on Maintenance of Turbulence
In addition to directly reducing the rate of star formation via their
effects on the gas density structure and boundedness, magnetic
fields may also affect the star formation rate in turbulent flows
in two other ways. The first, via their effect on the rate at which
turbulence decays, we discuss here, while the second, through
their interaction with feedback, we defer to section 2.3.

One of the fundamental challenges in understanding the low
observed value of ǫff via turbulence is that supersonic turbulence
decays on a time scale comparable to the turbulent flow crossing
time, which, in a systemwith virial ratio near unity, is comparable
to the free-fall time (e.g., Tan et al., 2006). By itself, the presence of
a magnetic field does not appear to change this basic result (e.g.,
Mac Low et al., 1998; Stone et al., 1998; Mac Low, 1999; Ostriker
et al., 1999; Heitsch et al., 2001); at best strongly magnetized
thin sheets can retain a small amount of excess kinetic energy
in the form of incompressible motions in the sheet (Kim and
Basu, 2013). However, there is one possible exception to this
statement worth noting: while magnetic fields do not alter the
decay rate of turbulence driven by external forcing, for example
by star formation feedback, it is possible that they do alter the
decay rate of turbulence that is driven by the self-gravitational
compression of the gas itself (Birnboim et al., 2018). This effect
is driven mainly because compression in a strongly magnetized
gas causes the flow to become highly anisotropic, and anisotropy
reduces the decay rate of supersonic turbulence because the
decay rate becomes of order the crossing time in the most
elongated, slowest direction (Cho and Lazarian, 2003; Hansen
et al., 2011). We illustrate this effect in Figure 2. Consequently,
while a compressing hydrodynamic fluid will remain turbulent
only as long as the compression timescale is comparable to or
smaller than the crossing timescale (Robertson and Goldreich,
2012), for a magnetized compressing fluid this requirement is
considerably relaxed.

This effect has yet to be embedded in the context of an analytic
or semi-analyticmodel, and simulations of collapsingmagnetized
clouds have generally included other physical mechanisms,
particularly star formation feedback or thermal instability, that
would make it hard to isolate the importance of this effect.
Nonetheless, it seems possible that the increased efficiency of
turbulent driving in a magnetized compressing medium relative
to a non-compressing one may be important for explaining the
ubiquity of turbulent motions observed in molecular clouds and
the low value of ǫff that they appear to produce.

2.3. Magnetic Fields and Feedback
Perhaps the most important possible effect of magnetic fields on
star formation rates is via their interaction with feedback. A full
review of feedback mechanisms is beyond the scope of this paper,
and we refer readers to Krumholz et al. (2014). Here we focus on
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FIGURE 2 | Results from two simulations of compressing isothermal turbulence, without (left) and with (right) a magnetic field, from Birnboim et al. (2018). In both

panels, lines show flow streamlines, with the z-velocity along the streamline color-coded by Mach number. Grayscale on the box edges indicates the logarithm of gas

density, in units where the mean density in the computational domain is unity. The total velocity dispersions in the two simulations shown are comparable, but the

simulation including a magnetic field has a much lower dissipation rate because the field has organized the flow into a highly-anisotropic state.

the interaction of feedback mechanisms with magnetic fields, and
the impact of this interaction on star formation rates.

2.3.1. Protostellar Outflows
As mass falls onto forming stars, its angular momentum causes
it to form disks, and matter orbiting in disks creates helical
magnetic fields that launch some fraction of the accreting
material into a fast-moving outflow (Bally, 2016, and references
therein). Magnetic fields (and possibly also non-ideal MHD
effects—e.g., Tomida et al., 2015; Tsukamoto et al., 2015; Nolan
et al., 2017; Zhao et al., 2018) are clearly required for launching
outflows in the first place. However, they also play a crucial role in
regulating their interaction with the surrounding environment.
Protostellar outflows are highly-collimated: Matzner and McKee
(1999) show that, far from their launch point, all hydromagnetic
winds approach a common momentum distribution

dp

dµ
∝

1

ln (2/θ0)
(

1+ θ20 − µ2
) , (11)

where µ = cos θ , θ is the angle relative to the central axis of
the outflow, and dp/dµ is the differential momentum carried by
the wind within a range of angles µ to µ + dµ. The parameter
θ0 specifies the intrinsic breadth of the outflow, and is typically
small, implying a high degree of collimation: Matzner andMcKee
(1999) estimate θ0 ≈ 0.01, which corresponds to 50% of the
total outflowmomentum being injected into 1% of the solid angle
centered on the outflow axis.

Due to this high degree of collimation, for purely
hydrodynamic flows (even if we neglect the fact that without
magnetic fields no outflows would form at all), the effects
of outflows should be very limited. Since pressure forces are

generally negligible in molecular clouds, there is no efficient
mechanism to redistribute the narrowly-focused outflow
momentum. Consequently, one excepts that outflows will
simply punch small holes into their parent clouds. Magnetic
fields, on the other hand, couple gas across larger distances,
and thus do provide a mechanism by which the momentum
injected by an outflow can be shared with a larger quantity of
gas. This should have the effect of making outflow feedback far
more effective in the presence of magnetic fields. This effect
is demonstrated clearly in the simulations of Offner and Liu
(2018) in the context of exploring the effects of line-driven
winds (as opposed to hydromagnetic winds) from intermediate
mass stars on molecular clouds. They find that hydromagnetic
waves that are launched from the working surfaces where winds
impact molecular cloud material efficiently transfer energy and
momentum over large distances, leading to significant turbulent
motions far from the impact site.

Simulations bear out this conclusion. On the scales of
individual cores with masses ∼ M

⊙
, Offner and Arce (2014)

and Offner and Chaban (2017) find that, for fixed outflow
properties and initial conditions, a decrease in the mass to
magnetic critical mass ratio from µ8 = ∞ to µ8 = 1.5
(corresponding to an increase from zero magnetic field to near-
critical) is associated with a reduction in the fraction of mass
accreted onto the final star from ≈ 50 to ≈ 15%. Note, however,
that this conclusion depends on the outflow properties being
independent of the large-scale field, as is the case in Offner
and Chaban (2017)’s simulations because the outflow launching
region is not resolved, and thus the outflows are inserted by
hand. In simulations with self-consistently launched outflows,
Machida and Hosokawa (2013) find the opposite dependence,
because stronger fields produce more magnetic braking, which
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in turn makes the outflows weaker. However, it is unclear
how realistic this conclusion is, since Machida and Hosokawa’s
simulations use laminar initial conditions with well-ordered
fields, and simulations with turbulent initial conditions and
fields find that these greatly reduce the effectiveness of magnetic
braking (Santos-Lima et al., 2012; Seifried et al., 2012, 2013).

A similar dependence on magnetic fields is apparent in
simulations of the formation of star clusters from gas clumps
with masses of ∼ 100 − 1, 000 M

⊙
. For low-mass clusters,

Hansen et al. (2012) found that outflows reduced the overall rate
of star formation by a factor of ∼ 2 in simulations that did
not include magnetic fields, while for much more massive and
dense clusters, Krumholz et al. (2012b) found an even smaller
reduction in ǫff, by a factor of ≈ 1.2. Murray et al. (2018)
obtain a similarly-small effect. By contrast, simulations that
include both outflows and magnetic fields find much stronger
effects. Nakamura and Li (2007) and Wang et al. (2010) find
that the combination of outflows plus magnetic fields yields
a reduction in ǫff from ≈ 1 to ≈ 0.1 in clouds that are
slightly magnetically supercritical. Moreover, the combination is
sufficient to prevent the cloud from going into overall collapse,
because outflow momentum coupled to the magnetic fields
maintains the turbulent velocity dispersion, keeping the clouds
near virial balance. Federrath (2015) find thatmagnetic fields plus
outflows together produce ǫff ≈ 0.04, which, given the systematic
uncertainties discussed in section 2.1, is within the range of
the observations.

In simulations including both radiative heating from young
stars and outflows, Myers et al. (2014) find that the combination
of these two effects in the absence of magnetic fields yields
ǫff = 0.17, while adding magnetic fields at a level corresponding
to µ8 = 2 reduces this to 0.07. Cunningham et al. (2018)
obtain a similarly-large difference between runs with and without
magnetic fields, which we illustrate in Figure 3. Most recently,
Li et al. (2018) have obtained ǫff ≈ 0.03 − 0.07 (depending on
exactly how they measure it) in a simulation that self-consistently
follow the formation and evolution of a cloud with radiative and
outflow feedback.

In summary, magnetic fields appear to have a multiplicative
effect on outflow feedback, producing a significantly greater
reduction in ǫff than do either magnetic fields without outflows,
or outflows without magnetic fields. Modern simulations that
include both effects are now able to reproduce values toward
the high end of the observed ǫff distribution. The remaining
discrepancy may be due to other physical effects still missing in
the simulations, or due to systematic errors at the factor of ≈ 3
level affecting the observed ǫff. There are systematic uncertainties
on the values of ǫff from simulations as well, though these are
likely somewhat smaller. For example, when measuring ǫff from
a simulation, one must choose a Lagrangian region (e.g., all the
mass above some density ρmin) or an Eulerian region (e.g., all the
mass inside a simulation box) over which it is to bemeasured, and
differences in how this region is chosen can lead to variations in
the inferred ǫff value at the factor of≈ 2 level. Similarly, multiple
simulations carried out with the same physical setup by different
random realizations of turbulence show ≈ 50% variations in ǫff
(Federrath and Klessen, 2012), though this issue has not been

explored extensively in simulations including feedback due to
their high computational cost.

2.3.2. Photoionization
While all forming stars likely produce outflows, only the most
massive produce substantial ionizing luminosities. When such
stars are present, however, they are probably the dominant
sources of feedback at the scales of molecular clouds. Ionizing
radiation heats the gas it encounters to temperatures ≈ 104

K, such that the sound speed is ≈ 10 km s−1, well above
the escape speed in most molecular clouds. Consequently, the
ionized gas rapidly escapes from the cloud, directly removing
mass and exerting back-forces on the remaining neutral material
that can potentially drive turbulence or eject evenmoremass. The
development of an H II region is the observable manifestation of
this phenomenon, and both analytic models (e.g., Matzner, 2002;
Krumholz et al., 2006) and numerical simulations (e.g., Grudić
et al., 2018; Kim et al., 2018) suggest that H II region formation is
important for regulating star formation rates inmolecular clouds.

What role do magnetic fields play in these processes?
Krumholz et al. (2007b) provide a basic analytic outline, which
they show roughly predicts the behavior of simulations. The
ionized gas sound speed ci is much larger than the Alfvén speed
vA in typical Galactic molecular clouds, so as an H II region
begins expanding, the pressure of newly ionized gas is much
larger than the magnetic pressure, and magnetic fields have little
effect on the dynamics. As the ionized gas expands, however, its
density drops, while the forces this gas exerts on neighboring
neutral material cause it to compress, raising the magnetic field
strength. Thus as H II regions evolve, the ionized gas pressure
falls and the magnetic pressure and tension in the neighboring
neutral material rise, until the forces become comparable. This
occurs once the H II region reaches a characteristic size

rm ≡

(

ci

vA

)4/3
(

3Q

4παBfen
2
H,0

)1/3

≈ 1.6Q
1/3
49 B

−4/3
2 T0.94

4 pc

(12)
where ci ≈ 10 km s−1 is the ionized gas sound speed, vA and
nH,0 are the Alfvén speed and number density of H nuclei in
the undisturbed neutral medium into which the H II region is
expanding,Q is the ionizing luminosity measured in photons per
unit time, αB is the case B recombination coefficient, and fe is the
mean number of free electrons per hydrogen atom in the ionized
region. In the numerical evaluation we have adopted fe = 1.1 (i.e.,
assumed He is singly-ionized), and defined Q49 = Q/1049 s−1,
B2 = B/100 µG, T4 = T/104 K, with T the temperature in the
H II region; we evaluate αB using the powerlaw approximation
given by Draine (2011). We have chosen the numerical scalings
so that all parameters are typically of order unity for an early O
star and the magnetic field strengths typically observed toward
regions of massive star formation (Crutcher, 2012).

Since the magnetic characteristic radius rm is smaller than the
size of typical molecular clouds, magnetic forces will generally
become non-negligible at some point during the evolution of
a typical H II region. There is significant evidence for this
from studies of H II region morphology. Simulations predict
that significant magnetic forces cause H II regions to become
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FIGURE 3 | Results from simulations of star cluster formation including outflows and radiative heating by Cunningham et al. (2018), comparing a case without

magnetic fields (left, mass to magnetic critical mass ratio µ8 = ∞) to an otherwise-identical simulation with a strong magnetic field (right, mass to magnetic critical

mass ratio µ8 = 2.17). Blue color shows volume-weighted mean density projected along each line of sight. Red color indicates the presence of gas moving with

velocity greater than twice the RMS speed in the simulation domain, with the opacity becoming complete at fives times the RMS speed; thus the red color mostly

traces outflows or gas entrained by them. White circles indicate the positions of protostars. Note how the simulation without magnetic fields has most of the mass

collapsed into a single dense clump, with outflows poking small holes but not ejecting much mass. The strongly magnetized run has a more distributed morphology,

and outflows are more effective at preventing the build-up of dense structures.

elongated along the direction of the large-scale field, while the
field is distorted into a ring-like morphology tracing the dense
shell that forms the H II region’s boundary (Krumholz et al.,
2007b; Arthur et al., 2011; Mackey and Lim, 2011; Wise and
Abel, 2011). These features are in fact observed (Pellegrini et al.,
2007; Tang et al., 2009). For example, Pavel and Clemens (2012)
combine radio recombination line surveys for H II regions with
near-IR polarimetry and find that young H II regions have their
long axes preferentially aligned with the mean magnetic field
of the galactic disk around them. Chen et al. (2017) measure
the orientation of the magnetic field in the molecular gas ring
N4, which traces the edges of an H II region, using near-IR
polarimetry of background stars. They find that, exactly as the
simulations predict, the magnetic field orientation on the plane
of the sky is preferentially tangential to the ring, with 16/21 of the
field orientation vectors lying within 30◦ of this direction, and
10/21 lying within 10◦.

It is less clear, however, whether magnetic effects are
quantitatively important when it comes to determining the star
formation rate. Gendelev and Krumholz (2012) find that the
compressed magnetic field associated with a magnetized H II

region stores a significant energy reservoir, which at least has
the potential to drive motions and convert a greater fraction
of the injected energy to turbulence than would be the case
for a non-magnetized region. While the latter effect has yet to
be demonstrated in simulations of H II regions, the analogous
process has been demonstrated for wind feedback by Offner
and Liu (2018). Geen et al. (2015, 2017) find that magnetic

fields help confine H II regions and prevent gas and ionizing
photons from escaping; we reproduce two snapshots from their
simulations in Figure 4. However, this effect changes the total
H II region energy and momentum budget relatively little,
suggesting that the impact on star formation (which is not
included in their simulations) might also be relatively small.
To date there have been far fewer systematic studies of the
interaction of photoionization feedback withmagnetic fields than
for outflow feedback, and thus the range of possible effects is
much less certain.

2.3.3. Supernovae, Winds, and Interface Mixing
Supernovae (SNe) represent another form of feedback with
which it is possible for magnetic fields to interact. While
photoionization is the dominant form of feedback on the scales of
molecular clouds, SNe are more important at galactic scales, and
in the past few years a number of authors have argued that either
the large-scale rate of star formation in galaxies, the velocity
dispersion of the ISM on large scales, or both, are ultimately
dictated by the amount of radial momentum injected into the
ISM when a SN explosion occurs (e.g., Dib et al., 2006; Joung
and Mac Low, 2006; Hopkins et al., 2011; Ostriker and Shetty,
2011; Shetty and Ostriker, 2012; Faucher-Giguère et al., 2013;
Krumholz et al., 2018a). For a single SN, many authors have
found that this radial momentum budget is≈ 3×105 M

⊙
km s−1

per SN (e.g., Iffrig and Hennebelle, 2015; Kim and Ostriker, 2015;
Martizzi et al., 2015; Walch and Naab, 2015), and theoretical
models for the ISM often adopt this value.
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FIGURE 4 | Snapshots of two simulations by Geen et al. (2015), one with a magnetic field (left) and one without (right). The region shown is a cube 27 pc on a side,

with a single ionizing source with a luminosity Q = 1048 ionizing photons s−1 located at the origin, indicated by the red circle. The slices show the state 2 Myr after the

ionizing source turns on. Color shows the maximum density projected along each line of sight, as indicated by the color bar. The cyan contour marks the region where,

somewhere along the line of sight, the ionization fraction exceeds 10%. Notice how the presence of the magnetic field has prevented the H II region from blowing out.

Since the Alfvén speed in galactic disks is far less than the
expansion speeds of SN remnants (SNRs), at least until very late
in their evolution, magnetic forces are generally unimportant for
SNRs on large scales; this makes them fundamentally different
than H II regions, where magnetic forces become important early
on. However, magnetic fields may nevertheless play an important
role on small scales. The dynamics of a SNR, particularly one
driven by multiple SNe occurring over time, are ultimately
controlled by the rate of radiative energy loss from the SN-
heated gas that acts as a piston to drive the expansion of the
surrounding cold ISM; the longer it takes the hot gas to radiate
away its energy, the more energy is available to accelerate the cold
ISM7. This energy loss, in turn, has the potential to be completely
dominated by the interface layer between the hot and cold fluids,
and thus the rate of energy loss depends critically upon the rate
of mixing across the contact discontinuity separating hot and
cold gas (McKee et al., 1984; Tenorio-Tagle et al., 1990, 1991;
Strickland and Stevens, 1998). Differing assumptions about the
rate of mixing lead to order of magnitude or larger variations in
the predicted X-ray luminosities of hot bubbles (e.g., Dunne et al.,
2003; Rosen et al., 2014), with corresponding variations in the
amount of momentum that an expanding hot bubble can deliver
before radiative cooling saps its energy (Keller et al., 2014, 2015;
Fierlinger et al., 2016; Gentry et al., 2017).

This is not a small effect: for example, Gentry et al. (2017)
survey a large parameter space of supernova number, metallicity,
and ISM density using 1D simulations, and find that, if there
is negligible mixing across the interface, a SNR driven by a
cluster of 10 SNe will on average inject ≈ 10 times as much
radial momentum per SN (i.e., about 3 × 106 M

⊙
km s−1

7The arguments about SNRs that wemake here apply equally well to bubbles of hot

gas produced by the radiatively-driven winds of massive stars. We focus on SNRs

because they are likely more important for regulating star formation rates, but the

underlying physical issues are much the same for wind bubbles.

per SN instead of 3 × 105) as a SNR driven by a single star.
Sharma et al. (2014) and Yadav et al. (2017) find similarly-
large enhancements from clustering in their 3D simulations
of a smaller parameter space. Averaging of the star cluster
mass function, Gentry et al. (2017) find a net increase in
momentum yield per SN of a factor of ≈ 4 compared to
the commonly-adopted value. On the other hand, if there is
efficient mixing, then clustering of SNe does not substantially
change the momentum budget. Depending on the large-scale
ISM model adopted, this factor of ≈ 4 variation in the SN
momentum budget implies either a factor of ≈ 4 variation in
the star formation rate, the ISM velocity dispersion, or some
combination of the two. Consequently, any mechanism that
alters the rate of mixing across contact discontinuities between
hot and cold gas has the potential to alter the effects of SN
feedback on the structure and star formation rate of the ISM at
this level.

Magnetic fields potentially play an important role in
this problem because they suppress mixing across contact
discontinuities, and thus tend to push toward higher momentum
yields from SNRs. This suppression takes two forms: first,
magnetic fields prevent electrons from free-streaming across field
lines, which tend to be parallel to the contact discontinuity as
a result of sweeping-up of pre-existing fields by the expanding
hot bubble; this greatly reduces the rate of thermal conduction
(e.g., Vikhlinin et al., 2001; Markevitch and Vikhlinin, 2007).
Second, by providing a surface tension-like force, magnetic
fields parallel to an interface strongly suppress physical mixing
between two fluids by suppressing instabilities such as Rayleigh-
Taylor and Kelvin-Helmholtz that would otherwise mix fluids
(e.g., Stone and Gardiner, 2007a,b; McCourt et al., 2015;
Banda-Barragán et al., 2016, 2018). Offner and Arce (2015)
find that this effect can be partially offset by magnetic kink
instabilities, but the net amount of mixing across the interface
is still reduced by the presence of a field. In direct simulations
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of SNR expansion, Gentry et al. (2019) find that, at fixed
resolution, simulations including magnetic fields lead to SNRs
having noticeably larger terminal radial momenta than purely
hydrodynamic simulations.

However, the magnitude of this effect remains very poorly-
understood due to the extremely challenging numerics of the
problem. To obtain a result for the terminal momentum
of a SNR one must of course simulate its full expansion,
which will easily reach size scales of a few hundred pc if
there are multiple SNe. However, one must simultaneously
resolve the edge of the SNR well enough that numerical
mixing does not dominate the transport rate across the contact
discontinuity. The characteristic thickness of the interface, set
by balancing the rate of conductive heat flux from hot to
cold against the rate of radiative loss, is the Field length
(Field, 1965; Koyama and Inutsuka, 2004),

λF =

√

κcT

n2H3
, (13)

where κc is the conduction coefficient, T is the temperature, n is
the number density of H nuclei, and 3 is the cooling function
(i.e., the energy radiated per unit volume per unit time is n2H3).
The conductivity, assuming the unsaturated limit and a gas of
fully ionized H and He in the usual interstellar ratio, is (Cowie
and McKee, 1977)

κc ≈
1.84× 1010T

5/2
6

29.9+ ln(T6n
−1/2
0 )

erg s−1 K−1 cm−1, (14)

while in the temperature range ∼ 104 − 106 K that characterizes
the interface, the cooling rate for Solar metallicity gas is
(Draine, 2011)

3 ≈ 1.3× 10−22T−0.7
6 erg cm3 s−1, (15)

where T6 = T/106 K and n0 = nH/1 cm−3. For nH = 0.1 cm−3

and T = 105 K, typical interface values, we have λF ≈ 0.05
pc, implying that effective resolutions of > 1, 0003 would be
required to capture the interface and the SNR as a whole in the
same simulation.

Not surprisingly, numerical simulations have struggled to
reach this goal. Without magnetic fields, Fierlinger et al.
(2016) are able to obtain convergence in their 1D Eulerian
simulations only if they impose a subgrid diffusion model that
corresponds to assuming efficient turbulent mixing across the
contact discontinuity. Gentry et al. (2017) do obtain convergence
in their 1D simulations of SNR evolution with multiple SNe
without such a model, but only using a pseudo-Lagrangian
method to minimize numerical mixing across the hot-cold
interface, and upon reaching a resolution 1x ≈ 0.03 pc; they
are unable to obtain convergence with Eulerian methods. In
3D hydrodynamic simulations, Yadav et al. (2017) and Gentry
et al. (2019) find that SNR energies and momenta are still
not converged at resolutions of a few tenths of a pc, the
highest they could simulate. In contrast, Kim et al. (2017)

do report convergence in their 3D simulations at a factor of
several lower resolution, 1.5 pc, which they attribute to the
fact that they simulate a non-uniform background into which
the SNR expands, and that this makes convergence easier to
obtain. Gentry et al. (2019), on the other hand, suggest that
the convergence might instead be an artifact of mixing being
dominated by the advection of the contact discontinuity across
the grid, which might not converge as the resolution increases,
since the front would mix less per cell but would have to
cross a larger number of cells per unit time. In summary, we
are still some distance from determining the true momentum
of SNRs even in the hydrodynamic case. It seems unlikely
we will be able to measure the difference between this case
and the magnetized one until we make progress on issues
of convergence.

2.3.4. Cosmic Ray Feedback
The final form of feedback that we discuss is cosmic rays
(CRs). A full review of CR physics is well beyond the scope
of this review, and we refer readers to Zweibel (2013) for a
comprehensive treatment; here we only summarize the most
important features. CRs are a population of non-thermal particles
created when charged particles bounce back and forth across
magnetized shocks; each passage through the shock increases
the particle energy, allowing the shock to act like a particle
accelerator. Magnetic fields are required to create CRs, but
they are also critical for providing a mechanism by which
CRs can couple to gas dynamics: CRs scatter off Alfvén
waves or other inhomogeneities in magnetic fields, transferring
momentum in the process. Thus CR feedback is fundamentally a
magnetic process.

One critical question for CR feedback is the size scale on
which it is effective.While anymagnetized shock in a sufficiently-
ionized plasma can accelerate CRs, the bulk of the CR energy
budget on galactic scales comes from SN shocks, which convert
∼ 10% of their initial kinetic energy into CRs. This population
is injected on the scales of SN remnants, which are much larger
than individual molecular clouds, and the population further
spreads out in height as it diffuses through the galactic magnetic
field. Thus while the pressure provided by CRs at the midplane
of the Milky Way or similar galaxies is comparable to the
magnetic or turbulent ram pressures, the scale height of the
CRs is much larger than that of the star-forming molecular gas
(Boulares and Cox, 1990). For this reason, most recent work
on CR feedback has focused on their possible role as drivers of
galactic winds (e.g., Uhlig et al., 2012; Girichidis et al., 2018,
among many others) or sources of heating in galaxy winds
or halos (e.g., Wiener et al., 2013; Ruszkowski et al., 2017),
in which role they would affect star formation only indirectly,
but modulating the fuel supply for it. It is unclear if CRs can
affect the SFR for gas already in a galaxy. Socrates et al. (2008)
suggest that CR feedback prevents galactic SFRs per unit area
from exceeding some maximum value. While observations do
suggest that there is in fact an upper limit to galaxy areal
SFRs, CRs are far from the only possible explanation for it
(e.g., Crocker et al., 2018), and the Socrates et al. calculation
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is not precise enough to allow quantitative comparison to
the observations.

On the smaller scales of individual molecular clouds, for
CR feedback to be dynamically significant there must be some
mechanism for producing a CR pressure gradient8. One potential
mechanism for producing a gradient is absorption of low-
energy, non-relativistic CRs by molecular gas. Clouds with
column densities & 1023 cm−2 dissipate CRs with the streaming
instability, ultimately converting much of the CR energy to
turbulent motions (Schlickeiser et al., 2016); to date there has
been no exploration of whether this could be a significant
source of turbulence in molecular clouds, that a priori it seems
unlikely on energetic grounds, since the energy density of
CRs at a galactic midplane is comparable to the mean kinetic
energy density, while the kinetic energy density associated with
turbulence in a molecular cloud is ∼ 2 orders of magnitude
larger. One can make a similar point about another possible
source of inhomogeneity, CRs generated by protostellar jets
(Padovani et al., 2015): while these may be important sources
of ionization, even if one assumes efficient CR acceleration such
that ≈ 10% of the energy in jets is ultimately transferred to
CRs, this is not enough to be dynamically significant compared
to the binding energy of an entire molecular cloud. CRs
accelerated in shocks from the winds of massive stars are a
more promising potential origin for a locally-inhomogeneous CR
population, since the associated energy budget is considerably
larger. CRs created in such shocks are likely sub-dominant but
non-negligible on galactic scales (Seo et al., 2018), but there
is significant observational evidence that the CR population
these generate is localized around massive star clusters (see
the review by Bykov, 2014), and thus could potentially provide
a dynamically-significant outward pressure that would lower
SFRs. This possibility has yet to receive significant theoretical or
observational attention.

3. THE ROLE OF MAGNETIC FIELDS FOR
THE INITIAL MASS FUNCTION

3.1. Basics of the IMF and Observational
Evidence
Extensive general reviews of the IMF—in particular the
observational challenges involved in measuring the IMF—are
provided by Offner et al. (2014) and Hopkins (2018). Here we
concentrate on the effects of magnetic fields on the IMF. The
IMF is the distribution of stellar masses at birth. We know
from observational surveys that most stars have masses of about
half the mass of our Sun (M

⊙
). Stars with smaller masses are

rarer. Stars more massive than the Sun also become rarer with
increasing mass. The high-mass tail of the IMF is indeed a steeply
decreasing power-law function with the number of starsN(M) ∝
M−1.35 (Salpeter, 1955; Miller and Scalo, 1979; de Marchi and

8An important distinction to draw here is between CRs providing a dynamically

important pressure, and being important in other ways. CRs are certainly critical

to the ionization state, temperature, and chemistry of molecular gas, even if they

are not dynamically important.

Paresce, 2001; Kroupa, 2001; Chabrier, 2003, 2005; Parravano
et al., 2011, 2018; Da Rio et al., 2012; Weisz et al., 2015a).

Figure 5 shows a compilation of various analytic fits to the
observed IMF. There is clearly substantial disagreement on
the low-mass end (M . 1M

⊙
) with the turnover mass (or

characteristic mass) varying between ∼ 0.1 and ∼ 0.4M
⊙

depending on the parameterization. This disagreement is a result
of the challenges in observing low-mass stars, taking into account
multiplicity, and converting from a luminosity function to a
mass function (Offner et al., 2014; Hopkins, 2018). For the high-
mass tail (M & 1M

⊙
), however, there seems to be generally

good agreement.
Efforts to search for systematic variation in the IMF have

yielded mixed and often contradictory results. In the Milky Way,
Weidner et al. (2013), Dib (2014), and Dib et al. (2017) argue that
there is statistically-significant evidence for variation in both the
low-mass and high-mass parts of the IMF from one star cluster
to another. However, as pointed out by Krumholz (2014), the
quoted uncertainties in these studies frequently ignore the two
largest systematic uncertainties: errors in stellar masses derived
from pre-main sequence tracks, and in errors in the masses and
other properties of star clusters that are simply drawn from
the literature, and rather than derived using homogeneous and
uniform cluster definitions or analysis methods. Searches for IMF
variation using homogeneous samples in external galaxies have
for the most part found no statistically-significant variation at
least at the high-mass end of the IMF that is accessible beyond the
Milky Way (e.g., Andrews et al., 2013, 2014; Weisz et al., 2015b).
The main exceptions are in the most massive star clusters, where
Schneider et al. (2018, in 30 Doradus) and Hosek et al. (2019, in
the Arches Cluster) have reported statistically-significant excesses
of massive stars compared to the average IMF of the Galactic
field. There is alsomore indirect evidence for bottom-heavy IMFs
in massive elliptical galaxies (see the review by Hopkins, 2018).
Given the highly uncertain status of observational searches for
IMF variation, and the fact that at this point there is no reason to
think any variations that might exist are linked to magnetic fields,
we will not discuss this topic further.

Understanding the power-law tail in the IMF and the
turnover at around 0.1–0.4M

⊙
are two of the most challenging

open problems in astrophysics. The IMF has far-reaching
consequences and applications, including the calibration of
extra-galactic star formation relations used to understand galaxy
formation and evolution (Green et al., 2010). The IMF is needed
to interpret the colors, brightness and star formation activity
of all galaxies in our Universe and it is the central ingredient
for understanding galaxy formation and evolution, because
the feedback from young stars is what powers the life cycle
of galaxies.

Many physical processes may play a role in setting the
characteristic mass and shape of the IMF, including gravity,
turbulence, magnetic fields, and feedback, as proposed in
theoretical models and seen in numerical simulations. However,
we are not aware of any direct observational test of these
theoretical predictions, especially when it comes to the role of
magnetic fields for the IMF. Given the lack of observational
constraints, we thus need to resort to theoretical models and

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 14 February 2019 | Volume 6 | Article 793

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Krumholz and Federrath Magnetic Fields, the SFR, and the IMF

FIGURE 5 | Analytic fits to the observed IMF (left) and the cumulative mass function of stars (right). Different lines show different parameterizations by Salpeter

(1955) (solid), Kroupa (2001) (dotted), Chabrier (2005) (dashed), and Parravano et al. (2011) (dash-dotted). In this representation of the IMF, the number of stars is

normalized such that N = 1 for M = 1M
⊙
. While the high-mass tail (M & 1M

⊙
) seems fairly universal, the low-mass end (M . 1M

⊙
) is much less well-constrained,

with substantial variations in the number of low-mass stars and in the characteristic mass of the IMF.

numerical simulations to advance our understanding of the
physical mechanisms that control the IMF.

3.2. Theoretical Models of the IMF
3.2.1. Magnetic Jeans Mass
Analytic work on the effects of magnetic fields for the IMF are
scarce. The earliest and simplest approaches to incorporating
magnetic fields into theories of the IMF simply assumed that
fields would convert the geometry from spherical to filamentary,
and then proceeded to calculate a Jeans length or mass in the
resulting geometry, neglecting any further magnetic effects (e.g.,
Inutsuka, 2001; Larson, 2005). A slightly more sophisticated
approach is to invoke a magnetic version of the Jeans length,

λJ,mag =

[

πc2s
(

1+ β−1
)

Gρ

]1/2

= λJ
(

1+ β−1
)1/2

, (16)

which leads to the magnetic Jeans mass

MJ,mag = ρ
4π

3

(

λJ,mag

2

)3

= MJ

(

1+ β−1
)3/2

, (17)

where λJ and MJ are the standard (purely thermal) Jeans length
and mass, respectively. All we have done here is to replace the
thermal pressure with the sum of thermal and magnetic pressure,
giving rise to the (1 + β−1) correction factors (Federrath and
Klessen, 2012; Hopkins, 2013), introducing the plasma β in
the relations. This simple concept shows that adding magnetic
pressure raises the Jeans mass. If the Jeans mass plays a role in
setting the characteristic mass of stars (Offner et al., 2014), then
Equation 16 would suggest that addingmagnetic pressure leads to
more massive stars (or less fragmentation). For example, taking a
typical value of β = 0.3 for molecular clouds leads to an increase
compared to the purely thermal Jeans mass by a factor of ∼ 9.
We caution that this calculation is solely based on adding the
magnetic pressure contribution to the Jeansmass, but ignores any
potential effects of magnetic tension. These limitations have been
discussed in Molina et al. (2012), Federrath and Klessen (2012),
and Federrath and Banerjee (2015).

3.2.2. MHD Turbulence-Regulated IMF Theories
The structure and dynamics of molecular clouds and dense cores
are largely determined by MHD turbulence (Elmegreen and
Scalo, 2004; Mac Low and Klessen, 2004; McKee and Ostriker,
2007), and this MHD turbulence may not only control the
rate of star formation, but also the mass of young stars. In
the relevant context of magnetic fields, Padoan and Nordlund
(2002) presented a theory of the IMF for which the density PDF
and the turbulence power spectrum are the main ingredients,
complemented by the MHD shock jump conditions. Assuming
that the density contrast in an MHD shock is proportional to
the Alfvén Mach number, i.e., ρ′/ρ ∝ MA and the post-shock
thickness ℓ′/ℓ ∝ M

−1
A , combined with the velocity dispersion

– size relation, v ∝ ℓp with p ∼ 0.4–0.5 from observations
(Larson, 1981; Solomon et al., 1987; Ossenkopf and Mac Low,
2002; Heyer and Brunt, 2004; Roman-Duval et al., 2011) and
numerical simulations (Kritsuk et al., 2007; Schmidt et al., 2009;
Federrath et al., 2010; Federrath, 2013a), they derive a model for
the high-mass tail of the IMF,

N(M) ∝ M−3/(3−2p), (18)

which, for p = 0.4–0.5, gives high-mass slopes of −1.4 to −1.5
for the IMF, very close to the observed Salpeter (1955) slope. This
slope is also consistent with the distribution of clump masses
obtained inMHD turbulence simulations by Padoan et al. (2007),
though the simulations did not include gravity.

A significant problem with the theoretical model by Padoan
andNordlund (2002) is that it needs a linear scaling of post-shock
density and post-shock thickness with Mach number, as assumed
above. However, MHD turbulence simulations with realistic
values of the magnetic field show that the density contrast in
shocks is not reduced by as much in the presence of magnetic
fields as assumed in Padoan and Nordlund (2002). In fact, the
more appropriate and effective scalings of post-shock density and
thickness may be ρ′/ρ ∝ M

2 and ℓ′/ℓ ∝ M
−2, in which case

the same derivation leads to

N(M) ∝ M−3/(3−4p), (19)
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for the high-mass tail, significantly too steep, i.e., with slopes of
−2.1 to−3.0, much steeper than the observed Salpeter slope.

Hennebelle and Chabrier (2008, 2009, 2013) present a similar
class of turbulence-regulated models of the IMF, based on
the Press and Schechter (1974) formalism, that yields IMF
predictions in good general agreement with the observed IMF.
Figure 6 shows the effect of addingmagnetic fields in theirmodel.
Here we show predictions for the core mass function (CMF), i.e.,
a distribution that Hennebelle and Chabrier (2013) take to be
shifted to three times higher masses compared to the IMF. We
will comment further on the shift between the CMF and IMF in
section 3.3.1, which might be the result of magnetic-field driven
outflow feedback.

We see in Figure 6 that the effect of the magnetic field (dashed
and dotted lines for different magnetic field normalizations and
scalings, bracketing the observed ranges) is relatively weak, when
compared to the predictions without magnetic fields (solid lines).
The magnetic field generally increases the characteristic mass of
the IMF, consistent with the qualitative trend predicted simply
by considering the magnetic Jeans mass (c.f.section 3.2.1), but by
much less than the factor of∼ 9 based on Equation (17).

Looking in more detail at Figure 6, we see that a stronger
dependence of B on the gas density (dash-dotted line) produce
a stronger shift toward larger masses and stronger magnetic
field normalizations (dashed line) yield a shallower slope in
the high-mass tail. Both effects are the result of increased
magnetic support, i.e., the addition of magnetic pressure to
thermal pressure. These direct predictions by the Hennebelle
and Chabrier (2013) theory of how the IMF would respond to
different magnetic field strengths and field scalings with density
have so far not been tested with numerical simulations.

In contrast, the role of magnetic fields in the analogous
Hopkins (2013) model is that they are degenerate with other

parameters, i.e., any change in the IMF induced by magnetic
fields could be reproduced by a change in Mach number,
turbulence driving parameter or adiabatic index γ . Thus, in these
models, magnetic fields do not have distinct effects that could be
isolated from variations in other parameters.

3.3. Numerical Simulations of the IMF
Numerical simulations find that the overall effect of magnetic
fields is to reduce the fragmentation of the gas. This is seen
in both molecular cloud simulations (Price and Bate, 2008; Dib
et al., 2010a; Padoan and Nordlund, 2011; Federrath and Klessen,
2012; Federrath, 2015) and protostellar disk simulations (Price
and Bate, 2007; Hennebelle and Teyssier, 2008; Bürzle et al.,
2011; Hennebelle et al., 2011; Peters et al., 2011; Seifried et al.,
2011). The physical reason for this is a combination of magnetic
pressure and tension forces, the former with the effect of reducing
compression, thereby increasing the effective Jeans mass (c.f.
section 3.2.1), and the latter acting to keep together coherent
filaments, gas streams, and shocks by magnetic tension. These
effects tend to produce less fragmented, more massive dense
cores when magnetic fields are included. If this direct effect of
magnetic fields on the gas were the only relevant effect, we would
expect magnetic fields to increase the characteristic mass of stars
compared to the purely hydrodynamical case.

However, the situation is slightly more complicated, because
magnetic fields are the main reason for mechanical feedback in
the form of jets and outflows launched from the accretion disk
around young stars (Pudritz et al., 2007; Frank et al., 2014). This
jet/outflow feedback is also the reason why simple considerations
based on magnetic Jeans mass (c.f. section 3.2.1), and the more
sophisticated models presented in section 3.2.2, may ultimately
fail when it comes to the effect of magnetic fields. These models
do not include feedback—at least not its non-linear effect, which

FIGURE 6 | Analytic predictions of the core mass function with and without magnetic fields for different cloud radii, R = 0.5–20 pc. The solid line is for the case

without magnetic fields. The dotted line is for B = 10µG [n/(1, 000 cm−3)]0.1, the dashed line for B = 30µG [n/(1, 000 cm−3)]0.1, and the dash-dotted line for

B = 10µG [n/(1, 000 cm−3)]0.3, where n is the molecular hydrogen number density. Figure adopted from Hennebelle and Chabrier (2013).
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can ultimately only be properly accounted for and quantified in
fully three-dimensional, MHD calculations. Jet/outflow feedback
may be particularly important because it is the first to kick in
(before radiation feedback, winds, and supernovae) and is not
only important for high-mass stars, but applies to all young
stars (Krumholz, 2014). Radiation feedback may also play an
important role in determining the IMF, and we discuss the
interplay between it and magnetic fields in section 3.3.2.

3.3.1. Mechanical Feedback by Magnetically-Driven

Jets and Outflows

3.3.1.1. The core-to-star efficiency
In the first part of this review we have seen that magnetically-
driven outflows can reduce the SFR by factors of 2–3 and set
the core-to-star efficiency to about 1/2. We therefore expect
a significant impact also on the characteristic stellar mass
and the IMF. Previous simulations have quantified this effect.
For example, Hansen et al. (2012) found a reduction of the
average stellar mass when outflow feedback was included in
their simulations. Similarly, Federrath et al. (2014b) observed
additional fragmentation with outflow feedback. This is shown
in Figure 7, where we plot the number of sink particles formed in
simulations with outflow feedback divided by the number of sink
particles formed in runs without magnetically-driven outflows.
Figure 7 shows that Nwith outflows

⋆ /Nno outflows
⋆ ∼ 1.5 after one

freefall time. This is the result of outflow-induced fragmentation;
the outflows perturb and tear filamentary accretion flows,
breaking them up into multiple new accretion streams. Similar
behavior has been observed in earlier simulations by Li et al.
(2010), Wang et al. (2010), and (Hansen et al., 2012).

Magnetically-driven outflow feedback has two important
effects on the stellar mass. First, it reduces the accretion rate and
limits the final star mass by removing gas from the feeding core,
leading to a core-to-star efficiency of ∼ 0.5. Second, it promotes
fragmentation of the core, because the outflows tear up coherent
accretion streams and perturb the core, such that more stars can
form. This combined effect of magnetic outflows on the average
stellar mass is shown in the bottom panel of Figure 7, which plots
the ratio of the average stellar mass with and without outflow
feedback, 〈Mwith outflows

⋆ 〉/〈Mno outflows
⋆ 〉. Comparing simulations

with and without outflows, the mean stellar mass is the same
at early times, immediately after the first collapsed objects form.
However, stars grow more quickly in the simulations without
outflows, so that after one free-fall time the mean stellar mass
is a factor of ∼ 3 smaller in simulations that include outflows.
This factor of ∼ 3 reduction in the final stellar mass is consistent
with the results of other simulations (Li et al., 2010; Hansen et al.,
2012b; Myers et al., 2014; Offner and Chaban, 2017; Cunningham
et al., 2018). This suggests that magnetically-driven outflows may
play a crucial role in controlling the observed shift of the core
mass function to the IMF by a similar factor, 0.3–0.4 (Alves
et al., 2007; Nutter and Ward-Thompson, 2007; Enoch et al.,
2008; Myers, 2008; André et al., 2010; Könyves et al., 2010; Frank
et al., 2014; Offner et al., 2014). However, we warn that the
claim that the core mass function can be mapped directly to the
IMF, and that the observed core mass function is universal and
has a robustly-detected turnover like the IMF, have both been

FIGURE 7 | Time evolution of the ratio of the number of sink particles formed

in simulations with and without magneto-centrifugal outflows,

Nwith outflows
⋆ /Nno outflows

⋆ (top), and ratio of the average sink particle mass

〈Mwith outflows
⋆ 〉/〈Mno outflows

⋆ 〉 (bottom). Different lines show different

numerical resolutions, demonstrating convergence. After a freefall time,

outflow feedback has increased the number of sink particles formed by a

factor of ∼ 1.5. The average sink particle mass is reduced by a factor of ∼ 3

with outflow feedback. Figure adopted from Federrath et al. (2014b).

subject to considerable dispute in the literature (Dib et al., 2010b;
Krumholz, 2014; Bertelli Motta et al., 2016; Guszejnov et al., 2016,
2018; Liptai et al., 2017; Liu et al., 2018); even if there is a link, the
observed shift from the CMF to the IMF is not always ≈ 3 (e.g.,
Benedettini et al., 2018; Zhang G.-Y. et al., 2018).

3.3.1.2. The role of magnetic field geometry
Most previous simulations of magnetically-driven jet launching
started from a uniform magnetic field aligned with the rotation
axis of the core that forms the disk. However, in reality we
expect a significant un-ordered, turbulent component to be
present. That turbulent field component may either be inherited
from the parent molecular cloud or be generated by small-
scale dynamo processes (Brandenburg and Subramanian, 2005;
Schekochihin et al., 2007; Sur et al., 2010; Federrath et al.,
2011a,b, 2014a; Schober et al., 2012, 2015; Schleicher et al., 2013;
Federrath, 2016a).

Figure 8 shows the results of recent simulations by Gerrard
et al. (under review), which the authors started with different
magnetic field configurations in the core. They compare three
simulations: one with a uniform field aligned with the rotation
axis (left-hand panel), a second one that has a turbulent,
tangled component in addition to the uniform field component,
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such that both have the same contribution to the total field
strength (middle panel), and a third simulation that starts with a
completely turbulent magnetic field without any ordered guide-
field component (right-hand panel). The initial conditions and
physics included in the three simulations are otherwise identical,
and the total rms field strength is 100µG in all three cases.

We see in Figure 8 that the uniform-field simulation produces
a fast collimated jet aligned with the rotation axis of the disk.
There is also a less-collimated wide-angle outflow component,
but it does not carrymuchmass, compared to the case where both
a uniform and turbulent magnetic field component is present
(middle panel). This model is the most realistic and contains
a fast collimated jet component and a wide-angle, low-speed
outflow component previously seen in more idealized simulation
setups (Banerjee and Pudritz, 2006; Machida et al., 2008;
Federrath et al., 2014b; Kuruwita et al., 2017), and consistent with
recent ALMA observations in Serpens South (Hodapp and Chini,
2018). Both components may carry away a significant amount
of mass. This is why in this model the protostar has the lowest
accretion rate of all three cases, with a protostar mass of 0.15M

⊙

after 1, 200 year, compared to 0.20M
⊙
in the uniform-field case,

at the same time after the protostar was formed.
A most striking result is the complete absence of an outflow in

the fully turbulent field case. This demonstrates that an ordered
magnetic field component aligned with the rotation axis of the
disk is required to launch amagneto-centrifugally driven outflow,
as described in the Blandford and Payne (1982) mechanism of
wind launching.

Overall, the accretion histories of the three simulations vary
by up to 100%—for example, about 500 year after protostar
formation, the first protostar that forms in the fully turbulent
field case has only reached 0.05M

⊙
, while the protostar in both

the uniform-field and partially-turbulent field cases has a mass
of about 0.10M

⊙
, i.e., significantly more massive, because the

absence of addition magnetic-field pressure from the turbulent
field component, which reduces the accretion rate onto the star.
In summary, the magnetic field structure has significant impact
on the jet launching and final mass of the protostar.

3.3.2. Radiation Feedback and Magnetic Fields
A number of authors have suggested the key physical process
responsible for setting the location of the peak of the IMF
is radiation feedback (Krumholz et al., 2007a; Bate, 2009;
Krumholz, 2011; Guszejnov et al., 2016). The central argument
behind this hypothesis is that isothermal MHD turbulence is a
scale-free process, and thus is incapable of producing a mass
function with a characteristic scale such as the IMF. Consistent
with this claim, simulations have shown that isothermal
turbulence without feedback tends to produce fragmentation
to arbitrarily small mass scales, leading to a mass function
that is a pure power law, or that has a peak dependent on
the resolution of the simulation, rather than a function with a
distinct peak such as the observed IMF (Bertelli Motta et al.,
2016; Federrath et al., 2017; Liptai et al., 2017; Guszejnov et al.,
2018; however, see Haugbølle et al., 2018 for a contrasting view).
On the other hand, radiative heating of a collapsing cloud by
the protostars forming within it, whose luminosity is primarily

powered by accretion, naturally does produce a characteristic
mass scale that appears consistent with the observed IMF peak.
Simulations that include radiation feedback generally yield IMFs
that converge with resolution and are in reasonable agreement
with observations (Bate, 2009, 2012, 2014; Offner et al., 2009b;
Krumholz et al., 2011, 2012b; Myers et al., 2014; Federrath et al.,
2017; Cunningham et al., 2018; Li et al., 2018).

In the context of such models, what is the role of
magnetic fields? Simulations offer limited guidance, becausemost
published work on the IMF including radiative transfer has either
omitted magnetic fields entirely (Bate, 2009, 2012, 2014; Offner
et al., 2009b; Krumholz et al., 2011, 2012b) or included it in all
runs carried out (Li et al., 2018). The only published works on the
IMF that perform a controlled experiment by including radiation
feedback and repeating a calculation both including and omitting
magnetic fields are those of Price and Bate (2009), Myers et al.
(2014), and Cunningham et al. (2018), and only the latter two of
these also include outflows9. The general result of these studies is
that, with the exception of their role in driving outflows, magnetic
fields have only marginal effects on the final IMF. Krumholz et al.
(2016) investigate why this should be by carrying out a detailed
analysis of the simulations of Myers et al. (2014); they show
that, on the small scales (∼ few × 103 AU) where protostellar
cores fragment, thermal pressure support (enhanced by radiative
heating) is generally stronger than magnetic support, even in
simulations that are only marginally magnetically supercritical
on large scales. The fundamental reason is that the processes that
lead to the production of protostars involve gathering mass along
field lines and possibly also turbulent reconnection (Lazarian
and Vishniac, 1999; Santos-Lima et al., 2012), so that the dense
regions near protostars thatmight ormight not fragment, thereby
determining stars’ characteristic masses, have µ8 values much
larger than the average of the larger-scale cloud in which they
are embedded.

We conclude this section by turning to the question of
whether magnetic fields might play a larger role in shaping
either the very low mass or very high mass parts of the IMF.
On the massive end, the main distinguishing feature is that
radiation feedback of massive stars is much more intense than
that of low-mass stars, because for stars larger than ∼ 5 M

⊙

Kelvin-Helmholtz contraction (supplemented by the onset of
nuclear burning in stars larger than a few tens of M

⊙
) produces

a luminosity that rises sharply with mass. Simulations of the
formation of such stars beginning from massive protostellar
cores show that magnetic fields tend to aid in the growth of
such stars via four mechanisms (Commerçon et al., 2010, 2011;
Myers et al., 2013). First, they suppress fragmentation directly
by providing magnetic support. Second, by providing a means
of angular momentum transport, magnetic fields tend to make
the disks of massive stars smaller, keeping the mass closer to
the central star where it is warmer and less prone to fragment.
Third, the enhanced angular momentum transport increases the

9In the non-magnetized simulations the outflows are launched artificially via a sub-

grid model, but this is also true in the magnetized simulations, since they do not

have the resolution to follow outflow launching self-consistently while also running

for long enough to allow meaningful statistical study of the IMF.
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FIGURE 8 | Protostellar disc and jet formation simulations with different magnetic field geometries. The (left) panel shows the standard approach of using an initially

uniform magnetic field aligned with the rotation axis of the core and disc. The (middle) panel adds a turbulent component to the uniform field component, such that

both have the same rms. The (right) panel show the same simulation, but with a completely turbulent magnetic field (no guide-field component present). Outflows are

strongest in the uniform-field case, with a fast collimated jet component launched from the inner parts of the disk. Partially turbulent magnetic fields still generate an

outflow, but weaker and less collimated. In the absence of a uniform field component, however, jets are completely suppressed, but fragmentation of the disk is

induced, i.e., three stars form in the fully turbulent case, compared to only a single star in the other two simulations. Figure adopted from Gerrard et al. (under review).

accretion rate onto the central star, making it more massive and
thus more luminous. Fourth and finally, by creating protostellar
outflows, magnetic fields provide a “vent” that stops radiation
from building up to the points where radiation pressure begins to
inhibit accretion (Krumholz et al., 2005; Cunningham et al., 2011;
Peters et al., 2011; Kuiper et al., 2015, 2016). While these effects
have all been demonstrated in idealized simulations starting from
initial massive cores, it is unclear whether they are significant for
production of the IMF overall.

Radiation and magnetic fields interact in a different way
for very low mass stars and brown dwarfs. The majority of
such objects likely form by direct fragmentation in much the
same manner as stars near the peak of the IMF (e.g., see
the review by Chabrier et al., 2014). However, formation via
gravitational instability in the disk of a Solar-mass star represents
a second possible formation channel, one for which we have
direct observational evidence in at least some instances (Tobin
et al., 2016). Magnetic fields (and non-ideal MHD effects) play a
potentially-important role in modulating this channel, because
they shape the properties of disks. In the extreme case of a
protostellar core whose rotation axis is aligned with an initially-
uniformmagnetic field, and neglecting non-ideal effects, efficient
magnetic braking prevents the formation of disks entirely (e.g.,
Mellon and Li, 2008; Hennebelle and Ciardi, 2009), and thus
necessarily prevents the formation of brown dwarfs or other
low mass objects via disk instability. In reality magnetic fields
certainly do not suppress disk formation entirely; Keplerian disks
are observed even around the youngest protostars (e.g., Tobin
et al., 2012). There are numerous candidate explanations for
why disks persist, including misalignment of the rotation axis
and the magnetic field (Joos et al., 2012; Krumholz et al., 2013;

Tsukamoto et al., 2018), suppressed magnetic braking due to
turbulence (Seifried et al., 2012, 2013), and various non-ideal
effects (Santos-Lima et al., 2012; Tsukamoto et al., 2015, 2018).
Nonetheless, magnetic fields may reduce disk sizes compared
to the purely hydrodynamic case, and smaller disks are in
general more stable against self-gravity, because the matter is
confined to regions where there is more stabilization by both
shear and radiative heating from the central star (e.g., Kratter
et al., 2010a). Thus magnetic fields likely reduce the incidence
of disk fragmentation (Bürzle et al., 2011) and thereby suppress
the disk formation channel for brown dwarfs and low mass
stars. The amount of suppression is not yet known, since in the
simulations carried out to date disk properties depend strongly
on the assumed initial conditions. Moreover, even if magnetic
fields do suppress disk fragmentation, it is not clear if this matters
much for the overall IMF. Radiative heating by the central
star renders disk fragmentation rare for stars near the peak of
the IMF even in purely hydrodynamic simulations (e.g., Bate,
2009b, 2012; Offner et al., 2009b, 2010; Kratter et al., 2010b).
Thus magnetic fields may simply further reduce a channel of
brown dwarf formation that is already sub-dominant thanks to
radiation feedback.

3.4. Prospects and Future Work on the IMF
We conclude that magnetic fields and feedback in the form
of jets/outflows and radiation are important ingredients for
understanding the IMF. Concerningmagnetic fields in particular,
there are two competing effects. On one hand, the magnetic
field tends to directly reduce the fragmentation of cores and
disks due to magnetic pressure and tension, therefore changing
the physical conditions of the core and disk, even before stellar

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 19 February 2019 | Volume 6 | Article 798

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Krumholz and Federrath Magnetic Fields, the SFR, and the IMF

feedback starts. The importance of this effect in simulations
appears to depend on whether the simulations also include other
mechanisms that suppress fragmentation, particularly radiation.
In simulations including radiation, increasing the strength of
magnetic fields from zero up to a level where the star-forming
cloud is only barely supercritical increases the median stellar
mass by a factor of ≈ 1.5 − 2. On the other hand, magnetic
fields also drive powerful jets and outflows, which limit the stellar
mass and induce fragmentation. This effect produces an effective
core-to-star efficiency of about 1/3. This effective core-to-star
efficiency is the result of two effects. First, each individual core
loses about 1/2 of its mass in the individual outflow of that
core. Second, the outflows induce additional fragmentation of the
filaments that feed the cores, thereby reducing the average star
mass further by another factor of ∼ 2/3. Because this feedback
effect is comparable in magnitude but opposite in direction to
the effects of magnetic fragmentation suppression, the net effect
of both processes is to alter the location of the IMF peak at the
factor of ≈ 2 level, smaller than one might expect based on
consideration of either process alone.

Not only the magnitude of the magnetic field, but also
its structure (ordered vs. turbulent) plays a critical role in
controlling the strength of the outflows and in determining
the resulting mass distribution of stars. Recent observational
studies, for example with ALMA, are now beginning to reveal
the complex magnetic field structures inside cores and disks, and
in the outflows (Hull et al., 2017a; Cox et al., 2018; Zhang Y.
et al., 2018), often showing turbulence and significant deviations
from the classic hourglass shape. More observational constraints
on the magnetic field geometry are needed to inform theoretical
models and simulations.

In addition to the challenges in understanding the IMF at
present day, we need to work even harder to understand what the
mass function of primordial stars might have been. Observations
so far can only provide indirect constraints on the mass of the
first stars in the Universe. Simulations of the formation of the first
stars indicate that the disks in which they form can fragment even
under the conditions of primordial chemistry and cooling (Clark
et al., 2011; Greif et al., 2011; Susa et al., 2014; Hirano et al., 2015).
However, an important limitation of these studies is that they
neither include magnetic fields nor jet/outflow feedback, both of
which may play a crucial role also in primordial star formation
(Federrath, 2018; Klessen, 2019).

4. SUMMARY AND PROSPECTS

Our view of the importance of magnetic fields in the process of
star formation—and particularly in determining the two most
important outputs of that process, the overall star formation
rate (SFR) and the initial mass function (IMF) of stars—has
changed dramatically over the last 15 years. Prior to that time,
most theoretical models of star formation assigned magnetic
support a key role in setting both the the SFR and the IMF.
With the discovery that magnetic fields in star-forming regions
are not as strong as once believed, so that most star-forming
regions are magnetically supercritical, this view has shifted. In

a supercritical region, magnetic fields cannot directly inhibit
collapse by a substantial amount, and so magnetic fields alone
cannot provide an explanation for the surprisingly-low rate of
star formation that we observe on all scales, from individual
clouds near the Sun to entire galaxies. Nor can they by themselves
regulate the fragmentation of collapsing gas and thereby provide
an explanation for the apparently universal or near-universal
mass scale of stars.

While magnetic fields are no longer the star of the show,
modern theoretical models and simulations tuned to match
observed field strengths indicate that they still play a non-
negligible supporting role. By providing resistance to turbulent
compression and pressure that opposes gravity, magnetic fields
directly reduce the ability of turbulence to gather gas into
gravitationally-unstable clumps. This lowers the star formation
rate by a factor of 2 − 3 compared to the outcome in non-
magnetized flows, and increases themedianmass of those clumps
that do become unstable and go on to form stars by a similar
factor. The strength of this effect can be measured in simulations,
but is not completely understood analytically, as it depends
critically on how magnetic field strengths vary with density
in a medium where the turbulence is supersonic and trans-
Alfvénic. While we have a reasonable model for this correlation
in super-Alfvénic flows, our model breaks down in the trans-
Aflvénic regime that is more likely to characterize star formation.
Progress toward a quantitative analytic understanding of how
magnetic fields reduce the star formation rate and raise the
mean mass of star-forming regions will require an extension of
our understanding of the magnetic field-density correlation to
this regime.

Magnetic fields also play a critical indirect role by providing
the means for forming stars to launch jets and outflows. On
small scales, outflows lower the mean stellar mass by a factor
of ≈ 3, through a combination of ejecting gas that would
otherwise accrete onto stars and by encouraging fragmentation.
This nearly counters the effects of magnetic support in shifting
the IMF to higher values, so that the combined effects of
magnetic suppression of fragmentation and outflows is to change
the mean stellar mass by only a factor of ≈ 2 compared
to the outcome in a non-magnetized flow. On larger scales,
outflows help stir turbulent motions in clouds and directly
eject mass from collapsing regions, thereby lowering the rate
of star formation by an additional factor of several compared
to magnetized clouds without outflows, and by an order of
magnitude ormore compared to the case of purely hydrodynamic
turbulence. Magnetic fields may also slow the rate of turbulent
decay in collapsing clouds outright, although this prospect
has thus far been demonstrated only in idealized compressing
box simulations.

While the interplay of magnetic fields and outflows is now
reasonably well if not fully understood, the interaction of
magnetic fields with other forms of stellar feedback has been
explored far less extensively. If there is any possibility for
magnetic fields to return to a starring role in models of star
formation, it lies in these unexplored frontiers. We highlight one
particularly interesting prospect for further investigation, which
is that magnetic fields might fundamentally change the way that
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hot gas interacts with the cold ISM, by reducing the rate of
material and thermal exchange across hot-cold gas interfaces.
This could potentially make supernovae feedback much more
effective than currently suspected, which in turn would have
major implications for the star formation rate and, on larger
scales, for the properties of galactic winds. However, this is
just one example—the interaction of magnetic fields with other
types of feedback is equally-poorly known, and the possibility
remains that magnetic effects will again prove crucial to models
of star formation.
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We review the role that magnetic field may have on the formation and evolution of

molecular clouds. After a brief presentation and main assumptions leading to ideal MHD

equations, their most important correction, namely the ion-neutral drift is described. The

nature of the multi-phase interstellar medium (ISM) and the thermal processes that allows

this gas to become denser are presented. Then we discuss our current knowledge of

compressible magnetized turbulence, thought to play a fundamental role in the ISM.

We also describe what is known regarding the correlation between the magnetic and the

density fields. Then the influence that magnetic field may have on the interstellar filaments

and the molecular clouds is discussed, notably the role it may have on the pre-stellar

dense cores as well as regarding the formation of stellar clusters. Finally we briefly review

its possible effects on the formation of molecular clouds themselves. We argue that given

the magnetic intensities that have been measured, it is likely that magnetic field is (i)

responsible of reducing the star formation rate in densemolecular cloud gas by a factor of

a few, (ii) strongly shaping the interstellar gas by generating a lot of filaments and reducing

the numbers of clumps, cores and stars, although its exact influence remains to be better

understood. Moreover at small scales, magnetic braking is likely a dominant process that

strongly modifies the outcome of the star formation process. Finally, we stress that by

inducing the formation of more massive stars, magnetic field could possibly enhance the

impact of stellar feedback.

Keywords: magnetic field, molecular clouds, star formation, gravity, turbulence, multi-phase, ionization, filaments

1. INTRODUCTION

The interstellar cycle, which takes place within galaxies, is fundamental for our universe as it
controls the formation of stars and therefore the evolution of galaxies. Yet given the broad range
of spatial scales and the profusion of physical processes involved, our understanding is still very
incomplete. Amongst other processes, namely gravity, compressible turbulence, radiation, cosmic
rays and stellar feedback, magnetic field is also contributing significantly to the evolution of the
interstellar medium (ISM) and more specifically to the formation of stars. As a matter of evidence,
the magnetic energy in the ISM is comparable to the other energies as for example the kinematic
one. Deciphering the various roles that magnetic field is playing is however not obvious, (i) because
measuring it remains a challenge, (ii) because magnetic field is not a mere pressure and is highly
non-isotropic in nature, (iii) because observations do not allow us to easily vary the parameters as
it is possible to do in experiments. This however can be done in numerical simulations where the
influence of a specific parameter, like the magnetic intensity, can be modified and studied.
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This review is dedicated to the role magnetic field is playing
in the formation and evolution of molecular clouds. Given the
complex multi-scale nature of these latter, this represents a
challenge as several physical processes and astrophysical objects
have to be discussed, in particular because as stressed above, the
magnetic field is strongly interacting with other phenomena, that
need to be described for self-consistency.

The plan of the paper is as follows. In section 2, we describe
the equations of the magneto-hydrodynamics (MHD) that are
used to compute and predict the evolution of molecular clouds.
We give some ideas of how these equations are inferred first
in the ideal MHD framework, that is to say when the fluid
and the magnetic field are perfectly coupled. Then we briefly
discuss the most important correction that must be taken into
account in molecular clouds, namely the ion-neutral drift or
ambipolar diffusion. In section 3, the multi-phase nature of the
ISM is discussed: how the gas cools and heats, the principle
of thermal instability and its non-linear regime. The role that
magnetic field may have in the transition from warm atomic
gas into cold and dense gas is emphasized. In section 4, the
nature of the turbulence in the ISM is presented. First some
elements of the magnetized incompressible turbulence are given,
stressing the ideas and problems that are still debated. Second
the more realistic compressible and multi-phase magnetized
turbulence is addressed, reporting the various numerical studies
that have been performed. The influence that the ion-neutral
drift may have on turbulence is discussed. Section 5 is specifically
dedicated to the correlation between density and magnetic field
including the magnetic intensity and the magnetic orientation.
Section 6 is specifically dedicated to puzzling astrophysical
objects, namely the filaments that, in a sense, constitute sub-
structures of molecular clouds. The question of their formation,
the physical origin of the possible characteristic width that has
been recently inferred and their fragmentation in star forming
cores are discussed. In section 7, the molecular clouds themselves
are eventually addressed. We start by reviewing the role that
ambipolar diffusion may have in the magnetically dominated
clouds, particularly regarding the fundamental question of the
low efficient formation of stars in galaxies. Then the properties
of the prestellar cores which form in dedicated numerical
simulations of these clouds are described stressing the effect that
magnetic field may have. Finally the role that magnetic field may
have in stellar clusters formation is presented. In section 8, we
briefly review the works in which the impact of the magnetic
field on molecular cloud formation has been addressed. Section
9 concludes the paper.

2. MHD EQUATIONS

For the sake of completeness and because readers may find it
useful, a short derivation and discussion of the MHD equations
is given. We start with the ideal MHD, which amongst other
approximations assume the non-relativistic limit, that is to say
the fluid velocities are much smaller than the speed of light c. We
also discuss a correction to these set of equations in the presence
of neutral particles since the ionization degree in the ISM is small.

2.1. Ideal MHD
The equations of ideal MHD assume that the fluids are perfect
conductors. The Lorentz force, which is the force that the
electromagnetic fields E and B exert on the fluid must be taken
into account. The electromagnetic fields evolution is obviously
described by the Maxwell equations. Written in CGS units, these
equations are

∇·B = 0, (1)

∇·E = 4πρe, (2)

c∇×E = −

∂B

∂t
, (3)

c∇×B = 4π j+
∂E

∂t
, (4)

ρe and j are the fluid charge and current densities. The equation
for charge conservation links these two quantities

∂ρe

∂t
+ ∇·j = 0 . (5)

While in a perfect conductor at rest, ER vanishes, the situation
is different when it moves. The rest fields ER and BR and the
fields in the observer frame, E and B are related using the Lorentz
transformation, as detailed by e.g., Landau and Lifshitz (1960),
Shu (1992), and Spruit (2013). Considering the Lorentz force F
and FR, we get:

F = q(E+

v

c
×B) , (6)

FR = qER . (7)

Since the force does not depend on the reference frame: F = FR
and therefore

ER = E+

v

c
×B , (8)

BR = B . (9)

Since the perfect conductor assumption is made, ER = 0, and

E = −

v

c
×B . (10)

Combining it with Equation (3) we obtain:

∂B

∂t
= ∇× (v×B) . (11)

The Lorentz force per unit volume, fL, can be expressed as

fL = ρeE+

1

c
j×B . (12)

In the non-relativistic limit, the displacement current in
Equation (4) can be neglected, leading to

∇×B =

4π

c
j . (13)
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Since local electroneutrality is assumed, we have ρE = 0 and

fL =

(∇×B)×B

4π
. (14)

This leads to the standard form of the ideal MHD equations

∂ρ

∂t
+ ∇·(ρv) = 0, (15)

ρ

[

∂v

∂t
+ (v·∇)v

]

= −∇P +

(∇×B)×B

4π
, (16)

ρ

[

∂e

∂t
+ (v·∇)e

]

= −P(∇·v)− ρL, (17)

∂B

∂t
= ∇×(v×B). (18)

where L is the net loss function and describes the radiative
heating and cooling of the gas. This must be complemented by
an equation of state to close the system of equations. A perfect
gas is a good assumption for the ISM, P = (γ − 1)ρǫ, where γ is
the adiabatic index of the gas.

It is useful to get a better insight and physical interpretation of
the MHD equations to rewrite the Lorentz force as

fL =

(∇×B)×B

4π
= −∇

(

B2

8π

)

+

(B·∇)B

4π
(19)

The first term is called the magnetic pressure. The second is
the magnetic tension (see the detailed discussion page 13 in the
lecture by Spruit, 2013).

2.2. Non-ideal MHD: the Ion-Neutral Drift
In many situations, ideal MHD is not a sufficiently good
assumption and additional effects need to be accounted for. In
the context of molecular clouds the dominant correction is the
so-called ambipolar diffusion. Since the neutrals are not charged
they are not subject to the Lorentz force which applies only
on the ions. However through collisions the neutrals and the
ions exchange momentum and therefore the Lorentz force has
an influence on the neutrals through the ions. If the number
of ions is large, i.e., if the ionization is high, the number of
collisions is expected to be large and ideal MHD remains a good
approximation. However in molecular clouds the ionization is
usually of the order of 10−7 and therefore the two fluid are not
perfectly coupled. The ions drag the field lines and drift with
respect to the neutrals implying that the latter can cross the field
lines. The field is not frozen in the gas anymore. Because of the
low ionization, it is thus possible to neglect the inertia of the ions
and a reasonable assumption is that of the equilibrium between
the Lorentz force and the drag force exerted on the ions. This
leads to:

(∇ × B)× B

4π
= γadρρi(Vi − V), (20)

where ρi and Vi are the ion density and velocity, respectively,
γad ≃ 3.5×1013 cm3 g−1 s−1 is the drag coefficient (Mouschovias
and Paleologou, 1981). Equation (20), gives the ion velocity as a

function of the neutral velocity and the Lorentz force. Combining
it with the induction equation one gets

∂tB+∇×(B×V) = ∇×

(

1

4πγadρρi
((∇ × B)× B)× B

)

. (21)

The left-hand side is the induction equation of ideal MHD. The
right-hand side describes the ion-neutral drift. It is not rigorously
speaking a diffusion term although it entails second order spatial
derivatives. From this equation a typical time scale for ambipolar
diffusion can easily be inferred

τad ≃

4πγadρρiL
2

B2
, (22)

where L is the characteristic spatial scale of the problem, which
could be the size of the prestellar cores or the filaments as
described below. Ionization equilibrium leads to ρi = C

√

ρ,
where C = 3× 10−16 cm−3/2 g1/2.

As Equation (20) neglects the ion inertia, it is called the strong
coupling limit (e.g., Shu, 1992; Mac Low et al., 1995; Masson
et al., 2012). Ideally, it is necessary to consider two fluids the
neutral and the ions coupled through the collisional term. The
difficulty however with this approach is that the Alfvén speed
associated to the ions is several orders of magnitude larger than
the Alfvén speed associated to the neutrals. This makes numerical
simulations very difficult to perform because the timesteps are
then very small. For this reason an alternative approximation,
called the heavy ion approximation has been developed (Li et al.,
2006). It consists in artificially increasing the mass of the ions
to lower their Alfvén speed while modifying the ion-neutral
cross-section to maintain constant the friction coefficient.

Finally, let us mention that the ion-neutral friction leads to
energy dissipation and therefore constitute a source of heating in
Equation (17) which is equal to γadρρi(Vi − V)2.

3. THE FORMATION OF DENSE GAS IN
THE ISM

Here we describe how the formation of dense gas out of diffuse
atomic gas is achieved in the ISM. A brief description of the
cooling and heating processes, essential to understand how the
ISM becomes denser is given. We then describe the principle of
thermal instability on the role magnetic field may have. Finally,
a dynamical scenario for the formation of molecular clouds is
sketched, stressing how magnetic field is acting.

3.1. Thermal Structure of ISM and Thermal
Instability
In this section, our knowledge about thermal physics of ISM is
presented. To calculate the equilibrium temperature of ISM as
a function of gas density, one must equate heating and cooling
function taking into account several physical processes. The
detailed analysis for the thermal equilibrium state in the neutral
atomic phase can be found, for example, in Wolfire et al. (2003)
while Koyama and Inutsuka (2000) (see also e.g., Glover and
Clark, 2012; Gong et al., 2017) extended their calculation for
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unshielded gas up to gas densities 103 cm−3 < n < 106 cm−3 (see
Figure 1). The main heating mechanisms are the photoelectric
emission from small grains and PAHs, ionization by cosmic
rays and soft X-rays, and the formation and photodissociation
of H2. The local FUV field is supposed to be on the order of
Habing’s value (G0 = 1.7 and is adopted in Figure 1). The
dominant cooling processes are the line emission from H, C,
O, Si, and Fe, by rovibrational lines from H2 and CO, as well
as by atomic and molecular collisions with dust grains. The
transition to the molecule-dominated phase depends on both
gas density and column density as well as the radiation field
(see Sternberg et al., 2014 for analysis and discussion of the
relative importance of H2 self-shielding and dust shielding). The
chemistry and cooling in gas with a range of density, column,
metallicity, and radiation fields is discussed e.g., in Glover and
Clark (2012) and Gong et al. (2017). To describe these thermal
processes a set of three time-dependent equations for ionization
and recombination of hydrogen, and formation and dissociation
of molecules should be solved. Self-shielding effects must also
be taken into account to calculate the H2 photodissociation.
Figure 1 portrays the resulting temperature, pressure, and the
relevant chemical species as functions of number density for
unshielded gas. At high column density, inside molecular clouds,
the dominant molecular cooling process is due to the CO
molecules (at densities above 105 cm−3 dust cooling becomes
dominant) and the heating one comes from cosmic rays. A
complete thermal balance description of the high density gas,
which can be found for instance inNeufeld et al. (1995), is beyond
the scope of the present review.

The basic property of thermal stability can be related to the
slope of heat-loss function, L = ρ3 − Ŵ, where ρ3 is the
cooling function per volume and Ŵ is the heating function. Field
(1965) studied in details the stability conditions of a uniform
medium subject to heating and cooling. In particular, he inferred
the isobaric criterion which is given by

(

∂L

∂T

)

P

< 0 ⇔

(

∂P

∂ρ

)

L

< 0. (23)

Mathematically, it corresponds to p < 1 in the case 3 ∝ Tp.
Typically this unstable phase occurs for temperature between
∼ 100 and ∼ 5,000 K. Figure 2 shows the growth rate of
thermal instability as a function of the wavelength of the linear
perturbation. The dashed curve corresponds to the case of
the unperturbed state in equilibrium. The thermal conduction
tends to make the system isothermal, and hence, it stabilizes
the perturbations with sufficiently small wavelengths. The
critical wavelength (the largest wavelength stabilized by thermal
conduction) is called “Field length” named after the pioneer of
this analysis:

λc = 2π

{

ρ

K

[

∂L

∂T

]

P

}

−1/2

∼

√

KT

ρ23
≡ λF, (24)

where K denotes the coefficient of thermal conduction.
In the case where the spatially uniform perturbed state is not

in thermal balance, the criterion for the instability is p < 2
for 3 ∝ Tp, and hence, the range of the unstable temperature
becomes wider (Schwarz et al., 1972). The dispersion relation for
isobarically cooling medium is portrayed by the solid curve in
Figure 2 (Koyama and Inutsuka, 2000). The growth rate presents
a peak at a wavelength that is about ten times larger than the

FIGURE 2 | The dispersion relation for condensation mode of thermal

instability analyzed in Koyama and Inutsuka (2000). The dashed curve denotes

the classical result for the case of thermal equilibrium unperturbed state. The

solid curve denotes for the case of an isobarically contracting unperturbed

state. Reproduced from Koyama and Inutsuka (2000) with permission of ApJ.

FIGURE 1 | A phase diagram of ISM and important heating and cooling processes shown in Koyama and Inutsuka (2000). (A) Equilibrium temperature and pressure

with absorbing column density of 1019 cm−2 (solid lines), 1020 cm−2 (dashed lines). (B) Heating (dashed lines) and cooling rates (solid lines) for unshielded gas per

hydrogen nucleus at equilibrium. Heating processes are, photoelectric effect from small grains and PAHs (PE), X-ray (XR), Cosmic-ray (CR), and H2

formation/destruction. Cooling processes are CII fine-structure (CII), OI fine-structure (OI), Hydrogen Lyman-α (Ly-α), CO rotation/vibration line (CO), and atomic and

molecular collisions with dust grains (GR). Reproduced from Koyama and Inutsuka (2000) with permission of ApJ.
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Field length implying that thermal instability tends to produce
structures larger than the Field length.

3.2. The Effect of Magnetic Field on
Thermal Instability
The effect of magnetic field on the linear growth of thermal
instability was studied in detail by Ames (1973). Obviously
a sufficiently strong magnetic field suppresses the motion
perpendicular to the magnetic field lines. This is because in
slab geometry, the magnetic pressure is simply proportional
to the density square (as magnetic field is proportional to
density), therefore the increase of the magnetic pressure can
compensate for the decrease of the thermal pressure. However
the perturbations in the direction along the magnetic field are
not suppressed and remain unstable, if the cooling function
satisfies the instability criteria. The non-linear development of
the thermal instability has been studied by various authors
(Hennebelle and Pérault, 2000; Piontek and Ostriker, 2004; Inoue
et al., 2007; van Loo et al., 2007; Inoue and Inutsuka, 2008, 2009;
Choi and Stone, 2012) while the effects of non-ideal MHD on
thermal instability have been studied by various papers. Inoue
et al. (2007) have done one-dimensional two-fluid simulations
where neutral and charged components are self-consistently
described as two fluids. They found that regardless of the initial
conditions used to set up the simulation, the magnetic field
strength in dense regions ends up being a few µG.

3.3. Formation of Molecular Clouds
It is believed that most of the volume in the thin (∼ 102pc)
disk of our Milky Way Galaxy is filled by warm neutral medium
(WNM) and warm or hot ionized medium (e.g., Ferrière, 2001).
In contrast, a significant fraction of gaseous mass resides in the
cold dense medium that occupies only a small fraction of the
spatial volume. Sufficiently dense (> 103cm−3) gas tends to be
in large ( > a few pc ) clouds whose column density is sufficiently
large to protect molecular hydrogen against external dissociating
radiation. Giant molecular clouds are observed to be the sites of
massive star formation. Once a massive (> 10M

⊙
) star is created

in a molecular cloud, it radiates intense ultraviolet radiation
inside the cloud that results in the creation of an expanding
ionized region, i.e., HII region. The expanding HII regions
are supposed not only to quench the further star formation,
but also to destroy the parental molecular clouds (Dale and
Bonnell, 2011; Walch et al., 2012; Dale et al., 2013; Geen et al.,
2015, 2017; Gavagnin et al., 2017; Kim et al., 2018). Since we
suppose that our Milky Way Galaxy is in a steady state over a
timescale of Galactic rotation (∼ 108yr), molecular clouds are
continuously created at a rate that compensate the destruction by
massive stars.

How are the cold dense clouds created? According to the
phase diagram of ISM shown in section 3.1, we can identify that
the formation process of cold dense HI gas (> 10 cm−3) from
WNM should be a phase transition dynamics that increase the
density abruptly (Hennebelle and Pérault, 1999; Koyama and
Inutsuka, 2000). Several studies (Koyama and Inutsuka, 2002;
Piontek and Ostriker, 2004; Audit and Hennebelle, 2005; Heitsch
et al., 2006; Vázquez-Semadeni et al., 2006) have shown that this

phase transition always results in the creation of long-lasting
turbulentmotions where coldHI clumps are embedded inWNM.
The amplitude of turbulent velocities of cold HI gas tends to
be a few km s−1, a fraction of the sound speed of the WNM
(10 km s−1). Therefore, the resulting turbulence appears to be
supersonic with respect to the sound speed of cold medium (∼
1km s−1) but actually subsonic with respect to the WNM, which
constitutes the inter clump medium. Therefore the turbulence
of the atomic interstellar gas is a combination of subsonic and
supersonic motions. Let us stress that the CNM tends to behave
as a supersonic gas even so it is embedded into an environment
with respect to which it is subsonic. This is because the CNM
fragments collide supersonically.

Now a description of how molecular clouds are created is
proposed. An important question is whether they can be created
by a single compression event from WNM or whether they
are more gradually created from cold dense HI clouds. Inoue
and Inutsuka (2008), Inoue and Inutsuka (2009), Heitsch et al.
(2009), and Körtgen and Banerjee (2015) have given a somewhat
negative answer to the former question. Inoue and Inutsuka
(2012) have given the positive answer to the latter question. More
detailed analyses are done by Iwasaki et al. (2018). Figure 3 shows
typical results of the compression of magnetized multiphase HI
clouds by shock waves. The relative angle (θ) between the shock
wave propagation direction and the mean magnetic field is 3◦

(upper panel), 11◦ (middle panel), 36◦ (lower panel), respectively.
The compression with a small angle results in the creation
of substantial molecular gas. But if the relative angle is larger
than a certain critical value, the propagation of shock wave
only result in the magnetically supported HI clouds. Note that
the value of this critical angle depends on the velocity of the
incoming flow of the magnetic field and of the time since for
long enough time, the post-shock layer will always be at least
partially molecular. In practice, there is however a distribution
of angles between the magnetic field and the incoming flow.
Quantifying this distribution would therefore be important to
constraint the scenario of molecular cloud formation. Detailed
investigations from larger scale simulations (see section 8) have
shown that there is a clear trend for magnetic and velocity fields
to be preferentially aligned (e.g., Iffrig and Hennebelle, 2017),
which would imply that aligned configurations are more frequent
than expected.

4. THE NATURE OF MHD TURBULENCE IN
THE DENSE ISM

Turbulence is ubiquitous in fluid dynamics and unsurprisingly,
many observations suggest that molecular clouds are turbulent
(e.g., Elmegreen and Scalo, 2004; Hennebelle and Falgarone,
2012). It is likely the case that together with gravity, turbulence
is playing a significant role in the evolution of molecular clouds
for example by creating strong density fluctuations, owing to its
supersonic nature, that may serve as seed for the mass reservoir
of future stars. More generally, interstellar turbulence is an
agent that imposes order in the form of coherent structures and
correlations between the various fields of the flows. Turbulence
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FIGURE 3 | The result of compression of multiphase HI clouds by shock waves (Iwasaki et al., 2018). The column density is shown (red stands for WNM while

Blue-green represents CNM). The relative angle (θ ) between the shock wave propagation direction and the mean magnetic field is 3◦ (Upper panel), 11◦ (Middle

panel), and 36◦ (Lower panel), respectively.

is likely responsible of many, if not almost all1, of the observed
motions. How magnetic field affects turbulence in molecular
clouds is the main focus of this section.

4.1. Turbulence in Ideal MHD Framework
Before starting a description of the turbulence, an important
issue should be stressed. Ideal MHD implies that fluid particles
are attached to their field lines, that is to say they can flow
along the field lines but cannot go across them. In a turbulent
fluid, given the stochastic nature of the motions, such a situation
would lead to a field that would be so tangled, that quickly
motions would be prohibited. This implies that Ideal MHD
cannot, strictly speaking, be correct for a turbulent fluid and
that some reconnection, that is to say some changes of the field
lines topology must be occurring. The physical origin of this
reconnection is still debated but an appealing model has been
proposed by Lazarian and Vishniac (1999). In this view the
reconnection is driven by turbulence and is a multi-scale process,
that is unrelated to the details of the microphysical processes
(Lazarian et al., 2015). It is certainly the case, at least in numerical
simulations of MHD turbulence, where the numerical diffusivity
is often controlling the reconnection, that the MHD is far to be
ideal. This process, in particular, induces an effective diffusion of
the magnetic flux, that is therefore not fully frozen as one would
expect if MHD was truly ideal.

1In principle gravity and stellar feedback are two other sources whose signature

can sometimes be clearly recognized. In many circumstances however, it is likely

difficult to clearly separate the different contributions as gravity and feedback

trigger turbulent motions.

4.1.1. Incompressible Magnetized Turbulence
For pure hydrodynamics, i.e., in the absence of magnetic
field, the Kolmogorov dimensional scaling relation, appears
to provide a good description (Kolmogorov, 1941). However,
MHD flows are more complicated and in spite of intensive
efforts, even the energy powerspectrum of MHD turbulence
is still debated. The first model to predict a powerspectrum
has been done by Iroshnikov (1963) and Kraichnan (1965)
who infer vl ∝ l1/4 and E(k) = k2Pv(k) ∝ k−3/2. The
power spectrum E(k) ∝ k−3/2 is therefore shallower than
the Kolmogorov one. One of the fundamental assumptions of
Iroshnikov (1963) and Kraichnan (1965) is that the eddies are
isotropic. However, numerical and observational data suggest
that in MHD turbulence the energy transfer occurs mainly in the
field perpendicular direction (Biskamp, 2003).

An important step forward has been accomplished by
Goldreich and Sridhar (1995). They proposed a theory in which
anisotropy of the eddies is accounted for. As the energy cascade
proceeds to smaller scales, turbulent eddies get more and more
elongated in the direction of the magnetic field. They assume
that the Alfvén time-scale and the non-linear cascade time-
scale are comparable, kzVa ≃ vk

⊥
, while the cascade time in

the direction perpendicular to the field leads to v
⊥

∝ k
−1/3
⊥

.
The wave vector along the z-axis is thus expressed as kz ∝

k
2/3
⊥

. The energy transfer time is therefore different from the
Iroshnikov-Kraichnan estimate, and identical to the one obtained
by Kolmogorov. One gets E(k

⊥
) ∝ k

−5/3
⊥

. This issue has been
further studied (e.g., Cho et al., 2002; Boldyrev, 2005; Lee et al.,
2010; Beresnyak, 2011; Mason et al., 2012; Wan et al., 2012) and
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remains still debated. It is however clear from the numerous
numerical simulations performed that the turbulence is very
anisotropic (e.g., Grappin and Müller, 2010).

4.1.2. Compressible Magnetized Turbulence
Since molecular clouds are both magnetized and super-sonic
(with typical Mach numbers on the order of 10), compressible
magnetized turbulence has received considerable attention
during the last two decades. Because of its simplicity many
works have been assuming an isothermal equation of state. More
recently 2-phase medium has also been considered.

One of the major question that has been under investigation
when the importance of turbulence was established, was the
origin of the turbulence in molecular clouds and more precisely
how the observed turbulence could be maintained. Since
turbulence is expected to decay in one crossing time, this
would imply that either molecular clouds were young, either
there was a source that was continuously rejuvenating the
turbulent energy, either the turbulence was decaying slower
than expected. Several works have been investigating the latter
assumption (e.g., Mac Low et al., 1998; Ostriker et al., 2001;
Birnboim et al., 2018). They conclude that while magnetic field
introduces some delay compared to the hydrodynamical case,
the decay still occurs too rapidly, that is to say in about one
crossing time, to explain the high level of turbulence found in
molecular clouds.

The second major reason to study turbulence is obviously to
get a statistical description of the fluctuations arising inmolecular
clouds and this has been addressed in several studies (e.g., Mac
Low et al., 1998; Padoan and Nordlund, 1999; Ostriker et al.,
2001; Cho and Lazarian, 2003). In this respect, one of the
most comprehensive set of simulations relevant for the MHD
turbulence arising in the 2-phase interstellar medium has been
performed by Kritsuk et al. (2017). Five runs are presented where
the mean density (2 and 5 cm−3), magnetic field (≃ 1, 3, and 10
µG) and root mean square velocity are varied. The total box size
is 200 pc and a random forcing in the Fourier space is applied
to sustain the turbulent motions. A cooling function relevant for
the ISM is employed and it leads to the existence of WNM and
CNM. Figure 4 displays the energies as a function of time, the
magnetic field PDF, the powerspectra of kinetic and magnetic
energies as well as the longitudinal structure function for run
A (mean density is 5 cm−3, magnetic intensity of 10 µG and
rms velocity about 16 km s−1) of Kritsuk et al. (2017). As can
be seen for this particular run the magnetic and kinetic energies
are comparable. The PDF is broad and magnetic intensities
larger than 100 µG are sometimes found. The energies present
power spectra with exponent compatible with -3/2 although the
inertial range is probably not extended enough to make this
value well determined. Interestingly, we note that the structure
function is stiffer in the CNM than in the WNM. Clearly this
is because the former is highly supersonic while the latter is
nearly transsonic. Let us also stress that the anisotropic nature of
the MHD turbulence, which present elongated structures along
the magnetic field as inferred in the incompressible case, is still
present in the compressible case as shown for example by Vestuto
et al. (2003) or Beresnyak et al. (2005).

Due to its very non-linear nature, the description presented
in most works is essentially numerical however some
recent theoretical progress have been accomplished for the
understanding of how the cascade proceeds in a magnetized,
compressible, self-gravitating and isothermal gas by Banerjee
and Kritsuk (2017) and Banerjee and Kritsuk (2018) following
the work of Galtier and Banerjee (2011). In this work a complete
expression of the total energy transfer is obtained as mixed
second-order structure functions (see Equation 33 of Banerjee
and Kritsuk, 2018). The contributions of pure kinetic, magnetic,
gravitational and thermodynamic terms are clearly identified
and will allow future works to clarify their respective roles
and importance.

4.1.3. How Magnetic Field Affects the Density PDF
The density PDF is a key quantity in the ISM, particularly for
the star formation process. Several models aiming at providing
explanations for the two most fundamental problems of star
formation, namely the initial mass function of stars (Padoan et al.,
1997; Hennebelle and Chabrier, 2008) and the star formation
rate (Padoan and Nordlund, 2011; Hennebelle and Falgarone,
2012; Federrath and Banerjee, 2015) directly depend on the
density PDF.

The density of cold and weakly self-gravitating molecular
gas has been found to present a lognormal distribution. It is
likely the result of random shocks induced by the compressible
turbulence and the multiplicative nature of the density variable
leading, to a Gaussian distribution of log ρ. A useful calculation
has been inferred by Hopkins (2013), who derived a log-Poisson
distribution for the density, using intermittent models developed
in the context of incompressible turbulence. The mathematical
expression of the density distribution presents a free parameter
that controls the degree of intermittency and the deviation
from the lognormal distribution. Hopkins (2013) compared this
expression with PDF from numerical simulations and obtain very
good agreement. This is particularly interesting for the highMach
number runs in which important deviations from the lognormal
behavior are observed. Another important aspect regarding the
cold and non-self-gravitating gas is the cooling or more precisely
the effective equation of state, that is to say the pressure vs.
density relation. Inmost of the studies the isothermal assumption
has been made. However powerlaws instead of lognormal have
been inferred for polytropic flows. Federrath and Banerjee (2015)
carried out a set of calculations for polytropic flows, i.e., following
P ∝ ρŴ for Ŵ = 0.7, 1 and 5/3. They inferred modest differences
between Ŵ = 0.7 and 1 that do not strongly deviate from
lognormal distribution. On the other hand, significant deviations
were obtained for Ŵ = 5/3 in particular the low density part of
the PDF is better described by a powerlaw.

The effect of the magnetic field on the density PDF has
also been studied in the isothermal case (e.g., Ostriker et al.,
2001; Lemaster and Stone, 2008) and in two-phase flows (e.g.,
Hennebelle et al., 2008; Kritsuk et al., 2018). It has generally
been found that magnetic field has a limited impact. This agrees
with the conclusion that the gas which is not self-gravitating
tends to flow along magnetic field lines. Molina et al. (2012)
carried out isothermal simulations with various Mach numbers.
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FIGURE 4 | Results of simulations of ISM magnetized turbulence performed by Kritsuk et al. (2017). (Top-left panel) Shows the total, kinetic, magnetic and internal

energies as a function of time. (Top-right panel) Displays the magnetic field PDF in the warm, unstable and cold phases. (Bottom-left panel) Portrays the

powerspectra of the kinetic, magnetic and total energies while (bottom-right panel) shows the structure functions of the velocity in the various phases of the ISM.

They inferred that in the transsonic and subsonic flows, the
density PDF of magnetized and pure hydrodynamical cases are
very similar. They report however significant differences for
supersonic flows. An analytic expression which is an extension
of the lognormal distribution has been proposed. From their
Figure 1, it appears that the difference between hydrodynamical
and magnetized runs are important only for the low density gas
while the PDF at high densities are almost identical.

4.2. The Influence of the Ion-Neutral Drift
on MHD Turbulence
As discussed in section 2.2 the ion-neutral friction is an
important source of energy dissipation in the interstellar medium
and particularly within molecular clouds. Likely enough this
should have an impact on the development of turbulence
and presumably modifies the fluctuations at small scales. Here
we describe the various efforts that have been undertaken to
investigate this aspect. We first describe the effects of the ion-
neutral friction on MHD waves and then discuss the numerical
simulations, which have been performed and the conclusions.

4.2.1. How Ion-Neutral Drift Affects Wave

Propagation
The impact of ion-neutral friction on the propagation of MHD
waves has been first investigated by Kulsrud and Pearce (1969)
considering a fluid of ions and a fluid of neutrals (see e.g.,

Lequeux, 2005, for a more recent and complete discussion).
Although they restrict the discussion to Alfvén waves only, the
dispersion relation obtained is of the third order making a
complete discussion a little tedious. They found that there are
several wavelength domains to be considered.

In the long wavelength limit, the ions and the neutrals are
well coupled because the dynamical time is short with respect
to the ion-neutral friction time. In this limit the strong coupling
approximation can be used and the dispersion relation is

ω = i
k2V2

A

2γadρi
±

√

k2V2
A −

(

k2V2
A

2γadρi

)2

, (25)

where k is the wavenumber and VA is the Alfvén speed of the
neutrals (i.e., VA = B/

√

4πρ). The waves propagate at the
Alfvén speed of the neutrals. They dissipate in a time scale that
is proportional to k2 ∝ λ−2, where λ is the wavelength. If
k > 2γadρi/VA, the waves do not propagate any more. This is
because the friction is too intense.

In the short wavelength limit (which is not described by
Equation 25), the waves propagate at the Alfvén speed of the
ions, which for typical molecular cloud conditions, is roughly
thousand times the Alfvén speed of the neutral (because typical
ionization is on the order of 10−7). This is because in this limit
the wave frequency is shorter than the ion-neutral friction time,
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FIGURE 5 | (Left panel) Compensated velocity powerspectra for the decaying MHD simulations with ambipolar diffusion (from Ntormousi et al., 2016). The various

runs include ideal MHD with 5123 (l9) and 10243 (l10) resolution and a series of runs with ambipolar diffusion with the same two resolutions and various values of the

minimum timesteps allowed. The powerspectra present major deviation from the ideal MHD runs at scales smaller than the ambipolar diffusion one. (Right panel)

Distribution of filament width in MHD simulations with and without ambipolar diffusion. The solid lines are for a resolution of 5123 while the dashed ones correspond to

10243. Reproduced from Ntormousi et al. (2016) with permission of A&A.

thus the neutrals cannot follow the ions. The dissipation time, in
this regime is independent of λ.

Balsara (1996) has been performing a complete analysis
by solving for all modes and also by solving for the strong
coupling approximation. He concluded that the slow MHD
modes are less affected by the dissipation induced by the ion-
neutral friction, particularly when the propagation of the waves
is along the field lines. He also found that in the long wavelength
limit, the strong coupling approximation is very accurate and
can be employed.

4.2.2. Turbulence With Ion-Neutral Drift
From these analytical results, it is clear that ion-neutral friction
leads to wave damping and should therefore affect the turbulent
cascade. To quantify the scale at which this may happen it is
usual to infer the scale at which the Reynolds number, in which
the viscosity is taken to be the ion-neutral friction, is about 1
(see section 6.2.3). This scales is called lad or ldiss, depending on
the authors.

One of the first simulations, that have been performed,
are the ones by Oishi and Mac Low (2006) using the strong
coupling approximation. They conclude that contrary to the
simple analytical estimate, the simulations do not reveal a
clear sign of a specific smoothing or dissipative scale. Other
simulations like the ones performed by Li et al. (2008),
Downes and O’Sullivan (2011), and Ntormousi et al. (2016)
found that ion-neutral friction affects the turbulent fluctuations
at a scale below the ambipolar diffusion one leading to
a smoother structure. Left-panel of Figure 5 displays the
velocity powerspectra of ideal MHD simulations at various
resolution and of simulations that include the ion-neutral
friction for the same numerical resolutions and for various
minimum timesteps allowed (in these calculation an explicit
scheme is employed and the smallest timesteps is enforced
by raising the ionization if needed). Clearly the powerspectra
with ion-neutral friction present sign of dissipation at a

scale that is about lad although numerical convergence could
not be obtained.

Burkhart et al. (2015) presented three calculations with
various Alfvénic and sonic Mach numbers using the heavy ions
approximation. They computed structure functions and compare
the results with the prediction made by Goldreich and Sridhar
(1995). They also performed mode decomposition as described
by Cho and Lazarian (2003), that is to say identifying the
Alfvén, fast and slow modes. Part of their results are displayed in
Figure 6. While the super-Alfvénic simulation present structure
functions compatible with the prediction of Goldreich and
Sridhar (1995), even below the ambipolar diffusion scale, lad, the
Alfvén waves component of the sub-Alfvénic simulation shows
clear sign of decay below lad.

Clearly the nature of MHD turbulence in the presence of
ion-neutral friction is not well understood and requires further
investigation.

5. HOW MAGNETIC FIELD CORRELATES
WITH THE DENSITY FIELD

A major question to understand the role of the magnetic field
in molecular cloud evolution is how it correlates with the
other fields and in particular with the density. Two aspects are
particularly important, first how the mean magnetic intensity
varies with the density and second how the magnetic field
direction correlates with structures like filaments and more
generally how the magnetic field direction correlates with
density gradients.

5.1. The B vs.N Relation
Since the pioneering work of Troland and Heiles (1986), it is
well established (Crutcher et al., 2010) that the mean magnetic
intensity is independent of gas density, n, for values up to about
300 cm−3. At higher densities, that is to say at least up to 106−7

cm−3, the mean magnetic intensity has been found to increase
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FIGURE 6 | Structure function in MHD turbulence with ion-neutral friction from Burkhart et al. (2015). (Left panel) Show the structure function for the ions while the

right panels display the structure functions for the neutrals. The first and second rows are for a supersonic and super Alfvénic simulation while the third row is for a

sub-Alfvénic one. For the second and third panel mode decomposition has been performed and only the Alfvén modes are shown. As can be seen from third row,

they are strongly damped in the sub-Alfvévic case why they roughly follow the expected scaling from ideal MHD theory in the super-Alfvénic one. Reproduced from

Burkhart et al. (2015) with permission of ApJ.

with n broadly like a powerlaw, that is to say B ≃ nκ . The exact
value of κ is still a matter of debate. Earlier works (Crutcher,
1999) obtained κ = 1/2 but more elaborated Bayesian analysis
led to κ ≃ 0.65 (Crutcher et al., 2010). Understanding the
physical origin of this behavior is important to unravel the star
formation process in general. In particular, the mass to magnetic
flux ratio, M/φ, can be estimated by combining the column
density of the observed component along the line of sight and
the observed magnetic intensity. This leads to the conclusion that
the atomic and diffuse molecular gas is subcritical, that is to say
dominated by the magnetic field, while dense regions, such as
dense cores, are generally supercritical.

Before describing the results inferred from numerical
simulations, it is worth to recall the different behaviors that can
be expected. If the contraction occurs along the field lines, then
the magnetic field is not amplified and B ∝ nκ with κ = 0.
If the motion is perpendicular to the field lines, then it is easy
to show that n/B stays constant (combining the continuity and
induction equations in one dimension) and thus κ = 1. Note

that in this configuration the magnetic pressure is proportional
to n2 and therefore quickly halts any contraction. Qualitatively
at least, these two cases represent, respectively, a situation in
which the magnetic field is strong and weak with respect to the
kinetic motions, i.e., sub and super-Alfvénic situations. In the
sub-Alfvénic case, the magnetic field guides the flow and forces
the contraction along the field lines while in the super-Alfvénic
case, it is advected by the flow and the transverse component of
the field is amplified.

If the contraction is spherical, for example driven by gravity,
then the mass enclosed is simply∝ ρR3, R being the cloud radius,
while the magnetic flux is ∝ BR2 thus leading to B ∝ n2/3.
It is, however, likely that a contracting cloud does not remain
spherical, especially if the magnetic field is not negligible. In this
case, it is expected that an equilibrium along the field lines settles
leading to c2s ≃ φ, where φ is the gravitational potential. The
Poisson equation leads φ ∝ nh2 where h is the thickness of the
cloud along the field lines. Then, as the mass enclosed is now
∝ nR2h while the magnetic flux is still ∝ BR2, we get B ∝ csn

1/2.
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Basu (2000) has compared the data provided by Crutcher (1999)
with this expression and has obtained a good agreement, which
improves if the velocity dispersion σ instead of cs is used. Another
even simpler interpretation of this relation is energy equipartition
between magnetic and kinetic energy, B2/(4π) ∝ nσ 2.

Several theoretical studies have been investigating the B vs n
relation. In particular various simulations of 3D ideal MHD
turbulence tend to show that in realistic ISM conditions and
without gravity (e.g., Padoan and Nordlund, 1999; Hennebelle
et al., 2008; Banerjee et al., 2009), the magnetic intensity weakly
depends on the density field. A weak correlation is found with
typically κ ≃ 0.1 − 0.2. This has been interpreted in the
context of the 2-phase ISM by Hennebelle and Pérault (2000) as
a consequence of the magnetic tension, which tends to unbend
the magnetic field lines and to align the magnetic and the
velocity fields. This eventually facilitates the gas contraction. For
polytropic flows, the lack of correlation is due to the various
types ofMHDwaves having different scalings of the field strength
with the density (Ostriker et al., 2001; Passot and Vázquez-
Semadeni, 2003; Burkhart et al., 2009). Indeed while for fast
waves, magnetic intensity and density are correlated, they are
anti-correlated for slow waves and not correlated for Alfvén
waves. Thus, in a turbulent transsonic flow, as is the multi-phase
HI, the field strength is a consequence of the complete history
of wave propagation. Note that in supersonic and superalfvénic
simulations, more vigorous dependence of B on the density
is inferred (Ostriker et al., 2001; Burkhart et al., 2009). The
simulations which treat both self-gravity and turbulence find that
at high density the magnetic intensity is ∝ n0.5 (Hennebelle
et al., 2008; Banerjee et al., 2009), which accords well with the
analytical predictions deduced above. More recently Li et al.
(2015) performed high resolution adaptive mesh simulations for
a weak and a strong initial magnetization and performed clump
identification. They then investigated the relation between the
mean magnetic field, ¯B and the mean density, n̄, within the
clumps and inferred ¯B ∝ n̄0.65 in good agreement with the
Crutcher et al. (2010) result. This may seemingly suggest that
at the scale of the clumps themselves, the contraction is nearly
isotropic. This is in good agreement with the results reported
by Mocz et al. (2017) where simulations with a broad range
of Alfvénic Mach number, MA, have been presented. When
MA > 1, the clumps follow B ∝ n2/3, while when MA < 1,
B ∝ n1/2 is inferred.

5.2. The Orientation of Magnetic Field
The orientation, or more generally the topology, of the magnetic
field is expected to play a significant role in the formation of
structures. For example as discussed above strong toroidal fields
can induce instabilities in filaments while poloidal ones tend to
stabilize them (Fiege and Pudritz, 2000). Another example comes
from the work of Nagai et al. (1998), where linear stability analysis
of a magnetized self-gravitating layer has been performed (see
also Van Loo et al., 2014). They show that the orientation of the
most unstable mode tends to be correlated with the magnetic
field direction. The result depends on the external pressure that
determines the scale height, zb at which the solution is truncated.
If zb≫ l0, l0 being the Jeans length, then the fastest growing mode

is aligned with the magnetic field, resulting in filaments which are
perpendicular to the field direction. The physical reason is that,
since the width is large relative to the Jeans length, the layer is
compressible and density fluctuations are easier to develop along
the magnetic field. On the other hand when zb ≪ l0, the fastest
growing mode is perpendicular to the magnetic field and the
filaments are aligned with it. This is because the layer is almost
incompressible (since the scale height is smaller than the Jeans
length), thus the instability develops through the bending of the
layer. As perturbations whose wave vectors are perpendicular to
the magnetic field do not bend the field lines, these perturbations
develop more easily.

Observationally significant progresses have recently been
accomplished regarding the magnetic field orientation. The
polarization observations by the Planck satellite reveal that in
the diffuse ISM, the elongated column density structures traced
tend to be predominantly aligned with the magnetic field within
the structures (Planck Collaboration et al., 2016). This statistics
for the low column density gas are comparable to that found
between low column density fibers traced by HI emission and
the magnetic field (Clark et al., 2014). The analysis of the
Planck data toward nearby molecular clouds reveals that the
relative orientation between the structures and the magnetic field
depends on the column density, NH. It is mostly parallel at
log(NH) ≃ 21.7 cm−2 and mostly perpendicular at log(NH) ≥

21.7 cm−2 (Planck Collaboration et al., 2016).
A detailed analysis of the angle, φ between the magnetic field

and the density gradient,

cosφ =

∇ρ × B

|∇ρ| |B|
, (26)

in numerical simulations has been carried out by Soler et al.
(2013) using the simulations presented in Dib et al. (2010).
In these numerical experiments the gas is isothermal and the

FIGURE 7 | Relative orientation parameter, ξ vs. gas density, n ≡ ρ/µ from

Soler et al. (2013). The values of ξ correspond to the relative orientation

between ∇ρ and B in density bins with n > 500 cm−3. The values ξ > 0

correspond to ∇ρ mostly perpendicular to B and ξ < 0 correspond to ∇ρ

mostly parallel to B. The gray horizontal line is ξ = 0. The darker colors

represent the early snapshots and the lighter colors, the later snapshots. The

gray vertical line, drawn for reference, corresponds to n = 104 cm−3.

Reproduced from Soler et al. (2013) with permission of A&A.
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turbulence, seeded initially with an initial Mach number of about
10, is decaying. Through shocks and self-gravity dense clumps
and filaments quickly form. Three values of magnetization,
characterized by the initial β , equals to the thermal over magnetic
pressure have been explored namely 100 (weakly magnetized), 1
and 0.1 (strongly magnetized). A value of ξ > 0 means that the
dominant configuration is cosφ ≃ 0, that is to say the magnetic
field and the density gradient tend to be perpendicular, which in
turns implies that the magnetic field and density isocontour tend
to be parallel. To quantify the alignment, in each density bin,
the difference between the numbers of cells having, respectively
| cosφ| < 0.25 and | cosφ| > 0.75 (see Soler et al., 2013)
has been computed. Figure 7 shows the dependence of ξ with
the gas density for the three runs at two timesteps. For the low
magnetization (β = 100), ξ remains positive for all density
bins, with a clear trend for cosφ to increase at large densities
(i.e., φ goes to smaller values). For the more magnetized case,
ξ becomes negative at high densities and the density value at
which this happens drops with β . This in particular shows that
at low densities the magnetic field tends to be aligned with the
filaments while at high densities it is more perpendicular to them.
While the physical origin of this last trend is simply that the gas
is channeled by the magnetic field, when it is strong enough,
along the field lines, the mechanism by which the alignment
occurs at low density is less obvious. To better understand it, Soler
and Hennebelle (2017) have obtained an exact equation for the
evolution of φ. It is simply obtained by combining the Faraday
and continuity equations,

d(cosφ)

dt
=

∂i(∂jvj)

(RkRk)1/2
[−bi + ri cosφ]+ ∂ivj[rirj − bibj] cosφ,

(27)
where

ri ≡
Ri

(RkRk)1/2
, Ri = ∂iρ, (28)

bi ≡
Bi

(BkBk)1/2
, (29)

By numerically estimating the different terms in the right-hand
side of Equation (27), Soler and Hennebelle (2017) showed that
the mean value of the first term, which entails second spatial
derivatives, quickly goes to zero. They therefore concluded that
the second term is mainly responsible of the evolution of cosφ.
As can be seen this second term vanishes either if B and ∇ρ are
orthogonal, in which case cos θ = 0, or if they are parallel, in
which case rirj − bibj = 0. This could suggest that cosφ has
two attractors, 0 and ±1 although this obviously depend on the
sign of the velocity derivatives. Numerical estimates using MHD
simulations, show that indeed, on average, the mean value of
cosφ follows the sign of the velocity terms.

Therefore the aligned configurations (φ = 0 or π) and
perpendicular ones (φ = π/2) are favored. They are simple
consequences of the fluid equations (more precisely continuity
and Faraday equations).

Recently Gómez et al. (2018) have investigated the detailed
structure of the magnetic field inside a self-gravitating filament,

which forms in a turbulent environment. Similarly to other
studies, they found that the magnetic field is primarily
perpendicular to the supercritical filaments. However, they note
that due to the gravitational infall along the filament, the field
lines are further bent resulting in a “U”-shaped magnetic field
line geometry. An equilibrium eventually settles due to the
diffusion processes, that equilibrate with the transport by the
infall motions. Figure 8 displays the magnetic field structure on
top of the column density within the filament.

6. FILAMENTS

While the density PDF provides very important information on
the ISM, it should be kept in mind that they miss an essential
piece of information, i.e., the spatial correlations or the shape of
the interstellar clouds. While it has been recognized that the ISM
is remarkably filamentary for many years, recent studies carried
out by Herschel led to quantitative statistical estimates of their
properties (André et al., 2014).

The first question that has to be addressed is what is the
origin of this ubiquitous filamentary structure? Second, Herschel
studies have also revealed that the filaments have a possible
characteristic width of about 0.1 pc, which is surprising and needs
to be explained although it is worth stressing that this result has
for now been obtained only in nearby molecular clouds. Finally,
it seems that most star forming cores sit inside self-gravitating
filaments (Polychroni et al., 2013; Könyves et al., 2015), seemingly
suggesting that filaments may be one important step of the star
formation process.

FIGURE 8 | Structure of the magnetic field within a self-gravitating filament

(Gómez et al., 2018). The structure of the mass weighted magnetic field

integrated along the line of sight is shown on top of the column density. The

magnetic field, that is primarily perpendicular to the direction of the filament, is

then further stretched by the collapsing motions along the filament, resulting in

a “U”-shaped magnetic field line geometry.
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6.1. Formation of Filaments
It is well known that gravity amplifies anisotropies and tends to
promote the formation of filaments. In the context of molecular
clouds this is particularly evident in studies like the ones
performed by Nagai et al. (1998), Smith et al. (2014), Gómez and
Vázquez-Semadeni (2014), Federrath (2015), Gong and Ostriker
(2015), Chen and Ostriker (2015), and Camacho et al. (2016).
This is simply because the gravitational force being the gradient
of a scalar, it is stronger along the shortest axis of a clump.
However, gravity can not explain all the observed filaments
because many filaments are not self-gravitating. Indeed, the
atomic gas (HI) is itself rather filamentary (Miville-Deschênes
et al., 2003; McClure-Griffiths et al., 2006; Clark et al., 2014), but
is far from being self-gravitating. It seems therefore that other
processes could lead to filament formation. To investigate this
issue Hennebelle (2013) performed MHD and hydrodynamical
turbulent simulations of the ISM and computed the clump
aspect ratio. These simulations include interstellar cooling and
therefore present a 2-phase structure as described above. Gravity

is not included. They have an initial velocity dispersion which
corresponds to a Mach number of 10 and then decay. Hennebelle
(2013) found that magnetic field makes the clumps more
filamentary as seen from Figure 9 that portray the column
density in an hydrodynamical and an MHD run. This is indeed
quantified by Figure 10, which shows the aspect ratio of the
clumps that have been extracted from the simulations using a
friend of friend algorithm. It reveals that on average the clumps
in the MHD case have a smaller µ2/µ3, where µ2 and µ3 are the
inertia matrix eigenvalues of the clumps. Hennebelle (2013) also
found that the filament axis tends to be aligned with the strain,
i.e., the direction along which the fluid particles are stretched
by the velocity field. This suggests that indeed turbulence, and
even more likely, MHD turbulence naturally produces elongated
structures. This is in good agreement with the anisotropic nature
ofMHD turbulence which, as discussed in sections 4.1.1 and 4.1.2
produces structures elongated along the magnetic field.

Inoue and Inutsuka (2016) demonstrated that, in shock
compressed layers of typical magnetized ISM, filamentary cold

FIGURE 9 | Column density for one snapshot of a decaying turbulence experiment. Left hydrodynamical run, right MHD run (from Hennebelle, 2013). Initially the field

is uniform and has an intensity of 5µG. The magnetized run presents a more filamentary structure that the hydrodynamical run as can seen through visual inspection

and confirmed by detailed analysis (see Figure 10). Reproduced from Hennebelle (2013) with permission of A&A.

FIGURE 10 | Normalized bidimensional histogram displaying µ1/µ2 as a function of µ2/µ3 where µ1, µ2, and µ3 are the inertia matrix eigenvalues, µ1 being the

smallest (from Hennebelle, 2013). (Left panel) Hydrodynamical simulation. (Right panel) MHD simulation. Clearly the MHD run present structures that on average

tends to be more elongated (i.e., have a smaller µ2/µ3) than the hydrodynamical ones. Reproduced from Hennebelle (2013) with permission of A&A.
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HI clouds are naturally created by thermal instability, and
they also showed that stretched HI filaments that align with
the local magnetic fields are due to the turbulent shear strain
induced at the shock front. Prominent filaments are also found in
magnetized shock-compressed dense layer (Inutsuka et al., 2015;
Ntormousi et al., 2017), as illustrated in Figure 11, while again
the unmagnetized runs produce much less elongated structures
(Ntormousi et al., 2017), seemingly suggesting that the effect
is generic and not sensitive to particular configurations. In
the case of shock-compressed molecular layers denser than HI
clouds, the massive filamentary clouds are perpendicular to the
mean magnetic field lines. The mechanism to create such a
prominent feature can be interpreted as the generic interaction
of a shock wave and a magnetized medium with significant
density inhomogeneity in pre-shock state (Inoue and Fukui,
2013; Inoue et al., 2018). This mechanism does not require self-
gravity but the latter enhances the accretion of gas along the
magnetic field lines onto the massive filament. Note that in some
calculations (e.g., Inutsuka et al., 2015), substructures connected,
and often perpendicular, to the main filaments are also observed.
These structures are reminiscent of the striations that have been
reported in molecular clouds (e.g., Heyer et al., 2016), where they
appear as highly elongated along the magnetic field. Tritsis and
Tassis (2016) have performed several numerical calculations to
investigate their origin and concluded that they are most likely a
consequence of non-linear MHD waves due to inhomogeneous
density fields. Similar conclusion has been reached by Chen and
Ostriker (2014) who presented a series of magnetized simulations
and identified a network of small filaments aligned with the
magnetic field in the simulations with the lowest β and estimate
that this later must be < 0.2 to get prominent striations.

The role of the magnetic field in the formation of filaments
is likely important because it makes the flow more coherent
therefore allowing the existing filaments to survive longer. In
a related way, the flows tend also to be more organized when
they are magnetized. For example several studies have concluded
that velocity and magnetic field are preferentially aligned (see
for example Matthaeus et al., 2008; Banerjee et al., 2009; Iffrig
and Hennebelle, 2017). This is also consistent with the recent
finding that the magnetic field direction and the density gradients
are clearly correlated (Koch et al., 2013, 2014; Soler et al., 2013;
Planck Collaboration et al., 2016; Soler and Hennebelle, 2017) as
discussed in section 5.2.

Let us reiterate that there is not necessarily a unique
mechanism that leads to the formation of filaments. In particular
it is clear that bothmagnetic field and self-gravity tend to produce
highly elongated structures. While it seems difficult to invoke the
latter in the formation of diffuse filaments, it very likely plays
a determinant role in the formation of the most massive ones.
This is particularly obvious in series of simulations presented by
Federrath (2016) where filaments can form under the influence
of gravity and MHD turbulence only.

6.2. A Characteristic Width?
Perhaps the most intriguing and recent aspect of filaments is
the possible existence of a characteristic width, of about 0.1
pc, and even more surprising is the fact that this remains true

FIGURE 11 | Formation of supercritical filaments and striations (Inutsuka et al.,

2015) in a shocked layer (seen face on). In this calculation the filaments are

self-gravitating (and therefore named supercritical) and the striations are mainly

perpendicular to the filaments. Reproduced from Inutsuka et al. (2015) with

permission of A&A.

for filaments of column densities spanning almost 3 orders of
magnitude (Arzoumanian et al., 2011; André et al., 2014; Koch
and Rosolowsky, 2015). Indeed both gravity and turbulence tend
to be scale free processes and usually produce powerlaws. For
example the Jeans length varies by more than one order of
magnitude in the abovementioned filament sample. This analysis
on the width distribution in Herschel observation has triggered
many subsequent papers on this issue. While Juvela et al. (2012),
Alves de Oliveira et al. (2014), and Koch and Rosolowsky
(2015) essentially confirmed the earlier findings, Panopoulou
et al. (2017) pointed out the tension between the characteristic
width and the spatial power spectra of the data that show no
characteristic scale. This tension could be removed by the fact
that the masses in the filaments with a characteristic width
corresponds to a small fraction of the total mass in the whole
molecular clouds and hence they provide small contribution
in the spatial power spectra in observational emission maps.
Hacar et al. (2018) showed the velocity coherent filamentary
structures (so-called fibers) have a median widths that is a factor
of three smaller than 0.1pc in the integral shape filament in Orion
using ALMA observation of molecular emission from N2H

+

(1-0). However, Clarke et al. (2018) cautioned about line-of-sight
confusion in the analysis of velocity coherent structure according
to their synthetic observations of simulated filaments. Note
also that high-resolution ALMA observation has not yet been
reported for dust continuum emission that has a dynamic range
in emission much larger than in molecular line observation.
These observations lead to the question of whywe tend to observe
a characteristic width of molecular filaments, at least, apparently
with the spatial resolution typical in Herschel observation. Part
of the answer may be the finite resolution as recently claimed
by Panopoulou et al. (2017). This may account for some of the
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observed filaments in particular the low column density ones that
are not as prominent as the very dense ones.

Various explanations (André et al., 2014) have been
put forward to account for this fact, three of them are
described below.

6.2.1. Jeans Length and Self-Gravitational Equilibrium
It would appear logical that the width of supercritical filaments
is directly related to the mean Jeans length within the filament.
However, as stressed by (Arzoumanian et al., 2011), the Jeans
length drops with density which is at odds from the nearly
constant width that is inferred from observations. However
Fischera and Martin (2012) argued that the characteristic size
of the filaments is simply the result of mechanical equilibrium
in the radial direction. Assuming that the filaments are pressure
bounded, they find that the equilibrium of the isothermal gas,
between thermal pressure and gravity leads to a diameter of about
0.1 pc with a weak dependence on the column density. While
this explanation could be valid for nearly critical filaments and
is indeed observed in numerical simulations (Smith et al., 2014),
it cannot account for very supercritical filaments as thermal
support is unable to resist gravity. The effects of magnetic field are
also studied by Tomisaka (2014) and Auddy et al. (2016) where
a bidimensional equilibrium is considered, with the filaments
being rather ribbons due to the anisotropic Lorentz force. Again
the finite width of the massive filament cannot be explained
even with magnetic field, unless the strength of the field is
exceptionally large.

6.2.2. The Sonic Length Argument
If filaments are produced in shocks, then their density, ρf , should
be linked to the background density, ρ0 by the Rankine-Hugoniot
relation: ρf = ρ0M

2, where M is the Mach number, M = v/cs.
The velocity on the other hand is linked to the scale as v(L) ≃

v0(L/1pc)
η which is simply the Larson relation discussed above

and v0 ≃ 0.8 km s−1 while η ≃ 0.4 − 0.5. As the size of the
shocked layer is simply given by Lf = Lρ0/ρf , we get Lf =

(cs/v0)
2
× L(L/1pc)−2η. In particular assuming that η = 0.5, the

shocked layer becomes independent of the fluctuation size and
with cs ≃ 0.2 km s−1, we get Lf ≃ 0.07 pc which is close to the
thickness inferred by Arzoumanian et al. (2011). This explanation
has been generalized to the magnetic case by Federrath (2015),
who argue that it reproduces the simulations well. Note, however,
that this argument only explains the thickness of the sheet-like
structure that is geometrically different from the filament. In
addition, this explanation neglects the effect of self-gravity, and
hence, cannot explain why the massive filaments are supported
against excessive self-gravitational forces that are expected to
trigger the radial collapse of the filaments.

The model considered by Auddy et al. (2016) is more
elaborated as they considered a 2D equilibrium with magnetic
field lines perpendicular to its surface. Along the field lines the
structure, which is described as a ribbon, is really narrow and
typically below 0.1 pc, while perpendicularly it is confined by
the ram pressure and its length, close to 0.1 pc, is essentially the
sonic length.

6.2.3. The Ion-Neutral Friction
A third class of explanations has invoked the ion-neutral friction
that provides a source of dissipation, the ion-neutral drift
presents a characteristic time namely ρiγ . From Equation (21) a
magnetic Reynolds number (e.g., McKee et al., 2010; Hennebelle,
2013) can be inferred

Re,m =

V(l)l

ν
, (30)

where ν = B2/(4πγadρρi). Assuming that the energy flux, ǫ =

ρV(l)3/l, is constant through the scales, one gets

Re,m =

ǫ1/3ρ−1/3l4/3

ν
. (31)

Estimating ǫ at the integral scale, L0, we obtain

Re,m =

(

ρ0

ρ

)1/3 V0

L
1/3
0

4πγadρρi

B2
l4/3. (32)

The smallest scale that can be reached in a turbulent cascade
is typically obtained when the Reynolds number is equal to
about 1. This leads for ldiss, the dissipation length, the following
expression:

ldiss =

(

L
1/3
0

ρ
1/3
0 V0

)3/4
(

B2

4πγadρ
2/3ρi

)3/4

. (33)

Typical values for the ISM are V0 = 2.5 km s−1, ρ0 = 100 cm−3

and L0 = 10 pc The magnetic intensity is about 5 µG in the
diffuse gas and 10-20µG in the molecular gas for densities of a
few 103 cm−3. In the molecular gas the ionization is about 10−6

−

10−7 (Le Petit et al., 2006; Bergin and Tafalla, 2007) and the ion
density ρi is given byC

√

ρ, whereC = 3×10−16 cm−3/2 g1/2. For
a density of 103 cm−3, a magnetic intensity of 20µG, this leads
to ldiss ≃ 0.2 pc. Obviously Equation (33) depends on physical
parameters such as V0 and B and therefore should present
variations. It is worth realizing that the first term of the right-
hand side is the energy flux to the power 1/4. The energy flux, at
least in Kolmogorov theory, is expected to be constant through
scales. The second term may also present weak variations since
ρi ∝ ρ1/2, it is proportional to (B2ρ−7/6)3/4 while observations
reveal that B ∝ ρ1/2 is not a bad approximation (Crutcher, 1999).

Hennebelle and André (2013) have developed a
phenomenological model of a self-gravitating and accreting
filament in which turbulent support insures the filament
stability. The turbulence is maintained by the kinetic energy
of accreting material, while the dissipation comes from the
ion-neutral friction. A key prediction of this model is that the
thickness of the filament is indeed about 0.1 pc and importantly
does not depend on the density and column density of the
filament. The reason stems from the fact that the ion-neutral
drift operates on a timescale that is proportional to the ion
density and that this latter is proportional to the neutral density
in this regime. This dependence cancels out with the square-root
of the gas density dependence of the freefall time.
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However, so far this characteristic width has not been
observed in numerical simulations. Ntormousi et al. (2016) have
performed a detailed analysis of the filament width distribution
(in simulations that do not include self-gravity) and found
that while ion-neutral friction affects the density structure and
reduces the numbers of small scale filaments, it does not produce
a characteristic width near 0.1 pc as can be seen in Figure 5.
This may be a consequence of the non-isotropic nature of this
dissipation. In particular motions along the magnetic field lines
are not dissipated by this mechanism.

To conclude, let us stress that while some of these explanations
succeed to explain the observed width in some specific range
of column density, none of the existing simulations performed
so far have reproduced the characteristic width over 3 orders
of magnitude in column density. Therefore, the origin of the
apparent universal widths of the filamentary molecular clouds is
still unclear. The problem could possibly be less severe because
of the bias due to finite resolution (Panopoulou et al., 2017)
which may lead to artificial structures. Let us stress however
that the massive filaments are surrounded by an extended r−2

envelope which has not been considered in the bias analysis
of Panopoulou et al. (2017), therefore these objects are clearly
defined and apparently well resolved. Note that it is quite possible
that the bias described by Panopoulou et al. (2017) may also be
present in the analysis of some of the numerical simulations.

6.3. Fragmentation and Core Formation
Within Filaments
It has since long been recognized that cores often form in dense
filaments (e.g., Dutrey et al., 1991) and several studies have
performed stability analysis of hydrodynamical (e.g., Inutsuka
and Miyama, 1992) and magnetized filaments (e.g., Nakamura
et al., 1993; Fiege and Pudritz, 2000; Hanawa and Tomisaka,
2015; Hanawa et al., 2017). As the fastest growing mode has
been found to be about four times the filament diameter,
Inutsuka and Miyama (1992) argued that the fragments are
expected to be separated by nearly four times this value.
Fiege and Pudritz (2000) investigated the stability of filament
threated by an helical magnetic field and conclude that although
significant toroidal field can reduce significantly the growth rate
of gravitationally driven modes, they lead to the development of
the sausage instability.

Recent Herschel results have rejuvenated interest in filament
forming cores. In particular (Polychroni et al., 2013; Könyves
et al., 2015) have established that in nearby molecular clouds
about 70–80% of dense cores lie within filaments. This may
indicate that filaments are playing a significant role in the star
formation process although the mass distribution of cores lying
inside and outside filaments may not be drastically different (see
Figure 17 of Könyves et al., 2015).

In light of recent results by Herschel, several other studies
aiming at understanding the fragmentation of filaments in cores
have been carried out to investigate various aspects of the
non-linear fragmentation of filaments into cores. Clarke et al.
(2016) performed a series of numerical simulations to study
the fragmentation of a filament that is accreting instead of

being at equilibrium as assumed in previous studies. Due to
the gravo-acoustic modes induced by accretion, the dispersion
relation varies with the accretion rate. Gritschneder et al. (2017)
carried out simulations to study the response of a critical
filaments to bending modes. These modes, which tend to make
the filament oscillates perpendicularly to its main axis, lead
to fragmentation. The cores which form have a spacing that
matches the wavelength of the sinusoidal perturbation of the
bending modes. Therefore inferring filament properties from
characteristic spacing should be considered with care. Clarke
et al. (2017) performed simulations where turbulence is seeded
in accreting filaments and show that this generates fibers that are
similar to the ones observed in Taurus (Hacar et al., 2013). They
speculate that these fibers may suppress radial collapse within
super-critical filaments.

Given the importance of filaments, it seems important
to clarify the outcome of the fragmentation of filamentary
molecular clouds and to understand the resulting properties of
star forming cores. One of the most important outcome is the
mass distribution of dense core, or so-called “core mass function”
(Könyves et al., 2015).

Chen and Ostriker (2014) and Chen and Ostriker (2015)
proposed a model for anisotropic core formation. In this model,
filaments first form by flow of material along the magnetic
field in post-shock layers where the field is strong. After
filaments have acquired enough material that quasi-spherical
regions are supercritical, strongly self-gravitating cores condense
out. The two-step process predicts a characteristic core size
and mass (Equation 7 of Chen and Ostriker, 2015) and post-
shock magnetic field that depends on the pre-shock density and
inflow velocity but not on the pre-shock magnetic field strength.
Numerical results are generally consistent with this (see Figures
10, 11 of Chen and Ostriker, 2015).

The first attempt to obtain the mass function of prestellar
cores from a filament structure was done by Inutsuka (2001)
in the case of the simple quasi-equilibrium filament, i.e., the
filament supported by the thermal pressure and hence not
radially collapsing. In particular, Inutsuka (2001) found that a
line-mass spectrum δ2 ∝ kn with n ∼ −1.5 leads to a mass
function of clumps whose power law exponent is close to −2.5,
i.e., dn/dM ∝ M−2.5. Note that the mass function discussed
in his paper corresponds to the mass function of the systems,
i.e., groups of stars, that may include binary or multiple stars.
Roy et al. (2015) have recently measured the power spectrum
of density fluctuations along sub-critical filaments of the Gould
Belt Survey. They infer that δ2 ∝ k−1.6. If confirmed in a larger
ensemble of filaments, this could explain the origin of the core
mass function and its apparent universality.

Lee et al. (2017) have recently proposed an analytical theory to
predict both the coremass function (CMF) and themass function
of groups of cores of supercritical filaments. The theory, which
generalizes the calculations performed by Inutsuka (2001) and
Hennebelle and Chabrier (2008), considers magnetized filaments
assumed to be radially supported by turbulent motions and
takes into account thermal, turbulent and magnetic supports. It
predicts the CMF, which is found to depend on the mass per
unit lengths (MpL) and the magnetic intensity. In particular, it
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is found that in the absence of magnetic field, filaments with
high MpL fragment in too many small cores. In the presence of
magnetic field with moderate intensities and for sufficiently high
MpL, CMF compatible with observed ones are inferred.

7. THE ROLE OF MAGNETIC FIELD IN THE
EVOLUTION OF MOLECULAR CLOUDS
AND CLUSTERS

In this section we more specifically address the role of the
magnetic field regarding the evolution of molecular clouds as
a whole and their ability to form stars. We also discuss the
properties of the star forming dense cores, which form in
these clouds.

7.1. Subcritical Clouds
Historically, one of the important questions related to the star
formation process in the universe is the rate at which a galaxy
is forming stars. In particular it is known since the work of
Zuckerman and Evans (1974) (see Kennicutt and Evans, 2012,
for a more recent discussion) that the star formation rate, at
least in the Milky Way, is about hundred times lower than one
would expect if the dense gas would be entirely in freefall. The
origin of this factor hundred has remained mysterious during
many years and magnetic field has been invoked to solve the
problem (e.g., Shu et al., 1987).

To assess the importance of the magnetic field, one can
compute the ratio of the magnetic over gravitational energies. As
an illustrative example one can envisage a uniform spherically
symmetric cloud of mass M, volume V , radius R. It is threaded
by a uniform magnetic field of intensity B. The magnetic flux, 8,
is given by πR2B. In ideal MHD, the field is frozen into the gas
and 8 remains constant. In this case we have

Emag

Egrav
=

B2V

8π
×

2R

5GM2
∝

B2R4

M2
∝

(

8

M

)2

. (34)

Interestingly, Emag/Egrav is constant and in particular does not
depend on the cloud radius.

It is clear from Equation (34), that there is a critical value
of the magnetic intensity for which the gravitational collapse is
impeded even if the cloudwas strongly compressed.Mouschovias
and Spitzer (1976) have calculated accurately the critical value
of the mass-to-flux ratio using the virial theorem and numerical
calculations of the cloud bidimensional equilibrium. A cloud
which has a mass-to-flux ratio smaller than this critical value
cannot collapse and is called subcritical. It is called supercritical
when the mass-to-flux is larger than the critical value. It is usual
to define µ = (M/8)/(M/8)crit. Large values of µ correspond
to small magnetic fields and thus supercritical clouds.

Considering a magnetically supported dense core, also called
subcritical core, the evolution is considerably slown down being
almost quasi-static for most of the time. The neutrals slowly cross
the field lines and the magnetic flux is gradually reduced up to
the point where the core becomes critical and dynamical collapse
proceeds. Estimating the time it takes is obviously the central
question. To do so, clouds in virial equilibrium are considered,

leading to B2/4π ≃ MρG/R. The ratio of the ambipolar time,
τad given by Equation 22, and the freefall time, τff ∝ (Gρ)−1/2,
(Shu et al., 1987) is then estimated to be

τad

τff
∝

γadC
√

G
, (35)

where it has been assumed that ρ = C
√

ρi. It is remarkable
that in this expression there is no dependence in the physical
parameters, such as the density, magnetic field and size. The
exact value of τad/τff depends on the assumed geometrical
coefficients. It is typically on the order of 10 [Shu et al. (1987)
estimated τad/τdyn = 8].

Equation (35) shows that the ambipolar diffusion process
can reduce the star formation rate by almost an order of
magnitude if the field is strong enough to compensate gravity.
This would bring the star formation rate much closer to the
observed values (e.g., Shu et al., 1987). To better quantify
this process, one dimensional simulations of subcritical clouds
have been performed (e.g., Basu and Mouschovias, 1995). For
very subcritical cores and values of µ of about 0.1, Basu and
Mouschovias (1995) inferred a collapse time equal to 15 freefall
times. With critical cores, µ ≃ 1, the collapse takes roughly ≃3
freefall times.

More recently, a series of simulations aiming at simulating
subcritical and turbulent molecular clouds have been performed
(Basu and Ciolek, 2004; Heitsch et al., 2004; Li and Nakamura,
2004; Nakamura and Li, 2008, 2011; van Loo et al., 2008;
Vázquez-Semadeni et al., 2011; Bailey and Basu, 2014; Bailey
et al., 2017). Typically it has been found that under the
influence of ambipolar diffusion but also of turbulence, areas
of high column densities and lower magnetization develop.
These regions are typically supercritical and form gravitationally
bound cores, that in turns form stars. This is portrayed in
Figure 12 where the column density in the direction of the initial
magnetic field is shown as well as the isocontour of critical
mass-to-flux ratio.

In all these calculations, it has been found that subcritical
magnetic fields decrease very substantially, down to few percent,
the star formation rate. For example Figure 13 shows the mass
of the dense gas and the mass within sink particles for a series
of calculations including different magnetizations and with or
without ambipolar diffusion. As can be seen the mass within sink
particles (i.e., “stars”) is almost 2 orders of magnitude smaller
with an initial magnetic field of 4 µG than with a field of 2µG
(one must keep in mind that these values correspond to the
magnetization of the diffuse gas out of which the molecular
cloud is assembled). It is also interesting to notice that in
these calculations, the ambipolar diffusion makes only a modest
difference. This indicates that a lot of magnetic flux is actually
diffused through turbulence rather than ambipolar diffusion.
Alternatively, this may also indicate that some gas is being
accreted along the field lines, therefore reducing locally the
mass-to-flux ratio.

Note that the interaction between turbulence and ambipolar
diffusion can be complex. For example Li and Nakamura (2004)
and Nakamura and Li (2008) found that stars may actually form
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FIGURE 12 | Spatial distribution of column density and mass-to-flux ratio in an

initially subcritical and turbulent molecular cloud (Nakamura and Li, 2008).

Inside the contour the gas is supercritical and has collapsed at several places.

Outside the contour it is still subcritical. Reproduced from Nakamura and Li

(2008) with permission of ApJ.

more rapidly when the turbulence is higher because turbulence
leads to a faster ambipolar diffusion by creating stronger shocks
where the gradients of magnetic field are steep.

7.2. The Properties of Cores in Magnetized
Molecular Clouds
We now turn to a discussion on the core properties that have
been inferred fromMHD simulations. As various rather different
setups have been inferred we first start with a brief description
of the numerical experiments, which have been performed.
Here we restrict the discussion to studies that have explicitly
discussed core statistics, i.e., self-gravitating structures formed
within simulations that handle MHD and gravity. The cores are
identified using a clump finding algorithm and then only the ones
which are effectively self-gravitating are selected. Given that the
typical size of dense cores is a fraction of 0.1 pc (e.g., Ward-
Thompson et al., 2007), the spatial resolution achieved in these
calculations is typically a fraction of 0.01 pc.

7.2.1. Numerical Setups of the Various Numerical

Experiments
As several setups and initial conditions have been considered,
we first give a quick overview of the different choices that have
been made.

7.2.1.1. Prescribed molecular clouds
Many numerical experiments start with a uniform density cloud
or a mildly peaked one (Basu and Ciolek, 2004; Li and Nakamura,
2004; Vázquez-Semadeni et al., 2005; Tilley and Pudritz, 2007;

Nakamura and Li, 2008, 2011; Bailey and Basu, 2014; Bailey et al.,
2017). The gas is assumed to be isothermal and self-gravity is
treated. The initial field is usually uniform and various intensities
ranging from 0 to significantly magnetized, are being assumed.
Some velocity field with an amplitude corresponding to a Mach
number up to 10, is usually prescribed. In these works either
artificial driving of the turbulence is applied (Vázquez-Semadeni
et al., 2005) either turbulence is free to decay. Nakamura and
Li (2008) and Nakamura and Li (2011) include protostellar
outflows, which drive turbulent motions. Ambipolar diffusion in
the strong coupling limit is applied in some of these works.

7.2.1.2. Colliding flows
The colliding flow setup (e.g., Hennebelle et al., 2008; Banerjee
et al., 2009; Vázquez-Semadeni et al., 2011; Clark et al., 2012;
Valdivia et al., 2016) has also been used to study core formation
(Chen and Ostriker, 2014, 2015). It consists in imposing two
streams of gas with supersonic sound speed that create a dense
shocked layer, which eventually gives rise to a layer of denser
gas. The advantage of this setup is that the cloud is built
and not imposed as it is the case for the previous setup. In
particular, it is initially not self-gravitating. The other advantage
is that the turbulence within the cloud is a consequence of
the incoming flow. Chen and Ostriker (2014) and Chen and
Ostriker (2015) vary the Mach number of the incoming flow
and the magnetization. They treat ambipolar diffusion in the
strong coupling approximation. In this scenario the transverse
component of the magnetic field is amplified in the shock
bounded layer as the colliding flow is super-Alfvénic.

7.2.1.3. Zooming-in from galactic box calculations
One of the restrictions of the two previous setups is that the
initial conditions or boundary conditions have to be assumed.
Moreover the statistics remain limited because, to unsure good
resolution, the computational domain is typically few parsecs
across. To circumvent these difficulties, Hennebelle (2018) has
performed adaptive mesh refinement simulations of a kpc
numerical domain. These simulations includes stratification,
induced by the gravitational field due to stars and dark matter.
They start with only WNM and have an initial magnetic field
parallel to the equatorial plane of about 3µG. In a first phase,
supernova driving is applied. Once a self-consistent multi-phase
and turbulent ISM is obtained, nine levels of adaptive mesh are
employed to refine a region of 100×100 pc2. This provides a final
resolution of about 4×10−3 pc.

7.2.2. Core Properties
In the studies presented above, many core properties have been
inferred. Here we restrict the discussion to 4 of them, comparing
the results obtained in the different configurations explored. In
spite of the relatively broad diversity of these latter, the results are
in relatively good agreement.

7.2.2.1. Core mass spectrum
The mass spectrum of dense cores is likely to be important
because they constitute the eventual mass reservoirs of stars.
Moreover the core mass function (CMF) has been found to
have a shape similar to the stellar initial mass function (IMF)
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FIGURE 13 | Mass of dense gas and distribution of mass-to-flux ratio in a molecular clouds formed from colliding flows (Vázquez-Semadeni et al., 2011). Three initial

magnetizations are being shown, namely 2, 3, and 4 µG and runs with and without ambipolar diffusion have been performed.

FIGURE 14 | Global flow properties and dense core statistics in a zooming-in calculation that goes from 1 kpc box size to 4× 10−3 pc resolution (Hennebelle, 2018).

Top-left panel: magnetic intensity vs. density in the whole refined region of the AMR simulation and in 5 star-forming subregions. Top-middle panel: same as top-left

panel for the density distribution. Top-right: mass spectrum of dense cores (defined as thermally supercritical objects for 2 different thresholds of their mean density).

Bottom-left panel: mass-to-flux ratio vs. mass for the thermally supercritical cores. Bottom-middle: mass-size relation of the thermally supercritical cores.

Bottom-right: internal velocity dispersion relation vs. mass of all cores. Reproduced from Hennebelle (2018) with permission of A&A.

(Ward-Thompson et al., 2007; Offner et al., 2014), seemingly
suggesting that the CMF may be at the origin of the IMF.
Note that this possible link between the CMF and the IMF is
still a matter of debate and numerous studies argue that the
IMF is not linked to the CMF (see section 7.4.1 and Offner
et al., 2014 for a recent review on this topic). The CMF has
been computed by Tilley and Pudritz (2007), Nakamura and Li
(2008), Nakamura and Li (2011), Chen and Ostriker (2014), and
Hennebelle (2018). It has generally been found that the CMF
resembles the observed ones (Könyves et al., 2015). In particular,
it presents a peak and a powerlaw at large masses (see top-right
panel of Figure 14) with a slope close to the observed one (Tilley
and Pudritz, 2007; Nakamura and Li, 2011; Hennebelle, 2018).
The slope is compatible with the idea that cores form under the
combined influence of gravity and turbulent support (Hennebelle
and Chabrier, 2008) while magnetic field does not appear to have

a strong influence (e.g., Figure 11 of Nakamura and Li, 2011) in
good agreement with theory (Hennebelle and Chabrier, 2013).

The question of the peak is far less clear. Observationally
a peak around 0.5–1 M

⊙
has been inferred (Könyves et al.,

2015), though higher resolution observations need to confirm
its robustness. In the simulations the existence of the peak
must also be handled with care. First of all, simulations
that have no preferred scales like isothermal simulations with
ideal MHD can be freely rescaled to any units. This means
that the peak is a direct function of the initial conditions.
Second of all numerical convergence must be carefully verified.
For example Hennebelle (2018) performed runs at different
resolutions and concluded that indeed the peak of the CMF
varies with numerical resolution. Note that Gong and Ostriker
(2015) on the contrary concluded that numerical convergence
is reached in their colliding flow calculations. The most likely
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reason of this discrepancy comes from the differences of
the physical conditions studied and in particular the global
gravitational stability of the simulated regions. Indeed gravity
induces density PDF with high density powerlaw tails in which
case the CMF may not present a peak at all (see discussion in
Lee and Hennebelle, 2018a,b).

Once rescaled to the mean Jeans mass (e.g., Tilley and Pudritz,
2007; Chen and Ostriker, 2014, 2015), the dependence of the
CMF on physical parameters has been found to be limited. In
particular, Chen and Ostriker (2015) found a modest dependence
of the CMF onto the magnetic intensity. This is at first surprising
as magnetic field is part of the total support. To account for
this weak dependence, they propose an anisotropic scenario in
which contraction first start along the field lines before enough
mass is accumulated to trigger contraction perpendicularly to the
field lines.

A complementary information is provided by the mass-size
relation (displayed in bottom-middle panel of Figure 14) which
has been studied by Chen andOstriker (2014), Chen andOstriker
(2015), and Hennebelle (2018). Typically a relationM ∝ Rα , with
α ≃ 2 has been inferred.

7.2.2.2. Magnetization
The magnetization of cores is a fundamental parameter to
determine. Indeed magnetic field has been found to influence
significantly the collapse of cores and in particular the formation
of planet-forming disks through magnetic braking (Inutsuka,
2012; Li et al., 2014; Hennebelle et al., 2016).

Chen andOstriker (2015) provide (Figure 12) themass-to-flux
as a function of the core mass. They found that most cores are
supercritical with typical values for µ of about 2. A clear trend
is seen for µ to increase with the core mass. The dependence of
the µ distribution on the initial large scale magnetic field and the
Mach number of the colliding flow is found to be relatively weak

Hennebelle (2018) has been measuring the mass-to-flux ratio
in cores identified as thermally supercritical, that is to say cores
that would collapse if only thermal support was present. The
result is displayed in bottom-left panel of Figure 14 where the
mass-to-flux is displayed as a function of the core mass. The
mass-to-flux is found to increase with the mass and is roughly
proportional to it with µ ≃ 1 for M ≃ 1M

⊙
. However, a

relatively broad distribution is inferred and for a given mass, the
mass-to-flux distribution spans almost one order of magnitude.
Note that many of these cores would actually not collapse (unless
they accretemoremass along the field lines) as they are subcritical
and therefore magnetically supported.

7.2.2.3. Velocity dispersion
The velocity dispersion in and around cores has received a lot of
attention. Nakamura and Li (2008) and Nakamura and Li (2011)
found that the velocity dispersion in cores present a large spread
and goes from sonic (i.e., the velocity dispersion is close to the
sound speed) to a Mach number larger than 5, with values up to
2–3 km s−1. They found that there is no clear dependence of the
velocity dispersion with the mass or the size. This is very similar
with what is reported in Hennebelle (2018) and displayed in the
bottom-right panel of Figure 14.

Nakamura and Li (2011) reported that the velocity dispersion
is significantly reduced when the magnetization is high. Typically
the cores formed in highly magnetized clouds tend to have
trans-sonic to sub-sonic motions only.

7.2.2.4. Magnetic field orientation and core shape
The relationship between core shapes and the direction of the
magnetic field has been analyzed by Chen and Ostriker (2018).
They found that in colliding flow simulations cores are generally
triaxial, and the magnetic field tends to be parallel to the shortest
axis and perpendicular to the longest axis, with internal and
external magnetic field direction correlated. This is a natural
consequence of the formation of cores within filaments and
the fact that magnetic field tends to be perpendicular to self-
gravitating filaments as explained previously (e.g., Soler et al.,
2013; Gómez et al., 2018). They also found that core angular
momentum vectors are not aligned with the direction of the
(internal or external)magnetic field. As explained below, thismay
be important in the context of protoplanetary disk formation.

7.3. The Influence of Magnetic Field on
Low Mass Collapsing Cores
The collapse of low mass prestellar cores leads to the formation
of small groups of stars, a process known as fragmentation, and
to the formation of protoplanetary centrifugally supported disks.
It is presently believed that magnetic field has a drastic influence
on the outcome of collapsing cores.

7.3.1. The Magnetic Braking Process
A fundamental difference between hydrodynamical and
magnetized prestellar cores comes from the evolution of angular
momentum. In the absence of a substantial magnetic field, the
latter is essentially conserved and becomes dominant drastically
affecting the evolution of the core (e.g., Matsumoto and Hanawa,
2003). In a magnetized core, the situation is different. Because
of magnetic tension, angular momentum can be exchanged
between fluid particles. Typically this exchange occurs between a
cloud and an intercloud medium and happens through torsional
Alfvén waves, which propagate in the intercloud medium
(Mouschovias and Paleologou, 1981; Shu et al., 1987; Joos et al.,
2012). To estimate the characteristic time scale of magnetic
braking let ρicm be the density of the intercloud medium. For
simplicity, we consider that the magnetic field is parallel to the
cloud rotation axis. The torsional Alfvén waves propagate at a
speed, Va = B/

√

4πρicm. The magnetic braking is important if
a significant fraction of the cloud angular momentum has been
delivered to the intercloud medium. This occurs when the waves
have reached a distance l× ρicm ≃ R× ρ0. This leads to

τbr ≃
R

Va

ρ0

ρicm
. (36)

Equation (36) is obtained assuming a very simple geometry.
Other estimates in different geometries can be found in the
references mentioned above. In particular, the braking depends
on the angle between the magnetic field and the rotation axis, it
also depends whether the field lines are uniform or fan out, in
which case the braking time can be considerably reduced.
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7.3.2. Disk Formation: A Magnetically Controlled

Process?
In the aligned configuration, the braking time can become so
short that the formation of the centrifugally supported disks can
be even entirely prevented (e.g., Allen et al., 2003; Galli et al.,
2006; Price and Bate, 2007; Hennebelle and Fromang, 2008; Li
et al., 2014), a process known as catastrophic braking. More
recent studies have revealed that the aligned configuration is
however too simplified and that disks should form in magnetized
clouds, although in general the disks are smaller and fragment
less than in the hydrodynamical case. These studies fall in two
categories. First, the magnetic braking is reduced because (i)
the magnetic field and the rotation axis are non-aligned (Joos
et al., 2012; Gray et al., 2018), (ii) the turbulent velocity field
diffuses the magnetic field (Santos-Lima et al., 2012; Joos et al.,
2013), (iii) the turbulent field makes the structure of the magnetic
field less coherent (Seifried et al., 2013). Note that Gray et al.
(2018) performed turbulent simulations in which the angular
momentum is aligned with themagnetic field and show that disks
do not form or are much smaller than in the same simulations for
which there is no alignment. They concluded that misalignment
may be the dominant effect. The second category of processes
that limits catastrophic braking is non-ideal MHD. This has
been studied by numerous groups (Inutsuka, 2012; Li et al.,
2014; Hennebelle et al., 2016; Machida et al., 2016; Masson
et al., 2016; Wurster et al., 2016; Zhao et al., 2018). These works
found that small disks (i.e., disks significantly smaller than in
the hydrodynamical case) form. Moreover, the turbulence and
the magnetic configurations (i.e., misalignment) tend to be less
important when non-ideal MHD processes are accounted for.

7.3.3. How Magnetic Field Changes the

Fragmentation of Low Mass Cores
In typical conditions, that is to say with low rotation speed
and relatively high thermal support, low mass cores generally
fragment in several objects (Matsumoto and Hanawa, 2003).
This fragmentation is due to the generation of the density
fluctuations induced by turbulence or by gravity itself. Rotation
considerably helps by maintaining important quantities of gas
in equilibrium leading to the formation of massive, highly
unstable disks. The issue of fragmentation is therefore strongly
dependent of the initial conditions, namely the rotation and
turbulence level as well as the presence of density perturbations
initially. Several studies have been dedicated to the influence
of magnetic field in this process (e.g., Machida et al., 2005,
2008; Hennebelle and Teyssier, 2008; Commerçon et al., 2010;
Wurster et al., 2017). It has been found that when the density
perturbations are low, typically 10% or so, the magnetic field is
drastically reducing fragmentation, which happens only when
the magnetic intensity is low. This is because when no strong
density perturbations is initially present, the fragmentation
occurs through rotation and the formation of massive, highly
unstable disks. However, magnetic field gets efficiently wind up
by the differential rotation which develops in the core inner
part. As discussed above, angular momentum is then efficiently
extracted and the disks are smaller. Another important effect,
which further reduces rotationally induced fragmentation, is

the magnetic pressure itself, particularly the one associated
to the toroidal magnetic field. This pressure adds up to the
thermal one and makes the disks more stable (Hennebelle
and Teyssier, 2008). This stabilization seems to persist even
when non-ideal MHD effects are accounted for (Wurster
et al., 2017). On the other hand density perturbations of large
amplitude, that is to say of about 50%, are sufficiently unstable
to collapse individually even in the absence of rotation. In
this case, magnetic field is unable to impede fragmentation
(Hennebelle and Teyssier, 2008; Wurster et al., 2017).

7.4. Is Magnetic Field Playing a Role in the
Formation of Clusters?
It is believed that stars do not form in isolation but rather in
clusters (e.g., Longmore et al., 2014). Indeed, observationally stars
do not form in the bulk of molecular clouds but instead in their
denser parts. Large surveys have recently revealed ensemble of
massive clumps in which stars are actively forming (Fall et al.,
2010; Urquhart et al., 2014; Traficante et al., 2015). These clumps
have masses up to several thousands of solar masses and are very
good candidates for being stellar cluster progenitors. Given that
these objects are relatively massive it is unlikely that magnetic
field plays a major contribution on the formation and global
equilibrium of these massive clumps. Numerical simulations
are able to reproduce reasonably well the global properties of
these massive clumps such as their mass-size relation, simply by
invoking gravity and turbulence (Lee and Hennebelle, 2016a,b),
starting with reasonable ISM magnetic intensities, magnetic
energies a few times above the thermal ones but well below the
kinetic and gravitational energies are obtained.

There are however several aspects that deserve particular
attention and which are now examined. First of all, does magnetic
field influences the small scale fragmentation, that is to say the
formation of the stars themselves? Does magnetic field enhance
stellar feedback? Does magnetic field increase the coupling
between clusters and outflows and jets?

7.4.1. Does Magnetic Field Affect the Small Scale

Fragmentation in Stellar Clusters?
One fundamental goal of cluster studies is to infer the mass
function of stars that form and whether it can reproduce the
IMF. Several studies have been investigating this issue using sink
particles (e.g., Bate, 2012; Myers et al., 2013; Offner et al., 2014;
Lee andHennebelle, 2018a). As the present review focusses on the
possible role of magnetic field, the discussion below is restricted
to this aspect specifically.

7.4.1.1. MHD barotropic calculations
Before we describe the calculations that include radiative
processes, we first consider the simpler barotropic case. Such
simulations have been performed by Price and Bate (2008)
and Hennebelle et al. (2011) (see also Peters et al., 2011, who
even included photo-ionisation from the central star) who have
simulated the collapse of several tens M

⊙
turbulent cores. The

turbulent and gravitational energies were initially comparable
and various magnetic intensities have been explored. It has been
found that the fragmentation is reduced when the mass-to-flux
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is smaller than ≃5. The fragment number is reduced by roughly
a factor of 2 for the strongest magnetization. It has been found
that during the collapse, efficient magnetic diffusion occurs due
to the turbulent velocity field, which explains why fragmentation
is reduced by a factor 2 only.

Recently Lee and Hennebelle (2018c) studied the collapse of
1000 M

⊙
clumps with various magnetization. As sink particles,

are being used, the initial mass function was studied. They
concluded that while magnetic field reduces a bit the number of
objects, it is of secondary importance to determine the shape of
the IMF. This is in part due to the fact that the peak is determined
at very small scale (100 AU or so) and at very high density
where the magnetic intensity weakly depends on the large scale
initial conditions and therefore tends to have the same value
irrespectively of the initial value.

7.4.1.2. MHD radiative calculations
Collapse calculations of massive collapsing cores, in which both
the magnetic field and the radiative transfer have been taken into
account, have been carried out.

Price and Bate (2009), found that the magnetic field and the
radiative feedback play complementary effects. Magnetic field
supports the diffuse gas at large scale and radiative feedback, by
heating the inner part of the core, reduces the fragmentation in
many objects.

Simulations including magnetic field and radiative feedback,
which follow the collapse up to AU scales, have been performed
by Commerçon et al. (2011), Myers et al. (2013), Myers et al.
(2014), and Cunningham et al. (2018). It has been found that
in some circumstances, the combination of magnetic field and
radiative feedback may be reducing fragmentation significantly.
This is due to the fact that magnetic field induces efficient
magnetic braking and reduces the amount of angular momentum
in the cloud inner part. Consequently, the accretion is more
focused in a magnetized core than in an hydrodynamical one.
In this latter case strong angular momentum prevents the gas to
fall in the cloud center. Thus the accretion luminosity, which is
∝ M ˙M/R is much higher since M and ˙M are larger while R is
smaller. The temperature in magnetized cores is therefore higher
than in hydrodynamical ones and this reduces the fragmentation
within the former.

7.4.2. Does Magnetic Field Enhance Stellar

Feedback?
A possibly important consequence of the magnetic field could
be related to this very last point. This is because stellar feedback
critically depends on the stellar masses. This is the case for the
HII radiation, the winds and of course the supernova explosions,
which require the stellar mass to be larger than 8 M

⊙
. For

example numerous authors (Dale and Bonnell, 2011;Walch et al.,
2012; Geen et al., 2015, 2017) found that in Milky Way type
conditions, HII regions likely destroy molecular clouds quickly
after they form stars, likely limiting the star formation efficiency
of these objects.

Arthur et al. (2011) (see also Mackey and Lim, 2011;
Gendelev and Krumholz, 2012) performed both unmagnetized
and magnetized simulations of the expansion of an HII region in

a molecular clumps and studied in details the resulting structure
of the field. They found that the magnetic field does not change
very significantly the expansion in itself but reduces the small
scale fragmentation and radiation-driven pillars. The field in the
neutral expanding shell is preferentially parallel to the shell while
in the ionized gas inside the shell it is more perpendicular to it.

Since magnetic field tends to reduce fragmentation, it is likely
that without magnetic field the stars would be on average less
massive and therefore their HII radiation which is proportional
toM2−3 (e.g., Vacca et al., 1996), would be significantly reduced.
Since numerical simulations are not able yet to self-consistently
predict the mass of the stars and follow the large scale evolution
of the parent clouds subject to their feedback, it is however not
possible to get a firm confirmation of this effect.

7.4.3. Does Magnetic Field Improve the Coupling

With Jets?
The influence that jets may have on a proto stellar clusters
has been investigated at pc scales (Li and Nakamura,
2006; Carroll et al., 2009; Cunningham et al., 2009; Wang
et al., 2010; Federrath, 2015) and inside massive cores
(e.g., Cunningham et al., 2011).

Li andNakamura (2006) (see alsoWang et al., 2010; Federrath,
2015) carried out calculations for a 103 M

⊙
clump. A stationary

state has been obtained. Turbulence is sustained by outflows
which counteract gravity, delaying the collapse significantly.
Wang et al. (2010) and Federrath (2015) carried out simulations
in which several physical processes are progressively included,
namely initial turbulence, magnetic field and outflows. Each of
them reduces the star formation rate by a factor of a few.When all
of them are included the star formation rate is typically 10 times
lower than when the protocluster is in freefall.

The question as to whether turbulence may be sustained by
protostellar outflows has been investigated by Cunningham et al.
(2009) and Carroll et al. (2009). They reached the conclusion
that in a turbulent medium, even without a magnetic field, the
outflows couple to the surrounding gas and trigger turbulence
efficiently. They inferred an energy powerspectrum that is
stiffer than the usual powerspectra found in large scale driven
turbulence (e.g., Kritsuk et al., 2007; Hennebelle and Falgarone,
2012). Murray et al. (2018) have reached a somehow different
conclusion as they find that the outflows have only a modest
influence on the driving of turbulence.

Offner and Chaban (2017) and Offner and Liu (2018) have
performed a series of low mass dense core collapse and studied
the influence of outflows on the collapsing core and in particular,
the efficiency of the driving of turbulence within the envelope
of the core. They conclude that outflows can drive efficiently
turbulence in the envelope and that the efficiency of the driving
increases with magnetic intensity.

8. THE ROLE OF MAGNETIC FIELD IN ISM
SELF-REGULATED MODELS

Important efforts have also been undertaken to self-consistently
simulate the interstellar medium within galaxies. Because
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modeling galaxies as a whole is very challenging in terms of scales,
many models (e.g., de Avillez and Breitschwerdt, 2005; Joung
and Mac Low, 2006; Gent et al., 2013; Kim et al., 2013) consider
a computational box of about 1 kpc sometimes called galactic
box. Since the typical supernova remnant radius is about 50 pc,
this constitutes a good compromise between spatial resolution
and molecular cloud statistics (though at the expense of solving
the large galactic scales). The most recent models consider an
external vertical gravitational field, which represents the gravity
of stars and dark matter, follow the star formation (up to spatial
scales of about 1–4 pc) and deliver stellar feedback (due to
massive stars and essentially though not exclusively supernovae).
This leads to a self-regulated ISM in which a turbulent cascade
takes place. The energy is injected at the large and intermediate
(around or above 100 pc) scales and decay at the small ones.

8.1. Star Formation Rate and Vertical
Equilibrium
The importance of the spatial and temporal correlations between
the supernova remnants and the star forming dense gas has
been stressed by recent studies (Hennebelle and Iffrig, 2014;
Gatto et al., 2015). When the supernovae are randomly placed,
the feedback they provide is inefficient and does not reduce
the star formation rate appreciably. On the other hand, when
the supernova explosions correlate with the dense gas, star
formation rates in better agreement with the observed values are
inferred (Kim et al., 2013; Hennebelle and Iffrig, 2014). In these
simulations, the thickness of the galactic disk is also compatible
with the observed values while it is too thin in simulations where
the supernovae are randomly placed. As recently stressed by
Girichidis et al. (2016) cosmic rays may change this conclusion.
Also these models produce a realistic multi-phase magnetized
ISM with densities and temperature that are reminiscent of
the WNM and CNM. When a magnetic field of a few µG is
initially present in the simulations, the magnetic intensities stay
compatible with the observed values. It has been found that
magnetic field contributes to the galactic vertical equilibrium
although its contribution is lower than the one of the turbulent
dispersion and it has also been inferred that the star formation
rate is somewhat reduced in the presence of a magnetic field by a
factor that is on the order of 2 (Kim and Ostriker, 2015; Iffrig and
Hennebelle, 2017; Girichidis et al., 2018). One important limit of
these models is that the feedback is delivered immediately after
the stars are formed, while supernovae arise 4-40 Myr after their
progenitor formation. Given that the typical freefall time of a
typical star forming cloud is only a few Myr. This is a significant
effect that the most advanced models (Kim and Ostriker, 2017;
Colling et al., 2018; Girichidis et al., 2018) are now taking into
account. It should be stressed however that in order to treat the
feedback injection properly star formation and evolution should
be treated self-consistently. In practice, this would require to
resolve spatial scales that are much smaller than what is currently
possible for this type of modeling.

8.2. Turbulence and Clumps
Iffrig and Hennebelle (2017) have carried out a series of 10243

simulations which allow to infer the statistics of turbulence and

the properties of structures. In spite of the stratification, the
powerspectra are broadly compatible with earlier works (see e.g.,
Kritsuk et al., 2007) though the velocity powerspectrum is closer
to the classical Kolmogorov exponent than the stiffer, almost
Burgers like, values inferred in supersonic isothermal turbulence.
This likely is a consequence of the magnetized, multi-phase
structure since the velocity dispersion is not much larger than
the sound speed and Alfvén speed of the WNM. The ratio of the
energies of the compressible modes and solenoidal ones depends
on the altitude. In the mid-plane, the compressible modes
dominate while above a certain altitude, which varies with the
magnetic intensity, the solenoidal ones dominate. The stronger
the magnetic intensity, the lower is the altitude above which
solenoidal modes dominate. This conclusion is different from the
one of Padoan et al. (2016) who found that the solenoidal modes
always dominate. The discrepancy is most certainly due to the
absence of stratification in Padoan et al. (2016). The dense clouds
have been extracted from the simulations of Iffrig andHennebelle
(2017) and Padoan et al. (2016) using simple clump finders. Their
statistical properties such as the mass spectra, the mass-size and
the internal velocity dispersion-size relations are all reminiscent
of the observed cloud properties (e.g., Miville-Deschênes et al.,
2017) though Iffrig and Hennebelle (2017) mentioned that the
internal velocity dispersion are possibly smaller than within
observed clouds. This may indicate the need for other energy
injection sources such as the one due to the large galactic scale
gravitational instabilities (Krumholz and Burkhart, 2016). The
distribution of the mass-to-flux ratio, µ, of the clouds has also
been inferred (see also Inoue and Inutsuka, 2012). It is broadly
proportional to the square-root of the cloudmass, which has been
interpreted as the mass being proportional to the volume while
the flux is proportional to the surface. The value ofµ also depends
on the density threshold used to define the clouds. The lower the
density threshold, the lower µ.

8.3. A Possible Link Between Magnetic
Field and Clump Mass Function
To understand the overall star formation rates in the Galaxy
we have to know, not only the star formation rate in an
individual cloud, but also the mass distribution of molecular
clouds, which determines the total number of stars created in the
Galaxy. It is actually difficult to accurately determine the mass
function of molecular clouds in our Galaxy because of the line-
of-sight contamination and limited knowledge on the distances
to the clouds. Thanks to the development of observations,
the mass function of GMC can now be determined in nearby
face-on galaxies such as M51 (Colombo et al., 2014). For
example Colombo et al. (2014) reported that the exponent of the
power-law slope of mass function varies depending on relative
location to the spiral arm structure and the galactic center. Thus
theoretical studies for the cloud properties may shed light on
our understanding of the formation and destruction of molecular
clouds. As mentioned in the previous sections, however, it is
still difficult to perform direct numerical simulations of an
ensemble of molecular clouds and study in details the small
scale physics such as formation and destruction of molecular
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clouds. Earlier attempts to propose analytical models can be
found in Kwan (1979), Scoville and Hersh (1979), and Tomisaka
(1986) that formulated the so-called coagulation equation for
molecular clouds. In these investigation the growth of clouds
are, however, supposed to be driven by the cloud-cloud collision
and missed the importance of gas accretion onto molecular
clouds. The recent theoretical finding of the long timescale
of molecular cloud formation (Inoue and Inutsuka, 2009) and
the importance of gradual growth process by accretion of
dense HI gas (Inoue and Inutsuka, 2012) stress the crucial
need for accretion contribution in the coagulation equation
(Kobayashi et al., 2017, 2018).

In this section, we present an analytical model that suggests
a link between the magnetic field and the clump mass function
because of the impact of the former onto the cloud formation
time. In section 3.3 we have shown that the existence of magnetic
field may possibly significantly increase the formation timescale
of molecular clouds. Let’s propose an estimate of the actual value
of the cloud formation timescale in our Galaxy. The radius of a
supernova remnant (SNR) can be on the order of 100pc after the
expansion over the typical age∼ 1 Myr. We may assume that the
creation rate of SNRs in our Galaxy is 10−2yr−1 Thus, the volume
occupied by SNRs can be calculated as 1003×10−2yr−1

×1Myr =
1010pc3. This value is roughly the same as the volume of Galactic
thin disk (10kpc2 × 100pc) where molecular clouds reside. This
means that ISM in Galactic thin disk is swept up by SNR once
per 1 Myr (McKee and Ostriker, 1977). If we ignore the magnetic
field, the molecular cloud can be simply created by a single,
may be a few compressions of warm neutral medium by the
propagation of a shock wave. As shown in Section 3.3, however,
molecular clouds could be created after several compressions (up
to 10) and thus, the actual timescale of cloud formation should be
several Myr.

To infer the clump mass spectrum, we can adopt coarse
graining of short-timescale (∼ a few Myr) events of the growth
and destruction of clouds, and describe the long timescale
evolution by the continuity equation of molecular clouds in mass
space (Kobayashi et al., 2017)

∂N

∂t
+

∂

∂M

(

N
dM

dt

)

= −

N

Td
+

(

dN

dt

)

coll

, (37)

whereN(dM/dt) denotes the flux of mass function in mass space,
Td is the cloud disruption timescale, dM/dt describes the growth
rate of the molecular cloud, and the last term accounts for the
growth due to cloud-cloud collision. If the contribution from
cloud-cloud collisions is negligible (Kobayashi et al., 2017, 2018)
and the mass growth can be approximated by dM/dt = M/Tf

with the growth timescale Tf, a steady state solution of the above
equation is N(M) = M−α , where α = 1+ Tf/Td (Inutsuka et al.,
2015). In a gas rich environment such as a spiral arm of a disk
galaxy, we expect T

∗
∼ Tf, and thus, Tf . Td, which corresponds

to 1 < α . 2. For example, Tf = 10Myr corresponds to
α ≈ 1.7, which agrees nicely with observations (Solomon et al.,
1987; Kramer et al., 1998; Heyer et al., 2001; Roman-Duval et al.,
2010). However, in a region with very limited amount of gaseous
material, Tf is expected to be large and possibly even larger than

Td = T
∗
+ 4Myr, which produces α > 2. This may explain the

observations in M33 (Gratier et al., 2012) and in M51 (Colombo
et al., 2014). The more detailed description of the molecular
cloud mass function can be found in Kobayashi et al. (2017,
2018) where the effect of cloud-cloud collisions is explicitly taken
into account.

Note that the effects of magnetic field that slows down the
cloud formation are taken into account in the above analysis as
a large value of the cloud formation timescale (Tf > 1 Myr).
If we ignore the effect of magnetic field and simply choose the
dynamical compression rate of ISM as the value of the cloud
formation timescale Tf=1Myr, the powerlaw exponent of the
mass function of molecular cloud would be too small (α ∼ 1),
which is in stark contrast to the observed values. Therefore we
may conclude that magnetic field is playing an important role in
the mass distribution of molecular clouds in our Galaxy.

9. CONCLUSIONS

This review is dedicated to the role that magnetic field may
have in the formation and evolution of molecular clouds.
Significant progress has been accomplished in the last years
in our understanding of the molecular cloud in particular and
star formation process in general. We have a better, although
still incomplete, knowledge of the structures, filaments, cores,
clumps, clusters, formation mechanisms.

Most likely these gaseous structures are all the product
of magnetized turbulence interacting with gravity. Given the
values of the magnetic intensities that have been measured,
numerical simulations seem to indicate that the number
of objects that form at all scales, from clumps to stars,
is likely reduced by a factor of a few due to the action
of the magnetic field. Accordingly their masses tend to be
also a few times larger than what it would be with pure
hydrodynamics. The shapes of the clouds are also strongly
affected by magnetic field, which tends to create filamentary
structures as well as clouds that have flattened along the
magnetic field lines that permeate them. More generally the
whole dynamics of the ISM is significantly modified and
cannot be accurately interpreted without taking magnetic fields
into account.

While it is now almost certain that magnetic fields do
not regulate the star formation process by reducing the star
formation rate drastically, as proposed three decades ago, it is
likely the case that magnetic fields contribute to reduce it by a
factor of a few. Moreover since it has been found by various
groups that magnetic field tends to reduce the fragmentation and
to produce stars with larger mass, another possible consequence
of magnetic field is to enhance stellar feedback and therefore
to reduce the star formation rate and efficiency in molecular
clouds. This latter aspect remains however to be confirmed as
numerical simulations are not able now to cover the necessary
range of scales. Finally we stress that magnetic field is likely to
have drastic consequences on the formation of protoplanetary
disks through magnetic braking by reducing and even possibly
controlling their size.
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Virginia, Charlottesville, VA, United States

The formation of a protostellar disc is a natural outcome during the star formation

process. As gas in a molecular cloud core collapses under self-gravity, the angular

momentum of the gaswill slow its collapse on small scales and promote the formation of a

protostellar disc. Although the angular momenta of dense star-forming cores remain to be

fully characterized observationally, existing data indicates that typical cores have enough

angular momenta to form relatively large, 100 au-scale, rotationally supported discs, as

illustrated by hydrodynamic simulations. However, the molecular clouds are observed to

be permeated by magnetic fields, which can in principle strongly affect the evolution of

angular momentum during the core collapse through magnetic braking. Indeed, in the

ideal magnetohydrodynamic (MHD) limit, magnetic braking has been shown to be so

efficient as to remove essentially all of the angular momentum of the material close to

the forming star such that disc formation is suppressed. This failure to produce discs in

idealized cores is known as the magnetic braking catastrophe. The catastrophe must

be averted in order for the all-important rotationally supported discs to appear, but

when and how this happens remains debated. We review the resolutions proposed

to date, with emphasis on misalignment, turbulence and especially non-ideal effects.

Non-ideal MHD accounts for charged and neutral species, making it a natural extension

to the ideal MHD approximation, since molecular clouds are only weakly ionized. The

dissipative non-ideal effects diffuse the magnetic field to weaken it, and the dispersive

term redirects the magnetic field to promote or hinder disc formation, dependent upon

the magnetic geometry. When self-consistently applying non-ideal processes, rotationally

supported discs of at least tens of au form, thus preventing the magnetic braking

catastrophe. The non-ideal processes are sensitive to the magnetic field strength, cosmic

ray ionization rate, and gas and dust grain properties, thus a complete understanding

of the host molecular cloud is required. Therefore, the properties of the host molecular

cloud—and especially its magnetic field—cannot be ignored when numerically modeling

the formation and evolution of protostellar discs.

Keywords: magnetic fields, magnetohydrodynamics (MHD), non-ideal MHD, star formation, protostellar discs

1. INTRODUCTION

The broad outline of low-mass star formation has been known since at least
(Larson, 1969), although many specific details are still under investigation. In
Larson’s description, which is the foundation for all current low-mass star formation
models, a piece of the interstellar cloud (a molecular cloud core in modern
terminology) collapses under self-gravity. The collapse is initially isothermal,
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since radiation is efficiently radiated away. However, as the
density increases at the center of the core, it becomes optically
thick to the radiation, which leads to an increase in thermal
pressure support against self-gravity and the formation of the
first hydrostatic or first Larson core. The first hydrostatic core
continues to accrete material from the collapsing envelope, and
its mass, density and temperature increase until the temperature
rises above ∼2,000 K; this temperature triggers the dissociation
of H2, allowing the core to further collapse. This second collapse
phase is rapid, and lasts until most of the H2 has been dissociated,
at which point the second hydrostatic or stellar core has formed.
The temperature continues to rise until nuclear burning starts
and the star is formed.

The formation of star-forming molecular cloud cores is not
fully understood1. These cores are observed to be initially slowly
rotating, with ratios of rotational energy to gravitational potential
being β . 0.15 with typical values of β ∼ 0.02 (Goodman
et al., 1993). However, their angular velocities are typically one to
two orders of magnitude smaller than inferred by conservation
of angular momentum (for a review, see Goldsmith and Arquilla,
1985). Therefore, there must exist somemechanism that will shed
the angular momentum to allow these slowly rotating cloud cores
to form (e.g., Spitzer, 1968).

As the rotating cloud core collapses under self-gravity, in
the absence of magnetic fields, the rotation slows the collapse
such that the gas forms a large protostellar disc as early as
during the first core stage, and certainly by the Class 0 phase,
as indicated by observations (e.g., Tobin et al., 2012; Murillo
et al., 2013; Codella et al., 2014; Lee et al., 2017) and found in
numerical simulations (e.g., Boss, 1993; Yorke et al., 1993, 1995;
Boss and Myhill, 1995; Bate et al., 2014; Tomida, 2014; Wurster
et al., 2018c). Conservation laws and observations thus both
suggest that protostellar discs are a natural byproduct of the star
formation process.

Molecular clouds are observed to be strongly magnetized
(e.g., Crutcher, 1999; Bourke et al., 2001; Heiles and Crutcher,
2005; Troland and Crutcher, 2008), and magnetic fields are
efficient at transporting angular momentum away from a
collapsing core (known as “magnetic braking”; e.g., Mestel
and Spitzer, 1956; Mouschovias and Paleologou, 1979, 1980;
Basu and Mouschovias, 1994, 1995; Mellon and Li, 2008).
On the cloud scale, magnetic braking likely occurs early in
the cloud’s formation and is responsible (at least in part)
for reducing the angular momentum to the observed values
(e.g., Mouschovias, 1983). Near the center of the collapsing
core, magnetic braking means that discs are less necessary to
conserve angular momentum since it is transported away. This
reduced angular momentum may delay the formation of the
disc until during or after the stellar core phase, or may prevent
it altogether. In idealized numerical simulations including ideal
magnetohydrodynamics (MHD), protostellar discs either fail to
form or are much smaller than the observed sizes. This is known
as themagnetic braking catastrophe (Allen et al., 2003; Galli et al.,
2006).

1The focus of this review is on disc formation, thus for the remainder of this paper,

we will assume that a slowly rotating cloud core has successfully formed.

Magnetic fields support charged gas against gravitational
collapse, thus a common characterization of the relative
importance of the gravitational and magnetic forces is the
normalized mass-to-flux ratio,

µ ≡

M/8B

(M/8B)crit
, (1)

where

M

8B
≡

M

πR2B
, (2)

is the mass-to-flux ratio and

(

M

8B

)

crit

=

c1

3π

√

5

G
, (3)

is the critical value where the gravitational and magnetic forces
balance; in these equations,M is the total mass contained within
a core of radius R,8B is themagnetic flux threading the surface of
the spherical core assuming a uniform magnetic field of strength
B,G is the gravitational constant and c1 ≃ 0.53 is a dimensionless
coefficient numerically determined by Mouschovias and Spitzer
(1976). The critical value of µ = 1 suggests that the gravitational
and magnetic forces balance one another. For large super-critical
values (µ & 20), the magnetic field is inconsequential for
core collapse, and the evolution is similar to that of a purely
hydrodynamic cloud (e.g., Bate et al., 2014). For sub-critical
values (µ < 1), the magnetic field will prevent the collapse of
the cloud core altogether. Observations suggest µ ∼ 2 − 10 in
molecular cloud cores (e.g., Crutcher, 1999; Bourke et al., 2001;
Heiles and Crutcher, 2005), however, this value could be even
smaller after correcting for projection effects (Li et al., 2013a).

Although widely used, the mass-to-flux ratio should be used
with caution, since the equation and the critical value are
dependent on the geometry. While the above equations assume
spherical geometry, a mass-to-flux ratio for a thin sheet is given
in Nakano and Nakamura (1978), and the ratio for an oblate
spheroid is given in Mouschovias and Spitzer (1976).

We will begin the review by describing the observational
motivations in section 2, followed by a description of ideal MHD
in the introduction to section 3. Our focus will then shift to
numerical models, where we demonstrate the magnetic braking
catastrophe (section 3.1), followed by attempts to prevent it while
still keeping the ideal MHD approximation (sections 3.2 and 3.3).
We will then introduce non-ideal MHD (section 4), and show the
recent success of those simulations in preventing the magnetic
braking catastrophe. We will conclude in section 5.

2. OBSERVATIONAL MOTIVATIONS

The notion of a magnetized interstellar medium (ISM) dates back
more than half a century, to at least the detection of polarized
starlight (Hall, 1949; Hiltner, 1949) and its interpretation
as coming from the absorption of the unpolarized starlight
by magnetically aligned grains in the foreground medium
(Davis and Greenstein, 1951; see Andersson et al., 2015 for a
recent review). With the advent of observational capabilities,
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the magnetic fields in the ISM in general, and star-forming
molecular clouds in particular, are becoming increasingly better
characterized. For example, the PLANCK all-sky survey of
the dust polarization leaves little doubt that a rather ordered
magnetic field component exists in all nearby clouds (Planck
Collaboration et al., 2015), as reviewed by H. B. Li in this volume.
Observations have also revealed the prevalence of the magnetic
field on the smaller scales of individual cores of molecular clouds
and protostellar envelopes, as reviewed by Pattle et al., Crutcher
& Kemball, and Hull & Zhang, in this volume.

As an illustration, we show in Figure 1 the dust polarization
detected with the Atacama LargeMillimeter/submillimeter Array
(ALMA) around the Class 0 protostar B335 (Maury et al., 2018).
The polarization orientations are rotated by 90◦ to trace the
magnetic field directions in the plane of the sky. It is immediately
clear that not only a magnetic field is present on large scale, but
also it shows coherent structures. In particular, the (projected)
field appears to be significantly pinched near the equator of the
system, as defined by the bipolar molecular outflows. The pinch
is direct evidence that the magnetic field is interacting with the
envelope material, through a magnetic tension force. Whether
such a magnetic force is strong enough to affect the dynamics
of the core collapse and especially disc formation is the question
that we seek to address in this article.

There is some indirect evidence that magnetic fields may play
a role in disk (and binary) formation. For example, Maury et al.
(2010) concluded that core collapse models with a relatively
strong magnetic field are more consistent with their IRAM-
PdBI observations of Class 0 protostellar systems than their
hydrodynamic (non-magnetic) counterparts. In the particular
case of B335, the specific angular momentum is observed to
decrease rapidly toward the central protostar, with a rotationally

supported disk (if present) smaller than ∼ 10 au (Yen et al.,
2015). The decrease in specific angular momentum and small
disk could result naturally from the braking by a magnetic field,
which has now been mapped in detail with ALMA (Maury
et al., 2018). In addition, there is some tentative evidence
that protostellar sources with misaligned magnetic field and
rotation axis (inferred from outflow direction) tend to have larger
disks (e.g., Segura-Cox et al., 2016), which is consistent with
magnetized disk formation simulations (e.g., Hennebelle and
Ciardi, 2009; Joos et al., 2012; Krumholz et al., 2013; Li et al.,
2013b).

Finding evidence for the magnetic field on the disc scale is
more challenging. Spatially resolved dust polarization has been
detected in discs around a number of young stellar objects,
using the Submillimeter Array (SMA; e.g., Rao et al., 2014), the
Combined Array for Research in Millimeter-wave Astronomy
(CARMA; e.g., Stephens et al., 2014; Segura-Cox et al., 2015),
the Very Large Array (VLA; e.g., Cox et al., 2015; Liu et al.,
2016), and especially ALMA (e.g., Kataoka et al., 2017; Stephens
et al., 2017; Alves et al., 2018; Bacciotti et al., 2018; Cox et al.,
2018; Girart et al., 2018; Harris et al., 2018; Hull et al., 2018; Lee
et al., 2018; Sadavoy et al., 2018; Dent et al., 2019). However,
with the exception of BHB 07-11 (Alves et al., 2018) and possibly
a few other cases, the majority of the sources do not show
any evidence for dust grains aligned by the generally expected
toroidal magnetic fields; their polarization patterns are better
explained by dust scattering instead (Kataoka et al., 2015, 2016;
Yang et al., 2016a,b, 2017). The reader is referred to Hull &
Zhang’s article in this volume for a more detailed discussion.
In any case, whether and how the disc is connected to the
protostellar envelope through a magnetic field remain to be
determined observationally.

FIGURE 1 | An example of the magnetic field traced by dust polarization around an observation (left-hand panel) and a numerical model (right-hand panel) of the

solar-type Class 0 protostar B335. The background image in the right-hand panel is the ALMA polarized dust continuum emission, and the superimposed lines infer

the magnetic field orientations (i.e. the polarization angle rotated by 90◦). This figure is inspired by Figures 1 and 3 of Maury et al. (2018), and was created by A. J.

Maury for this publication.
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FIGURE 2 | The magnetic field lines superimposed on a density slice during the first hydrostatic core phase for ideal and non-ideal MHD simulations. The initial

mass-to-flux ratio is five times the critical value (i.e., µ0 = 5). In ideal MHD, the magnetic field lines are dragged inwards as the cloud core collapses, creating the

characteristic hour-glass shape. On the large scale, the non-ideal effects have minimal effect on the strength and structure of the magnetic field, whereas on the small

scale, the neutral particles flow through the magnetic field lines to form the first hydrostatic core, while preventing the magnetic field lines from becoming pinched and

preventing a strong magnetic field from building up in the core (bottom). These images are inspired by Figure 2 of Price and Bate (2007) and Figure 1 of Bate et al.

(2014).

3. DISC FORMATION IN THE IDEAL MHD
LIMIT

The simplest approximation when modeling magnetic fields is to
use ideal MHD, where it is assumed that the gas is sufficiently
ionized such that the magnetic field is well coupled to the bulk
neutral gas. In this approximation, the induction equation is
given by

∂B

∂t
= ∇ × (v× B) , (4)

where v is the gas velocity and B is the magnetic field. Since the
gas is tied to the magnetic field lines, the lines are dragged in as
the gas collapses (assuming µ0 > 1), causing a characteristic
hour-glass shape; see the left-hand column of Figure 2 for
numerical results, which nicely complement the observational
results in Figure 1. This pinching effect becomes less prominent
as the magnetic field becomes stronger, since the stronger field
is harder to bend (see Figure 2 of Price and Bate, 2007). If the
magnetic field were to be dragged all the way into the central
stellar object, then the stellar field strength would be millions of
gauss, which is much higher than the kilo-gauss field typically

observed in young stars. This is a manifestation of the so-
called “magnetic flux problem” in star formation (Babcock and
Cowling, 1953; Mestel and Spitzer, 1956; Shu et al., 2006)2.

In purely hydrodynamics simulations, large protostellar discs
can form due to conservation of angular momentum. In the
presence of magnetic fields, angular momentum can be efficiently
transported away from the collapsing central region (e.g., Mestel
and Spitzer, 1956; Mouschovias and Paleologou, 1979, 1980; Basu
and Mouschovias, 1994, 1995; Mellon and Li, 2008), and not
enough angular momentum remains for a rotationally supported
disc to form. This is the magnetic braking catastrophe, as first
demonstrated by Allen et al. (2003, see also the pioneering work
by Tomisaka, 2000): Rotationally supported discs do not form
in idealized numerical simulations in the presence of magnetic
fields of realistic strengths. Analytical studies by Joos et al. (2012)
estimated that µ ≤ 10 should be enough to suppress disc
formation.

There have been many numerical simulations of disc
formation under the assumption of idealMHD.Most simulations
are initialized with a rotating spherical cloud core which is
threaded with a magnetic field that is parallel to the rotation axis
(section 3.1). However, molecular clouds contain turbulent flows

2Given the focus of this review, the magnetic flux problem will not be addressed

here; see Wurster et al. (2018d) for a recent discussion.
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(e.g., Heyer and Brunt, 2004), which form large scale structures
(e.g., Padoan and Nordlund, 2002; McKee and Ostriker, 2007;
Ward-Thompson et al., 2010), and it is these chaotic structures
that can collapse to form cores that ultimately collapse to form
stars and protostellar discs. Thus, a more realistic scenario is
that the magnetic fields are initially misaligned with the rotation
axis (see section 3.2), or the velocity field initially contains a
significant turbulent component (see section 3.3).

3.1. Idealized Initial Conditions
The simplest and most common initial condition for disc
formation from a collapsing molecular cloud core is to thread
a magnetic field parallel to the rotation axis of a spherical core
that is in solid-body rotation; the initial magnetic field strength
is characterized by the initial mass-to-flux ratio, µ0, for the core
as a whole. The early ideal MHD simulations were performed
under the assumption of an isothermal or barotropic equation of
state and were performed in two-dimensional (e.g., Allen et al.,
2003; Mellon and Li, 2008) or three-dimensional (e.g., Machida
et al., 2004; Price and Bate, 2007; Hennebelle and Fromang, 2008;
Duffin and Pudritz, 2009; Machida et al., 2011; Zhao et al., 2011;
Santos-Lima et al., 2012; Seifried et al., 2012). Later studies were
radiative three-dimensional calculations that included simplified
ideal magnetic fields calculations (e.g., Boss, 1997, 1999), or
solved the complete MHD equations (e.g., Boss, 2002, 2005,
2007, 2009; Commerçon et al., 2010; Tomida et al., 2010, 2013;
Bate et al., 2014). Subsequent studies included radiation and
ideal magnetic fields as part of a parameter study (e.g., Tomida,
2014; Tomida et al., 2015; Tsukamoto et al., 2015b; Vaytet et al.,
2018; Wurster et al., 2018a,c,d). When using moderate to strong
magnetic fields, these studies all found efficient magnetic braking,
and none of them formed a protostellar disc.

For a demonstration of the magnetic braking catastrophe,
Bate et al. (2014) simulated four magnetized models and one
hydrodynamical model. Figure 3 shows the face-on and edge-on
gas densities in a slice through the first hydrostatic core, and these
figures are representative of ideal MHD models in the literature.
With weak or no magnetic fields (µ0 = 100, Hydro), the first
core is rotating quickly enough and is massive enough to become
bar unstable and forms a gravitationally unstable disc that is
dominated by spiral arms (e.g., Bate, 1998, 2010, 2011; Saigo and
Tomisaka, 2006; Saigo et al., 2008; Machida et al., 2010).

As analytically predicted by Joos et al. (2012), there are no
discs in the models with µ0 ≤ 10, however, pseudo-discs
do form; a pseudo-disc is an over-density of gas around a
protostar that is not centrifugally supported, not in equilibrium,
and is resulted from the anisotropy of the magnetic support
against gravity (Galli and Shu, 1993; Li and Shu, 1996), although,
throughout the literature, authors use this term to refer to a
variety of disc-like structures. The pseudo-discs in Bate et al.
(2014) do not increase in size, nor do they ever become Keplerian
discs. This study clearly demonstrates the magnetic braking
catastrophe, at least up to the formation of the first hydrostatic
core.

When considering the long term evolution of the system, discs
may yet form. In their ideal MHD simulations, Machida and
Hosokawa (2013) find that discs form in their models by the end
of the Class 0 phase, and increase in mass into the Class I phase.

As the envelope is depleted, the magnetic braking becomes less
efficient, which allows these discs to form as speculated earlier by
Mellon and Li (2008, see also section 4.2.1); when their strongly
magnetizedmodels end in the Class I phase, the discs havemasses
∼40 per cent of the mass of the protostar itself.

This leads to the open question of when protostellar discs
form. If they form in later stages (e.g., Class I or II), then
there may be no magnetic braking catastrophe in the numerical
simulations; if they form early in the Class 0 phase, then the
catastrophe persists, and one must go beyond the idealized initial
conditions to form a discs if the magnetic field is strong and well-
coupled to the gas. Future observations are required to determine
when in the star formation process its protostellar disc forms.

3.2. Misaligned Magnetic Fields
There have been several studies investigating the impact
of misaligned magnetic fields on the formation of discs
(eg., Matsumoto and Tomisaka, 2004; Machida et al., 2006;
Matsumoto et al., 2006; Hennebelle and Ciardi, 2009; Joos et al.,
2012; Krumholz et al., 2013; Li et al., 2013b; Lewis et al., 2015;
Lewis and Bate, 2017). Similar to the literature, we define the
angle θ such that the angular momentum J and magnetic field
B vectors are parallel and aligned when θ ≡ 0◦. The components
of the angular momentum that are parallel and perpendicular to
the magnetic field are J

‖
= |J · B| / |B| and J

⊥
= |J × B| / |B|,

respectively.
Two-dimensional analytical models of collapsing cylinders

by Mouschovias and Paleologou (1979) found that magnetic
braking can reduce the angular momentum of a cloud by a few
orders of magnitude if θ = 90◦. All other parameters being
the same, this indicates that systems with θ = 0◦ are more
likely to form discs than their θ = 90◦ counterparts. However,
this pioneering work did not include the gravitational collapse,
which can modify the magnetic field configuration and affect the
braking efficiency.

The results of Mouschovias and Paleologou (1979) were later
confirmed by the three-dimensional models of Matsumoto and
Tomisaka (2004). In these models, the perpendicular component
of the angular momentum, J

⊥
, decreased faster than the parallel

component, indicating that magnetic braking was more efficient
for the perpendicular component. This component decreased
rapidly and by a few orders of magnitude in their models with
θ = 45 and 90◦; the component J

‖
decreased only by a factor of a

few in their models with θ = 0 and 45◦ (see their Figure 4). These
results broadly agree with the parameter study by Machida et al.
(2006), who also find that magnetic braking acts primarily on
the component perpendicular to the rotation axis. They conclude
that discs form more easily when θ = 0◦.

Several studies, however, reach the opposite conclusion: Discs
form more easily when θ = 90◦. Joos et al. (2012) find that
massive discs form in all of their misaligned models, requiring as
little as θ = 20◦ to allow a massive disc to form. The exceptions
are their models with the strongest magnetic field strength, µ0 =

2, in which discs never form, independent of θ . As the evolution
progresses, the pseudo-discs continue to accrete, increasing both
their mass and angular momentum; more massive discs form for
larger θ , and faster rotating discs form for weaker magnetic fields
(larger µ0).
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FIGURE 3 | The face-on (top row) and edge-on (bottom row) gas density in a slice through the centre of the first hydrostatic core for ideal MHD models of decreasing

magnetic field strength (increasing µ0; left to right) and a pure hydrodynamics model. Gravitationally unstable discs form for µ0 > 20, whereas only pseudo-discs only

form in the remaining models. This is inspired by Figure 4 of Bate et al. (2014), and was created for this publication using the data from Bate et al. (2014).

Except in the case of very strong magnetic fields, Li et al.
(2013b) find the initially misaligned magnetic field allows
rotationally supported discs to form in the dense cores, even
when no discs form in the aligned models. In their models, the
magnetic field lines are wrapped into a snail-shaped curtain when
θ = 90◦, and this configuration hinders outflows.With negligible
outflows, the angular momentum remains near the protostar,
allowing the formation of the disc.

In Lewis and Bate (2017), the pseudo-disc increases in size and
forms larger arms as the misalignment increases since the gas can
easily flow along the horizontal magnetic field component. For
θ = 20 and 45◦, the pseudo-discs are warped such that the inner
regions are perpendicular to the rotation-axis, while the outer
regions are perpendicular to the magnetic field.

In summary, misalignment between the rotation axis and
the magnetic field lines may promote or hinder the formation
of rotationally supported discs. Machida et al. (2006) found
that for slow rotators, magnetic braking aligns the rotation axis
and the magnetic field (in agreement with Lewis and Bate,
2017 if comparing the outer parts of the discs), and for fast
rotators, the magnetic field aligns through a dynamo action.
This suggests that the effect of misalignment may, at least in
part, be a result of the initial conditions. Thus, at the time
of writing, the effect of misalignment on disc formation is
inconclusive.

3.3. Turbulent Initial Conditions
There are several studies of disc formation in massive turbulent
magnetized molecular clouds (M > 100M

⊙
; e.g., Santos-Lima

et al., 2012, 2013; Seifried et al., 2012, 2013; Myers et al., 2013;
Li et al., 2014; Fielding et al., 2015; Gray et al., 2018), as well
a number of studies that begin from turbulent, low-mass cores
(M < 10M

⊙
; e.g., Matsumoto and Hanawa, 2011; Joos et al.,

2013; Li et al., 2014; Matsumoto et al., 2017; Lewis and Bate,

2018); for scales consistent with this review, we focus on the latter
studies. These low-mass simulations reach contradicting results,
with some studies suggesting increased turbulence promotes
disc formation (Joos et al., 2013; Li et al., 2014), while others
suggest it hinders discs formation (Matsumoto and Hanawa,
2011; Matsumoto et al., 2017; Lewis and Bate, 2018).

Figure 4 illustrates the effect of how increasing the Mach
number, M, of the turbulent velocity field imposed on a slowly
rotating, pre-stellar cloud core hinders disc formation. As the
Mach number is increased, the resulting pseudo-disc is smaller,
and the rotating gas becomes less Keplerian. For M = 1,
the system is disrupted and no pseudo-disc forms. In the most
turbulent model, the initial ratio of turbulent to rotational energy
is Eturb/Erot = 26, and Lewis and Bate (2018) argue that
Eturb/Erot . 1 is required for the formation of a pseudo-disc.
By increasing the initial rotation such that Eturb/Erot = 1.6,
they form a disrupted pseudo-disc, while increasing it such that
Eturb/Erot = 1.06, they form a slowly rotating pseudo-disc.

On slightly larger spatial scales before the first hydrostatic core
forms, Matsumoto and Hanawa (2011) find that models without
turbulence produce axisymmetric oblate or prolate clouds
(depending on initial mass). As the turbulence is increased, the
clouds become more chaotic and disrupted. As the gravitational
collapse continues, each model eventually forms a spherical first
core surrounded by a disc-like envelope (with the exception of
one model with weak magnetic fields and moderate turbulence).

Following the long-term evolution of their turbulent models,
Matsumoto et al. (2017) formed a disc in each model,
and the disc mass and radius increased with time. In
agreement with non-turbulent studies, they consistently found
larger discs in models with weaker magnetic fields. However,
they also consistently found larger discs in models with
weaker turbulence (all other parameters being held constant).
Thus, they concluded, turbulence hindered disc formation.
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FIGURE 4 | The face-on (Top row) and edge-on (Bottom row) gas column density projections showing disc formation in models in a relatively strong (µ0 = 5)

magnetic field with a turbulent velocity field imposed onto a solid-body rotation. The Mach number is shown in each panel. The figures are taken ∼500 yr after sink

formation (i.e., when the maximum density has reached ρmax = 10−10 g cm−3 ). Increasing turbulence in these models hinders disc formation. These are inspired by

Figure 7 of Lewis and Bate (2018), but are from lower resolution models.

In their strongest magnetic field model, the disc radii
and masses were nearly indistinguishable between their two
turbulent models (M = 0.5, 1; see their Figures 5,
6), suggesting that at these magnetic field strengths, the
strength of turbulence played a secondary role in the cloud’s
evolution.

Contrary to the above, Figure 5 illustrates the effect of how
increasing the Mach number, M promotes disc formation. In
the models of Li et al. (2014), a disc-like structure begins to
form at M = 0.5, however, it is still partially disrupted.
At larger Mach numbers, the disc becomes more prominent,
and for M = 1, has a Keplerian rotational profile. They
conclude that the promotion of disc formation is a result of
the warping of the pseudo-disc and the magnetic decoupling-
triggered reconnection of the severely pinched field lines near the
central object.

Joos et al. (2013) presented a suite of models, and found
massive discs in all their simulations with weak magnetic fields,
and very small discs in their strongly magnetized models; at both
strong and weak magnetic field strength, the disc growth rate is
approximately independent of the Mach number. For moderate
magnetic field strengths, the disc growth rates are dependent on
the Mach number such that a ∼0.6M ·© disc forms in the same
length of time it takes to form a ∼0.4M ·© disc in a laminar
model (the model has an initial mass of 5M ·©). In these models,
the turbulence diffuses the magnetic field out of the central
region, generating an effective magnetic diffusivity prompted
by magnetic reconnection, and hence weakening the magnetic
field (see also Weiss, 1966; Santos-Lima et al., 2012). Turbulence
also induces a misalignment between the rotation axis and the
magnetic field (see also Seifried et al., 2012; Gray et al., 2018) of

20− 60◦, which reduces the magnetic braking. The effect of these
two mechanisms is to allow for larger discs to form.

In summary, turbulence can hinder or promote disc
formation. Thus, as with the studies of initial magnetic field
alignment, initial conditions will likely play an important role in
determining the outcome.

4. NON-IDEAL MHD AND DISC
FORMATION

It is well known that the dense, star-forming, cores of molecular
clouds are lightly ionized (Bergin and Tafalla, 2007), with detailed
models finding ionization fractions as low as ne/nH2 = 10−14

(Nakano and Umebayashi, 1986; Umebayashi and Nakano, 1990;
Nishi et al., 1991; Nakano et al., 2002). The low ionization
level means that the magnetic field is no longer perfectly
coupled to the bulk neutral material, rendering the ideal MHD
approximation questionable. A proper treatment of the non-
ideal MHD effects is required, including a detailed calculation
of the abundances of the electrons, ions and charged dust
grains.

There are several methods of numerically modeling multiple
species. They can be modeled explicitly (e.g., Inoue et al., 2007;
Inoue and Inutsuka, 2008, 2009), where each species has its
own continuity and momentum equation. In this method, the
species interact directly with each other through terms in the
momentum and energy equations. Electrons are not explicitly
treated because their mass is much less than those of other
particles. The induction equation is as given in Equation 4, except
that it only includes the velocity of the charged species.
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FIGURE 5 | The gas density (color) and velocity (vectors) in the mid-plane for models with increasing Mach number (printed in the bottom left-hand corner of each

frame). Each frame is ∼1,400 au on each side. In this suite of simulations, increasing the Mach number promotes disc formation. This is Figure 2 of Li et al. (2014).
©AAS. Reproduced with permission.

Under the assumptions that mass density is dominated by the
neutral mass density, and that collisions occur predominantly
between charged species and neutrals, then the inertia and
pressure of the charged species and collisions between charged
species can be safely neglected (e.g., O’Sullivan and Downes,
2006; Rodgers-Lee et al., 2016). In this approximation, each
species has its own continuity equation, but only the neutral
species has a momentum equation; additional equations are
included to govern the interactions (e.g., energy transfer)
between the species. Other studies include dust grains, and
include continuity equations for the neutral gas and total
grain density but not the charged gas species (e.g., Ciolek and
Mouschovias, 1993, 1994; Tassis and Mouschovias, 2005a,b,
2007a,b,c; Kunz and Mouschovias, 2009, 2010).

The continuity equation can be constructed to evolve total
mass density rather than species mass density if the strong
coupling approximation is invoked; in this approximation,
the ion pressure and momentum are negligible compared
to that of the neutrals, and the magnetic field and neutral
flows evolve on a timescale that is long compared to the
timescale of the charged particles (e.g., Wardle and Koenigl,
1993; Ciolek and Mouschovias, 1994; Mac Low et al., 1995;
Wardle and Ng, 1999; Choi et al., 2009). In approximation,
there is one continuity and one momentum equation. This
method is typically used by those studying the formation
of protostellar discs (e.g., Krasnopolsky et al., 2010; Tomida
et al., 2015; Tsukamoto et al., 2015b,a; Masson et al., 2016;
Wurster et al., 2016; Vaytet et al., 2018; Wurster et al.,
2018c).

Except in the cases where the charged and neutral species
interact directly through their own momentum equations, the
induction equation is modified to account for the species of
different charges, viz.,

∂B

∂t
=

∂B

∂t

∣

∣

∣

∣

ideal

+

∂B

∂t

∣

∣

∣

∣

non-ideal

= ∇ × (v× B) − ∇×

{

ηO (∇ × B) + ηH (∇ × B) × ˆB− ηA

[

(∇ × B) × ˆB

]

×
ˆB

}

,

(5)

where all the micro-physics governing the species properties
and interactions is contained within the coefficients, η. In the
case of, e.g., O’Sullivan and Downes (2006) and Rodgers-Lee
et al. (2016), the species densities are taken directly from the
continuity equation, whereas sub-grid algorithms are required
if not explicitly evolving the density of the charged species or if
using the strong coupling approximation. The three coefficients
represent the different regimes of interactions between the
neutrals and the charged particles:

1. Ohmic resistivity, ηO: ions, electrons and charged grains are
completely decoupled from the magnetic field,

2. Hall effect (ion-electron drift), ηH: massive particles (ions,
charged grains) are decoupled from the magnetic field while
electrons remain coupled (i.e., the electrons are frozen into
the magnetic field, which drifts through the ions and charged
grains), and
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3. Ambipolar diffusion (ion-neutral drift), ηA: both massive
charged particles (ions, charged grains) and electrons are
coupled to the magnetic field (i.e., the charged particles
are frozen into the magnetic field, which drifts through the
neutrals).

Ohmic resistivity and ambipolar diffusion are both diffusive
terms, with the associated energy dissipation given by Wurster
et al. (2014)

∂u

∂t
=

∂u

∂t

∣

∣

∣

∣

ideal

+

∣

∣∇ × B2
∣

∣

ρ
ηO +

1

ρ

{

|∇ × B|2 −

[

(∇ × B) · ˆB

]2
}

ηA,

(6)

where u is the internal energy. Physically, these non-ideal
processes allow the neutral and selected ionized particles to
slip through the magnetic field, which typically leads to a
redistribution of the magnetic field lines relative to the bulk
neutral matter. In particular, a concentration of matter may not
lead to as large an increase in the magnetic field strength as in the
ideal MHD limit.

Ohmic resistivity is typically important at the highest
densities, such as the inner midplane regions of the protostellar
disc, while ambipolar diffusion typically dominates at relatively
low densities, such as the molecular cloud core itself, and the
upper and outer regions of the protostellar disc (e.g., Shu et al.,
2006; Wardle, 2007; Machida et al., 2008; Wurster et al., 2018a).
Figure 2 shows the magnetic field lines on both the molecular
cloud core and protostellar disc scales for ideal and non-ideal
MHD. When using ideal MHD, the magnetic field lines are
dragged into the center, causing an enhancement in the magnetic
field strength, and creating the expected “hour-glass shaped” field
lines. Since the neutral gas can slip through the magnetic field
lines in the non-ideal MHD case, the field lines do not become as
pinched, resulting in a weaker central magnetic field strength.

The Hall effect is dispersive rather than dissipative, and
typically dominates at the intermediate densities between the
two diffusive regimes, including in parts of the dense core and
protostellar disc (e.g., Sano and Stone, 2002a,b; see Figure 3 of Li
et al., 2011 for an illustrative example). Unlike the other terms,
the Hall effect can change the magnetic geometry of the system
without any dissipation. Specifically, it will generate a toroidal
magnetic field from a poloidal magnetic field, where the resulting
magnetic torques can induce a rotation in an otherwise non-
rotating medium (for an example, see Figure 15 of Li et al., 2011;
for a sketch of the processes, see Figure 1 of Tsukamoto et al.,
2017). When the polarity of the initial poloidal magnetic field
is reversed, the resulting toroidal magnetic field and rotation
would also be in the opposite direction. This has implications
if the system is already rotating, since the Hall effect will either
transport angular momentum to or from the central region, thus
will either increase or decrease the angular velocity of the local gas
(Wardle, 2007; Braiding and Wardle, 2012a). Assuming ηH < 0
(as is reasonable in protostellar discs; Tsukamoto et al., 2015a;
Marchand et al., 2016; Wurster, 2016; Wurster et al., 2016), then
the Hall effect will increase the angular momentum in the disc
if the magnetic field vector and rotation axis are initially anti-
aligned, and will decrease the angular momentum if the two

vectors are aligned (e.g., Krasnopolsky et al., 2011; Li et al., 2011;
Braiding and Wardle, 2012a,b; Tsukamoto et al., 2015a, 2017;
Wurster et al., 2016, 2018a,c).

4.1. Calculating the Non-ideal MHD
Coefficients
When using the modified induction equation as given in
Equation 5, the dependencies of the non-ideal coefficients are η ≡

η
(

ρgas,Tgas,B, nj,mj, eZj
)

for an arbitrary number of species,
where nj, mj and eZj are the number density, mass and electric
charge of species j, and only the charged species (i.e., eZj 6= 0)
contribute to η; the equations can be found in Wardle and Ng
(1999), Wardle (2007) and other papers, and thus will not be
repeated here.

The species to be included in the calculation must be selected
in advance, with the reaction rates between them determined
experimentally or estimated theoretically (e.g., as presented in the
UMIST Database; McElroy et al., 2013). The ionization sources
must also be selected in advance, with the primary source for
disc formation in typical molecular clouds being cosmic rays. The
cosmic ray ionization rate is given by ζcr ≈ ζcr,0 exp (−6/6cr),
where6cr is the characteristic column density for the attenuation
of cosmic rays and ζcr,0 is the unattenuated cosmic ray ionization
rate. The latter has a canonical value of ζcr,0 = 10−17 s−1 for the
Milky Way ISM (Spitzer and Tomasko, 1968; Umebayashi and
Nakano, 1981). The cosmic ray ionization rate can vary from one
region to another in the Galaxy (e.g., it is expected to be higher
near a supernova remnant that can accelerate cosmic rays) and
be modified by propagation effects, such as magnetic mirroring
(e.g., Chandran, 2000; Padovani et al., 2009). As a cloud core
collapses and a protostellar disc forms, the inner regions of the
disc are shielded from cosmic rays (Padovani et al., 2014), thus
other ionization sources become important, such as ionization
by X-rays and energetic particles from young stellar objects, and
ionization by radionuclide decay. Canonical X-rays are slightly
less energetic and have a shorter attenuation depths than cosmic
rays, thus will only affect the surface of the disc (e.g., Igea and
Glassgold, 1999; Turner and Sano, 2008). The ionization from
radionuclide decay, however, has rates ranging from ζr ≈ 10−23

to 10−18 s−1 depending on the ionization source (e.g., Kunz
andMouschovias, 2009; Umebayashi and Nakano, 2009) and can
persist throughout the disc. Thus, ionization from radionuclide
decay may be the dominant ionization source near the midplane
of the disc.

Along with ions, molecular clouds include dust grains, which
are important in coupling the magnetic field to the gas (Nishi
et al., 1991). These are typically included in the numerical
calculations of η assuming a single grain population with a fixed
radius, fixed bulk density, and a fixed gas-to-dust ratio. However,
the grain size greatly affects the strength of the non-ideal effects;
for example, Wurster et al. (2018b) showed that smaller grains
tend to yield larger non-ideal MHD coefficients (see their Figure
2). However, molecular clouds do not contain a single grain size;
one commonly used size distribution is the MRN (Mathis et al.,
1977) grain distribution, dng(a)/da ∝ nHa

−3.5, where nH is the
number density of the hydrogen nucleus and ng(a) is the number
density of grains with a radius smaller than a (Draine and Lee,
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1984). The non-ideal MHD coefficients are sensitive to the upper
and lower limits of the distribution. In particular, removing the
very small grains of ∼10 to a few 100 Å from the distribution
would increase the ambipolar diffusivity by ∼1 − 2 orders of
magnitude at number densities below 1010 cm−3 (Zhao et al.,
2016).

As the non-ideal coefficients increase in value (either by
increasing local density, magnetic field strength, or decreasing
ionization rate), the numerical timestep required for numerical
stability decreases (e.g., Mac Low et al., 1995; Choi et al., 2009;
Bai, 2014; Wurster et al., 2014, 2018b). The two-dimensional
simulations of Kunz and Mouschovias (2009) and Dapp et al.
(2012) include all the above discussed ionization mechanisms to
allow for a very low ionization fraction, and end their calculations
prior to the timestep becoming prohibitively small. However,
this is not currently computationally possible for global three-
dimensional simulations of disc formation and evolution. Thus,
as a crude approximation, studies typically use ζ = ζcr,0 = 10−17

s−1.
There are several private algorithms (e.g., Nakano et al., 2002;

Kunz and Mouschovias, 2009; Okuzumi, 2009; Dapp et al.,
2012; Tsukamoto et al., 2015b; Zhao et al., 2016, 2018; Higuchi
et al., 2018) and publicly available codes (e.g Marchand et al.,
2016; Wurster, 2016) that solve chemical networks of varying
complexity to calculate the number density of each species,
which can then be used to self-consistently calculate the non-
ideal MHD coefficients. These algorithms include ionization and
reconnection amongst the included species (including dust),
and ionization from cosmic rays. The results are expectedly
dependent on the complexity of the networks and the input
parameters, however, there is broad qualitative agreement among
them. However, a direct comparison is difficult due to the
parameter dependence, and even a single algorithm can produce
widely varying results with small changes to its input parameters
(e.g., the assumed dust grain properties).

4.2. Numerical Models
Ohmic resistivity was the first non-ideal effect to be included
in analytical and numerical studies in attempts to prevent
the magnetic braking catastrophe. This was followed by
ambipolar diffusion, and finally the Hall effect. As discussed
below, various studies reached various conclusions. However,
recent three-dimensional radiation magnetohydrodynamical
simulations (Tsukamoto et al., 2015a, 2017; Wurster et al., 2016,
2018c) have suggested that the Hall effect can prevent the
magnetic braking catastrophe.

4.2.1. Ohmic Resistivity and Ambipolar Diffusion
A first attempt to solve the magnetic braking catastrophe was
by Shu et al. (2006). They derived the equations governing the
gravitational collapse of a molecular cloud core in the presence
of a magnetic field, and included the effects of Ohmic diffusion.
They noted that in order to reduce the magnetic field strength
near the central stellar object to a value consistent with meteoritic
evidence, ηO ≈ 2×1020 cm2 s−1 is required, which is a few orders
of magnitude larger than estimated from kinetic theory (Shu
et al., 2006). A similar calculation by Krasnopolsky et al. (2010)
was able to reduce the required value using different assumptions,

but ηO remained uncomfortably high. Recent calculations of ηO
using chemical networks of varying complexity have shown that
this value can be reached in the center of the first hydrostatic core
during the first core phase (e.g., Marchand et al., 2016; Wurster,
2016). However, this high value persists over a very small ρ − T
phase-space, and values much lower than this are expected in the
protostellar disc and background medium.

Contradicting the results of Shu et al. (2006) and
Krasnopolsky et al. (2010), the three-dimensional numerical
studies of Inutsuka et al. (2010) andMachida et al. (2011) formed
protostellar discs; the latter formed a disc of r& 100 au and their
simulations used sink particles and the barotropic equation of
state and were evolved until most of the envelope (i.e., the gas
that was initially in the cloud core) had been accreted. As the
envelope was accreted, the Alfvén waves became less efficient at
transporting angular momentum from the gas near the protostar
to the remaining envelope (simply because there was not much
gas remaining in the envelope, as pointed out earlier in Mellon
and Li, 2008). With less envelope and hence less magnetic
braking, a ∼40 au protostellar disc formed by ∼104 yr which
grew to ∼100 au by ∼105 yr. A similar study by Wurster et al.
(2016) found∼10 au discs formed after∼3× 104 yr; this smaller
disc was likely a result of a lower Ohmic resistivity and a larger
sink particle. Even smaller Ohmic-enabled discs were found
in the semi-analytic calculations of Dapp and Basu (2010) and
Dapp et al. (2012).

Ohmic resistivity is expected to become important at the
highest densities, especially late in the star formation process.
However, by this stage, unless ηO was much higher than expected
early on or the envelope was mostly depleted, the magnetic field
could have already extracted enough angular momentum from
the less dense regions to prevent discs from forming.

This possibility provides a strong motivation to study
ambipolar diffusion, which was expected to be important in the
early stages of star formation when the density of the molecular
cloud core was still relatively low. This had long been included
in cloud core formation models as a method to diffuse the
magnetic field to initiate the quasi-static formation in an initially
magnetically subcritical cloud and the later collapse of the cloud
core (as first demonstrated by Mouschovias, 1976, 1977, 1979).
On the smaller scales regarding protostar formation, it was hoped
that this process could diffuse out enough of the magnetic field
to permit a Keplerian disc to form. Analytical calculations by
Hennebelle et al. (2016) predicted that an ∼18 au disc should
form when accounting for ambipolar diffusion for parameters
typical of molecular cloud cores (see their Equation 13); this is
much smaller than the 100 au-scale discs that would typically
form in the absence of a magnetic field (see also Equation 14 of
Hennebelle et al., 2016).

Numerical simulations have not provided a consensus
regarding the effect of ambipolar diffusion. Mellon and Li
(2009) re-performed their ideal MHD study from Mellon and Li
(2008) but included ambipolar diffusion. Using two-dimensional
axisymmetric models, they concluded that ambipolar diffusion
alone did not weaken the magnetic braking enough to allow
the formation of a disc that is resolvable by their simulations.
Their conclusion held even when using a cosmic ray ionization
rate ten times lower than canonical (i.e., making the system
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more neutral). However, their spherical-polar numerical domain
included a 6.7 au hole at the center, thus discs below this radius
could necessarily not form, and the artificial boundaries may have
suppressed disc formation at radii even slightly larger than the
boundary (for comment on effect of sink sizes, see Machida et al.,
2014).

In the three-dimensional studies of Masson et al. (2016),
Keplerian discs formed during the first hydrostatic core phase in
their models that included ambipolar diffusion. Using a mass-to-
flux ratio of 5 times critical and an initial rotation of βrot = 0.02
(the ratio of rotational energy to gravitational potential energy), a
disc of ∼80 au formed; for similar initial conditions, small, disc-
like structures formed at late times when using ideal MHD. By
inclining the initial magnetic field (c.f. section 3.2) by θ = 40◦

in the ideal MHD models, there was negligible effect on disc
formation, leading them to conclude that ambipolar diffusion
was more important than inclination in terms of disc formation.
In their models with ambipolar diffusion, the discs formed more
easily and were more massive in the non-aligned case.

Figure 6 shows the angular momentum in the first hydrostatic
core (i.e., the gas that would collapse to form a rotationally
supported disc if enough angular momentum is present) for three
three-dimensional models by Tsukamoto et al. (2015b). After
the first core has formed, there is least angular momentum in
the ideal MHD model; there is approximately twice as much
angular momentum when Ohmic resistivity is included, and
approximately 5 times more when both Ohmic resistivity and
ambipolar diffusion are included. In their model with Ohmic
resistivity + ambipolar diffusion, a small ∼1 au disc formed. At
a similar time in the model with Ohmic resistivity + ambipolar
diffusion by Tomida et al. (2015), a centrifugally supported disc of
radius∼5 au formed, although it did not have a Keplerian profile;
in their counterpart model that only included Ohmic resistivity,
the centrifugally supported disc was∼1 au.

Although the disc in Tomida et al. (2015) is only ∼5 au
and remains approximately constant in size throughout their
simulation, they expect it to grow with time as the envelope is
depleted, as discussed above and in Tomida et al. (2013). By the
end of the simulation (approximately 1 year after the formation
of the stellar core), the disc is supported by the centrifugal
force with substantial contribution from the gas pressure. At this
time, the disc is rotating rapidly enough that it has triggered
the gravito-rotational instability (e.g., Toomre, 1964; Bate, 1998;
Saigo and Tomisaka, 2006; Saigo et al., 2008) and become non-
axisymmetric.

In a followup study, Tomida et al. (2017) modeled the
long term evolution using sink particles. In agreement with
their previous work, the disc stays small at early times due to
efficient magnetic braking. As the disc evolves, magnetic braking
becomes less efficient both due to the magnetic field dissipating
in the disc and the dissipation of the envelope. Eventually, the
disc becomes unstable, forming an m = 2 perturbation (see
also Hennebelle et al., 2016). The gravitational torques become
more efficient at transporting angular momentum than the
magnetic fields, thus control the future evolution of the disc.
By the end of the Class I phase, the disc radius is in excess of
200 au.

FIGURE 6 | The angular momentum in the first hydrostatic core for models

using ideal MHD, Ohmic diffusion, and Ohmic and ambipolar diffusions. The

Ohmic+ambipolar model has enough angular momentum to form a ∼1 au

rotationally-supported disc, whereas discs do not form in the other two

models. This figure is inspired by Figure 6 of Tsukamoto et al. (2015b), and

was created by Y. Tsukamoto for this publication using the data published in

Tsukamoto et al. (2015b).

Vaytet et al. (2018) modeled the collapse to the stellar core
including Ohmic resistivity + ambipolar diffusion. During the
first core phase, the gas is funneled into the core along two dense
filaments that arise from an initialm = 2 perturbation. The disc-
like structure in their ideal MHD model is “puffier” than their
resistive counterpart, but neither model appears to form a disc.
One month after the formation of the stellar core, they find a
“second core disc” of radius r . 0.1 au that has a Keplerian
velocity profile.

Zhao et al. (2016, 2018) stressed the importance of the grain
size on the ambipolar diffusivity (see also Dapp et al., 2012). They
explored a range of grain sizes, initial magnetic field strengths and
rotation rates, and found that rotationally supported structures
often form early around the stellar seed but disappear at later
times. Such structures can persist and grow to sizes of 20–40 au
even for a rather strong initial magnetic field corresponding
to a dimensionless mass-to-flux ratio of µ0 = 2.4 when the
very small grains are removed from an MRN size distribution.
Whether such grains are indeed removed or not, through, e.g.,
grain coagulation, remain to be determined.

4.2.2. Complete Non-ideal MHD Description
Including the Hall effect in numerical models becomes
computationally expensive due to the small timestep constraint
(e.g., Sano and Stone, 2002a; Bai, 2014; Tsukamoto et al., 2015a;
Wurster et al., 2016, 2018b), thus, at the time of writing, there
are only a few global two-dimensional (Krasnopolsky et al., 2011;
Li et al., 2011) and three-dimensional (Tsukamoto et al., 2015a,
2017; Wurster et al., 2016, 2018a,c,d) global disc-formation
studies that include this process.

The first simulation to include the Hall effect in a global
simulation was Krasnopolsky et al. (2011). This simulation
was a two-dimensional axisymmetric Eulerian simulation that
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included gravity of a pre-formed protostar but no self-gravity
amongst the gas. The Hall coefficient, ηH, was set as a constant
positive value, which is the opposite sign as found by later studies
(e.g., Tsukamoto et al., 2015a; Marchand et al., 2016; Wurster,
2016; Wurster et al., 2016). They formed rotationally supported
discs in all models that included the Hall effect, except for their
model with the weakest resistivity.

Figure 7 shows the rotational profiles for three models in
the study by Krasnopolsky et al. (2011), where they varied the
initial alignment of the rotation and magnetic field vectors. In
the outer regions of their models, the Hall effect is too weak
to have any significant effect on the evolution of the gas, thus
the gas simply follows the initial velocity profile combined with
the effect of gravity. In the inner region of all three models,
the Hall effect spins up the gas to reach a Keplerian profile. In
the aligned model (left panel), the Hall effect contributes to the
initial rotation, whereas in the anti-aligned case (right panel),
it detracts from it; in the anti-aligned case, the Hall velocity is
strong enough to cancel out the initial rotational profile and form
a counter-rotating disc with a Keplerian profile.

In their followup study, Li et al. (2011) self-consistently
calculated the value for ηH, which now necessarily varied in space
and time; ηH < 0, and the maximum of its absolute value was
lower than the value used in their previous study. Given their
parameter space, no model formed a rotationally supported disc.
The Hall effect did spin up the material of the gas near the
protostar, but it was not significant enough to reach Keplerian
velocities.

Subsequent studies led by Tsukamoto and Wurster modeled
the three-dimensional collapse of a molecular cloud core through
to at least the end of the first core phase. The models typically
included self-consistent calculations of the non-ideal MHD
coefficients, included flux limited diffusion and excluded sink
particles3. When using the canonical, unattenuated cosmic ray
ionization rate of ζcr = 10−17s−1, Tsukamoto et al. (2015a)
and Wurster et al. (2018c) find that rotationally supported discs
form if the magnetic field and rotation vectors are anti-aligned,
whereas no disc forms if they are aligned. The top row in
Figure 8 shows the gas column density for ideal MHD, non-
ideal MHD and hydrodynamic models in the midplane during
the first hydrostatic core phase. In both studies (Tsukamoto
et al., 2015a; Wurster et al., 2018c), the disc has a radius of
r ∼ 25 au, and becomes bar-unstable during the first core phase.
For comparison, a purely hydrodynamics model formed a disc
of ∼60 au, and this disc is formed even earlier during the first
core phase due to the lack of magnetic support. Expectedly, the
purely hydrodynamic disc has the largest angular momentum
in the first core and/or disc (see Figure 9). However, the Hall
effect in the anti-aligned non-ideal model decreases magnetic
braking, permitting the angular momentum to remain in the gas
near/in the first core, and hence permitting the disc to form. The
angular momentum in the disc is approximately half that of the
purely hydrodynamics model (Wurster et al., 2018c). By aligning
the magnetic field and the rotation axis, the angular momentum

3Wurster et al. (2016) used 6.7 au sink particles together with a barotropic equation

of state in their disc formation study using PHANTOM (Price et al., 2018).

again decreases by a factor of∼12, to a value too low for a disc to
form.

The models presented in Figures 6, 9 use slightly different
initial conditions, however, both ideal MHD models have
similar final angular momenta in their first cores, thus can
be reasonably compared. By including Ohmic resistivity and
ambipolar diffusion, the angular momentum in the first core
increases to Lfc ∼ 2.5 × 1051g cm2 s−1 (dotted line in Figure 6),
which is higher than when the three non-ideal terms are added in
the aligned orientation (double-dot line in Figure 9). Therefore,
some of the angular momentum gain caused by Ohmic resistivity
and ambipolar diffusion is lost by including the Hall effect in an
aligned orientation. As previously discussed, additional angular
momentum is gained by the Hall effect in the anti-aligned case.
Summarily, the order of angular momenta in the first core
is Lfc(ideal MHD) < Lfc(Ohmic+ambipolar+Hall; aligned) <

Lfc(Ohmic+ambipolar) < Lfc(Ohmic+ambipolar+Hall; anti−
aligned) < Lfc(Hydrodynamics).

Given that the anti-aligned non-ideal model formed a large
disc while the aligned model did not, Tsukamoto et al. (2015a)
proposed that there should be a bi-modality in the population
of discs around stars—that is, approximately half of the Class 0
objects should have protostellar discs. However, this assumption
was made assuming the magnetic field was either aligned or
anti-aligned with the rotation axis. Since there is observational
evidence that the magnetic field appears to be randomly
orientated with respect to the rotation axis, at least on the 1000
au scale (Hull et al., 2013), Tsukamoto et al. (2017) modeled
various angles between the rotation axis and the magnetic field.
The angular momentum in the first core is shown in Figure 10

for various initial orientations, and it differs by an order of
magnitude between the two extreme angles: θ = 0 and 180◦.
Changing the angle by 45◦ from either extreme value has a
minimal effect on the angular momentum evolution, and even
a change of 70◦ only changes the final angular momentum by
a factor of a few. Thus, the models with θ 6= 90◦ have angular
momenta evolutions that are similar to either θ = 0 or 180◦,
suggesting that, even if the initial magnetic fields are randomly
orientated with the rotation axis, the bi-modality in disc sizes
should exist, with large discs forming for θ & 100◦ and negligible
discs forming for θ . 80◦.

The magnetic field strength and plasma β for an ideal model
and two non-ideal MHD models are shown in bottom two rows
of Figure 8. As expected, the magnetic field is dragged into the
core of the ideal MHD model, thus its first hydrostatic core has
a very strong field strength. However, in the non-ideal cases, the
neutrals can slip through the magnetic field, thus a dense core
forms, but its central magnetic field strength is weaker than in
the ideal MHD model. Unlike the neutrals, the velocities of the
charged particles decrease and they approach the core due to
the non-ideal effects. This allows the charged particles, and the
magnetic flux they drag in, to pileup in a torus around the core.
This torus of charged particles expands outwards in radius as
more charged particles pile up, further enhancing the magnetic
field. This is a demonstration of a “magnetic wall,” which is
thoroughly discussed in the two-dimensional models of Tassis
and Mouschovias (2005b) and first predicted to exist analytically
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FIGURE 7 | Rotational profiles for aligned, no rotation and anti-aligned two-dimensional models. The initial rotation in the rotating models is vφ = −2× 104 cm s−1.

The gas in the outer regions is governed by the initial conditions, while Keplerian discs of r ∼ 1015 cm form in all three models. These are Figures 1b, 3b, and 2b of

Krasnopolsky et al. (2011). ©AAS. Reproduced with permission.

FIGURE 8 | The gas column density (top), magnetic field strength (middle) and plasma β (bottom) in a slice through the mid-plane of an ideal MHD model, two

non-ideal MHD models (Ohmic+ambipolar+Hall; ζcr = 10−17s−1) with different initial orientations of the magnetic field, and purely hydrodynamics model (top row

only). The snapshots are near the end of the first core phase. When the rotation and magnetic field vector are aligned, the non-ideal MHD model is similar to the ideal

MHD model with no disc, but when the vectors are anti-aligned, a gravitationally unstable disc forms, similar to the hydrodynamics model. The maximum magnetic

field strength is in the disc for the anti-aligned non-ideal model, while it is in the center of the first core for the remaining two models. The disc in the anti-aligned model

is supported by gas pressure. The figure is adapted/inspired by Figures 1 and 8 of Wurster et al. (2018c) and Figure 1 of Tsukamoto et al. (2015a) and was created for

this publication using the data from Wurster et al. (2018c).
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FIGURE 9 | The angular momentum in the first hydrostatic core which

collapses to form a disc for models with various cosmic ray ionization rates,

ζcr. Only the purely hydrodynamics and the anti-aligned (ζcr = 10−17s−1)

models form discs, both of which become bar-unstable. The angular

momentum of the ideal MHD model differs slightly from that shown in Figure 6

due to different initial conditions. This is adapted from Figure 2 of Wurster et al.

(2018c), and was created for this publication using the data from Wurster et al.

(2018c).

FIGURE 10 | The angular momentum in the first hydrostatic core which

collapses to form a disc for non-ideal MHD models at various angles θ

between the rotation axis and magnetic field vector; θ = 0◦ represents the

aligned case. Except for the θ = 90◦ case, the angular momenta are grouped

around θ = 0◦ and θ = 180◦, suggesting a bi-modality in disc sizes. This figure

is Figure 6 of Tsukamoto et al. (2017), and is reproduced with permission.

by Li and McKee (1996). In the non-ideal MHD models shown
above, the magnetic wall occurs at r ∼ 1–3 au from the center of
the core.

In the domain presented in Figure 8, plasma β > 1, indicating
that gas pressure is greater than magnetic pressure everywhere.
The disc in the anti-aligned model has plasma β > 100 due to
the rotationally supported disc; in the disc, magnetic diffusion
is efficient and the magnetic flux is removed from the region

(Tsukamoto et al., 2015a). In the center of the aligned model,
plasma β becomes high, but this region is small enough that
disc formation is not possible. Finally, the strong magnetic
field in the ideal simulations yields plasma β < 100 over the
entire computational domain, again iterating the importance of
magnetic fields in that model. Similar results with slightly lower
values of plasma β are reached in Tsukamoto et al. (2015a,
see their Figure 1), since their initial magnetic field strength is
stronger than in the figures presented here.

These two studies discussed here, Tsukamoto et al. (2015a)
and Wurster et al. (2018c), both modeled the gravitational
collapse of a 1M

⊙
molecular cloud core, however many of the

remaining initial parameters were different, including the initial
rotation rate, radius, magnetic field strength, and microphysical
properties that controlled the coefficients of the non-ideal MHD
terms. Thus, gravitationally unstable discs forming around the
time of the first core in anti-aligned models that include the Hall
effect is a robust result.

Concurrent to the study of Tsukamoto et al. (2015a), Wurster
et al. (2016) studied the evolution of the disc until∼5,000 yr after
the formation of the protostar; these simulations included sink
particles and the barotropic equation of state. In their aligned
models that include, respectively, only the Hall effect and all
three non-ideal MHD terms, no discs formed. In their anti-
aligned models, ∼38 and ∼15 au discs formed, respectively.
The disc radius in the non-ideal model with the three terms
remained approximately constant until the end of the simulation,
while the model with only the Hall effect decreased slightly to
∼20 au by 5,000 yr. Neither disc formed a bar-mode instability,
since this instability would be stabilized by the sink particle.
The disc in the non-ideal model is smaller than the ∼25 au
discs from the previous studies, but both sink particles and the
barotropic equation of state have been shown to reduce the disc
sizes compared to models that exclude sink particles and include
radiation hydrodynamics (e.g., Tomida et al., 2013; Machida
et al., 2014; Lewis and Bate, 2018; Wurster et al., 2018c).

Finally, the effect of the cosmic ray ionization rate was studied
in Wurster et al. (2018a). When the ionization rate is increased
by even a factor of ten compared to the canonical value for the
interstellar medium, the angular momentum in the first core is
low enough such that no discs form, independent of magnetic
field orientation. This indicates the importance of the value of
the cosmic ray ionization rate: if it is too high, then rotationally
supported discs cannot form, despite the initial conditions. This
may have implications for, e.g., starburst galaxies (e.g., Bisbas
et al., 2015) or the Galactic Center (e.g., Oka et al., 2005) where
the cosmic ray ionization rate is 10–100 times higher than the
canonical value of ζcr,0 = 10−17 s−1.

5. CONCLUSION

Protostellar discs have been observed around young stars at all
stages of evolution, and naturally form alongside their host star.
The star forming environment has strong magnetic fields, low
ionization fractions, and non-laminar velocity flows. The focus
of this article is on how the magnetic field affects the formation
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of disc in lightly ionized molecular cloud cores where non-ideal
MHD effects are important.

Early numerical simulations of star formation that include
strong magnetic fields under the ideal MHD approximation
fail to form discs during the star forming process; this is
known as the magnetic braking catastrophe. Given that discs
are observed, this highlighted the need for including additional
physical ingredients in the simulations. Several studies continued
using the ideal MHD approximation, but made their initial
conditions less idealized. By misaligning the magnetic field and
rotation vectors, larger or smaller discs could form depending on
the study, hence likely depending on the initial conditions. The
misalignment can be naturally induced by a turbulent velocity
field, which can speed up the removal of magnetic flux near
the center and thus promote disc formation through enhanced
magnetic reconnection; however, increasing turbulence has also
been numerically observed to hinder disc formation. Given that
reconnection in ideal MHD simulations is necessarily realized
numerically, this process needs to be evaluated more carefully.

Molecular clouds are observed to be mostly neutral, and the
interaction between neutral and charged particles gives rise to
three non-ideal effects: Ohmic resistivity, ambipolar diffusion
and the Hall effect. When ambipolar diffusion is included in
numerical simulations, small discs of 1–5 au are expected to form
over an extended period of time; even larger discs can form if very
small grains are removed from the grain size distribution. When
the Hall effect is included and the magnetic field vector is anti-
aligned with the rotation axis, larger discs of 25 au or more form.
However, these resultsmay be subject to initial conditions and the
choice of parameters such as dust grain properties or ionization
rates.

In summary, considerable progress has been made in averting
the magnetic braking catastrophe, through turbulence and

related field-rotation misalignment in the ideal MHD limit,
enhanced ambipolar diffusion, and especially the Hall effect in
the case of anti-aligned magnetic field and rotation axis. Further
progress is expected when these and other effects are taken
into account together, especially in simulations that can run to
the end of the protostellar accretion phase of star formation.
These more comprehensive models will be guided by, and be
used to interpret, the increasingly more detailed multi-scale
observations of the gas kinematics and magnetic fields in the
ALMA era.
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The role of outflows in the formation of stars and the protostellar disks that generate

them is a central question in astrophysics. Outflows are associated with star formation

across the entire stellar mass spectrum. In this review, we describe the observational,

theoretical, and computational advances on magnetized outflows, and their role in the

formation of disks and stars of all masses in turbulent, magnetized clouds. The ability

of torques exerted on disks by magnetized winds to efficiently extract and transport

disk angular momentum was developed in early theoretical models and confirmed by

a variety of numerical simulations. The recent high resolution Atacama Large Millimeter

Array (ALMA) observations of disks and outflows now confirm several key aspects of

these ideas, e.g., that jets rotate and originate from large regions of their underlying

disks. New insights on accretion disk physics show that magneto-rotational instability

(MRI) turbulence is strongly damped, leaving magnetized disk winds as the dominant

mechanism for transporting disk angular momentum. This has major consequences

for star formation, as well as planet formation. Outflows also play an important role in

feedback processes particularly in the birth of low mass stars and cluster formation.

Despite being almost certainly fundamental to their production and focusing, magnetic

fields in outflows in protostellar systems, and even in the disks, are notoriously difficult

to measure. Most methods are indirect and lack precision, as for example, when using

optical/near-infrared line ratios. Moreover, in those rare cases where direct measurements

are possible—where synchrotron radiation is observed, one has to be very careful in

interpreting derived values. Here we also explore what is known about magnetic fields

from observations, and take a forward look to the time when facilities such as SPIRou

and the SKA are in routine operation.

Keywords: outflows, magnetic fields, star formation, disks, planet formation

1. INTRODUCTION

Of the many important roles that magnetic fields play in the formation of stars, perhaps none is
more dramatic nor as full of consequence as is the launch and collimation of powerful outflows. It
is now nearly 70 years since the first evidence for energetic outflows in star formation regions was
discovered (Herbig, 1951; Haro, 1952) although not realized as such. In fact it would be many years
later before these nebulous clouds (now known as Herbig-Haro objects) were correctly identified
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as radiative shocks driven by an outflow from a young star
(Schwartz, 1977). The availability of new technologies and
telescopes over the subsequent decades has yielded discoveries of
bipolar molecular outflows at millimeter wavelengths, high speed
(hundreds of km s−1) optical jets in permitted and forbidden
line emission, and more recently even synchrotron emitting jets
associated with low mass star formation. This extensive body of
work shows that bulk flows ranging from several to hundreds
of km s−1 are observed in these different tracers. Although first
discovered to be associated with the birth of low mass T-Tauri
stars, observations over the last two decades have shown outflows
to be linked with the formation of objects across the entire
mass spectrum: from brown dwarfs (Whelan et al., 2005) on up
to O stars (Caratti o Garatti et al., 2017). These observations
have made it clear that outflows are an essential component of
star formation.

The first clues to the origin of protostellar jets emerged
from studies of outflows from low mass stars, whose radiation
pressures fail by orders of magnitude to drive them at the
observed thrusts (see for example Wu et al., 2004; Vaidya et al.,
2011 on the decollimating effects of radiation in the case of
massive young stars). It was therefore natural to consider the
possibility that T Tauri jets and outflows could be magnetized
winds from rotating bodies. Two kinds of magnetized rotors are
possible—rapidly spinning, magnetized protostars or magnetized
accretions disks out of which all stars and their planetary systems
form. While magnetic field measurements needed to confirm
such a picture have been long in coming, direct observational
evidence is now available using several approaches: the spectro-
polarimetry of jet sources (Donati et al., 2010), synchrotron
emission in outflows from some young stars and most recently
the detection of polarization of the SiO line in a jet from a low
mass star arising from the Goldreich-Kylafis effect (Lee et al.,
2018). The observed fields range in strength from kilogauss close
to the star to a fraction of a milligauss in distant parts for the
outflow. Such values suggest that while magnetic forces dominate
in the vicinity of the young stellar object (YSO), they are no
longer dynamically important further out. This scenario is in
agreement with numerical simulations (Hartigan et al., 2007).

The basic physics of how magnetized rotating stars drive
winds and undergo magnetic braking as a consequence was
developed by Chandrasekhar (1956) and Mestel (1961) before
being applied by Weber and Davis (1967) who showed that the
magnetized solar wind would spin down the Sun. Magnetic field
lines threading a rotating star can enforce the co-rotation of gas
out to some distance along the field line—the Alfvén radius rA
where the outflow speed equals the speed of a transverse Alfvén
wave (B/

√

4πρ). In so doing, the wind is able to extract the rotor’s
angular momentum which is then carried out by the rotating,
accelerated outflow. The lever arm of the wind torque is, in
effect, the Alfvén radius. It can extend to significant distances
from the body making the magnetized outflow a highly efficient
mechanism for extracting angular momentum. It is this point,
more than any other, that makes magnetic fields so important in
the physics of protostellar outflows and underpins their role in
star formation.Moreover, the combination of magnetic fields and
outflows, or more precisely winds, continue to be important in

subsequent evolutionary phases as a means of removing angular
momentum even when a star is on the Main Sequence (Reiners
and Mohanty, 2012).

Linking magnetized winds to the physics of accretion disks
was first suggested in the context of accreting black holes at
the centers of radio galaxies (Blandford and Payne, 1982). It
became clear that magnetized disk-wind torques, exerted by
fields threading vertically through the disk and bending outwards
beyond, extract some, if not most of the angular momentum
from each annulus of the disk. This, in turn, could drive an
accretion flow onto the central black hole. When applied to
circumstellar disks around young stars, magnetized disk winds
(D-winds), extending over most of the disk surface, could also
provide the major driver of accretion onto the central forming
star (Pudritz and Norman, 1983). In any event this theory led
rather quickly to the prediction that outflows and accretion disks
must be fundamentally linked in a structure that undergoes
both accretion and ejection. In particular the ratio of the mass
outflow rate to the wind driven accretion rate depends on the
lever arm of the flow: the ratio of rA to the footpoint radius
ro of field line at each disk radius. Observations of a wide
variety of systems typically observe a wind mass flux to accretion
flux ratio, ˙Mw/ ˙Ma ≃ 0.1 (Watson et al., 2016) confirming
theoretical predictions (Pudritz and Norman, 1986). Another key
prediction of the theory is that jets rotate—a consequence of
the fact that they carry off the disks’s angular momentum. These
predictions have been confirmed by a large number of 2 and 3D
hydromagnetic simulations using a wide variety of initial setups
(isolated cores, turbulent clumps, etc.) and numerical codes
(ZEUS, FLASH AMR, RAMSES AMR, SPH MHD, etc.). A small
sampling of these works starts from Shibata and Uchida (1985),
Ouyed et al. (1997), Krasnopolsky et al. (1999), Banerjee and
Pudritz (2006), Hennebelle and Ciardi (2009), Price et al. (2012),
Stepanovs and Fendt (2014), Staff et al. (2015), and Tomida et al.
(2015), to the appearance of high resolution zoom-in techniques
in Kuffmeier et al. (2017).

While D-wind models are attractive, an alternative
mechanism for generating outflows from disks was proposed in
a series of papers starting with Shu et al. (1994) and which are
comprehensively reviewed in Shu et al. (2000). According to the
latter model, high velocity outflows arise not from the surface of
the disk but instead from the narrow annulus where the star’s
magnetosphere interacts directly with the inner edge of the disk,
at the so-called co-rotation radius1. Here themagnetic field of the
young star is assumed to be strong and to clear out disk matter
as far as the co-rotation radius. At this radius the magnetic field
switches from its inner closed configuration (associated with the
star’s magnetosphere) to an open configuration. This constitutes
a magnetic X-point or more precisely an X ring. Matter is then
launched centrifugally from the disk along the open field lines
in a flow known as an X-wind. It should be emphasized that
both X-winds and D-winds are driven magneto-centrifugally
along open field embedded within rotating disks. One of the
key physical differences between the two models is that the

1The co-rotation radius is the region where the disk rotates, in angular terms, at

the same rate as the star
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X-wind only removes most of the Keplerian angular momentum
from near the disk’s inner edge defined by the magnetopause
(where the magnetic field of the star truncates the disk). In
contrast, the D-wind removes angular momentum from every
disk radius. The D-wind model also allows the Keplerian angular
momentum at the disk inner edge to be transported to the star
via gas infall along the stellar field lines. Several mechanisms have
been proposed to remove this from the star, including coupling
to the disk, or by an accretion powered stellar wind. In terms
of magnetic field geometries, the main differences (Shang et al.,
2007) are where the field lines are anchored: near the co-rotation
radius, the X-radius, for X-winds—or over a wide range of radii
for D-winds starting from the inner disk edge.

One of the basic questions regarding the application of such
magneto-hydrodynamic (MHD) wind models to protostellar
disks is the degree to which magnetic fields are really coupled
to the disks, given that the very low ionization of high column
density disks implies that non-ideal effects are important (Königl,
2009). A great deal of effort has been expended in developing
computer codes capable of simulating these effects over the last
decade (Duffin and Pudritz, 2009; Seifried et al., 2012; Bai and
Stone, 2014; Gressel et al., 2015; Hennebelle et al., 2016). The
results of this work have now challenged the traditional idea
of accretion disks as systems that are dominated by turbulent
angular momentum transport, as we shall see.

At the time bipolar outflows were discovered, protostellar
disks had not yet been directly detected although their presence
had been inferred from the modeling of observed spectral energy
distributions using the IRAS satellite (Rucinski, 1985). Moreover,
very little was known about the spins of young stars, except for
the fact that a few rotate very slowly (periods of approximately
a week). The first optical images of protostellar disks, seen
against the bright emission of the Orion Nebula Cluster by
the Hubble Space Telescope (O’Dell and Wen, 1994), showed
them to be at most 1′′ in size for the nearest star formation
regions. The search for disks associated with outflows, having
the signatures of Keplerian rotation, required both high spatial
and spectral resolution. Such capability became available with
mm interferometry and an early-known jet source, HL Tau, was
shown to possess a rotating circumstellar disk, perpendicular to
the jet, using CO as a tracer (Sargent and Beckwith, 1987). Such
discoveries, in fact became one of the major science drivers for
ALMA, i.e., to discover and map protostellar disks and undertake
studies of both star and planet formation within them. The
connection of outflows with disks is now being directly addressed
as part of the “ALMA revolution” wherein disks around young
Class I stars, and their associated outflows (observed atmillimeter
wavelengths), have been resolved down to scales of a few au in
nearby sources. Recent efforts have also focused on studying the
formation and growth of disks in the most deeply embedded,
even earlier phases of star formation (Class 0 sources), see for
example Tobin et al. (2013).

While it is generally acknowledged that magnetic fields likely
play a central role in observed protostellar outflows, until recently
the possibility that outflows might also control the physics
of accretion disks has been largely ignored. One reason is
observational. Magnetic fields in jets and disks are notoriously

difficult to measure and the needed instruments have not been
available. A second reason is theoretical. The seminal papers on
accretion disk theory assumed that turbulence in disks would
result in a viscous torque. This transports angular momentum
radially outwards through the disk, driving most of the disk
material to accrete onto the star as the outer disk spreads out
to carry off the angular momentum, see for example Armitage
(1998). The questions here are—what is the origin of turbulence?
Is it of sufficient amplitude to support the large observed disk
accretion rates? It took nearly two decades for an explanation
to emerge. The Magneto-Rotational Instability (MRI), arising
from weak magnetic fields, provided a sound physical basis
for turbulence in perfectly conducting, so-called “ideal,” disks
(Balbus and Hawley, 1998). However, recent ALMA observations
show that turbulence is not strong enough to carry away angular
momentum in observed disks, at least at tens of au from a young
star (Flaherty et al., 2015, 2017, 2018). While the observations
are consistent with numerical simulations for the mid-plane,
where MRI-driven turbulence will be strongly damped, they
are inconsistent with expected turbulent velocities at the disk
surface, vturb ≃ 0.1 − 1.0 cs, required to drive the observed
accretion rates (Simon et al., 2018). At the same time, numerical
simulations of protostellar disks, that account for important non-
ideal MHD effects, have discovered that the MRI is strongly
suppressed in the expected dense, poorly ionized gas. It gives
way instead to magnetized disk winds (Bai and Stone, 2014;
Gressel et al., 2015). While further developments are needed—
such as including the effects of grain evolution on non-ideal
MHD process—progress in the field has been enormous. Thus,
recent advances in observations and breakthroughs in difficult
numerical simulations both seem to point toward the primacy of
magnetized outflows rather than disk turbulence as the driver of
accretion disk physics (Simon et al., 2018). Before exploring disk
winds further, it should be pointed out that alternative ways of
transporting angular momentum outwards in an accretion disk
have been suggested. In particular, transport can be by spiral
density waves although such waves only form in disks that are
a significant fraction of the mass of the central star (Kratter and
Lodato, 2016). Moreover embedded masses, e.g., newly formed
massive planets, can drain angular momentum away from a disk
and support accretion onto the young star; this however does not
seem to be an important mechanism (Armitage, 2011).

There is also the question of what causes the surprisingly low
angular momentum of many young stars. Early work suggested
that one effect of the star’s magnetosphere interacting with the
disk is to spin-down the star, through magnetic braking, so
that it is effectively locked to the same rotation period as the
inner edge of the accretion disk (Koenigl, 1991). This would
explain why young stars, which show evidence of disks, rotate
slower on average than their disk-less counterparts of comparable
age and mass (Cieza and Baliber, 2007). More recent work
suggests that stellar spin may be controlled by magnetized stellar
outflows that originate from the protostars themselves. Here,
the accretion of material from the inner disk flows onto the
star by falling down magnetospheric field lines. The gravitational
energy released in this infall impacts the foot points of these
field lines. This ultimately gives rise to a powerful flux of Alfvén
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waves that heats the stellar corona giving rise to an accretion-
powered wind (see for example Matt et al., 2012). As already
mentioned, outflows have also been suggested to originate at the
disk-magnetosphere boundary—the so-called X-wind—which
are proposed to carry off the angularmomentum of the inner disk
before matter is accreted onto the star (Shu et al., 2000). In any
event, as soon as the star loses its disk, it starts to spin-up as it
radius shrinks while descending its Hayashi track. Observational
advances inmeasuring both themagnetic field and spins of young
stellar objects have opened up the possibility of formulating the
complete spin history of a star, the evolution of which appears
to be particularly important in the early phases of star formation
(Bouvier et al., 2014).

Magnetically driven outflows have a large number of
other important consequences for star formation. If outflows
originate from disks then the process of disk formation
during gravitational collapse in a magnetized medium must be
deeply connected with magnetic braking in the early collapse
phase and subsequent launching of MHD outflows as the
disk, or first core, starts to materialize. Disks and outflows
in this view are inseparable, both being tied to collapse in
turbulent, clouds. Indeed, as has long been known, one of
the central features of the observations is that outflows are
most powerful during the most deeply embedded Class 0
stage when at least half the mass of the system is still in
the envelope which is collapsing into the disk (Jørgensen
et al., 2009). Recent analytic and numerical calculations indeed
show that small disks of about 20 au in size should form in
magnetized collapse wherein the magnetic field is not frozen
into the gas but undergoes (ambipolar) diffusion (Hennebelle
et al., 2016). This is very much in keeping with the sense
of recent IRAM-PdBI observations which find that disks are
typically smaller than expected from purely hydrodynamic
models (Maury et al., 2019). Thus, magnetic braking and the
launch of outflows early in the gravitational collapse and disk
formation stages of star formation, respectively, control one of
the most fundamental physical properties of the initial state of a
disk—its radius.

Feedback processes arising from outflows have long been
thought to play an important role in defining the mass of a star
and the efficiency of star formation. Magnetized outflows carry
significant amounts of angular momentum and thrust, and are
powered by the gravitational potential energy released during the
collapse. In this way, outflows can act as an important, and even
dominant form of protostellar feedback during star formation.
This feedback can cut off the supply of infalling gas to the disk,
and thereby help to limit or determine stellar mass (Matzner
and McKee, 2000). On physical scales beyond the molecular
core radius (typically ≈ 0.04 pc), protostellar outflows could
stir up the surrounding molecular cloud and drive turbulence.
This would, to some degree, stave off the formation of too much
dense, star forming gas as first suggested in the pioneering paper
of Norman and Silk (1980), and is in agreement with many
current MHD simulations (Federrath, 2016). Feedback from
protostellar outflows would then help to reduce star formation
rates and efficiencies in molecular clouds addressing one of the
big questions of star formation—why is the process so inefficient?

This review examines these issues and questions from a
modern perspective. We focus on recent rapid progress in the
ALMA era that has been made in the physics and observations
of outflows and their role in star formation. ALMA has provided
a radically new capability to study disks and their outflows.
Most of our attention is on observational and theoretical results
that have arisen since 2014 post the publication of Protostars
and Planets VI. We first review the observational advances
in measuring magnetic fields in stars, jets, and disks, and the
properties of outflows (shocks, rotation, etc.). We then go on
to examine the theoretical and computational results on how
outflows are launched, and their significance in various aspects
of star formation. These latter angular momentum related topics
include outflows and their effects on—gravitational collapse, disk
formation, disk evolution, and protostellar spin. We then discuss
the feedback properties of outflows including their effects on
stellar mass and molecular cloud turbulence. We address these
issues in the context of both low and high mass star formation.
The latter subject brings up the difficult question of how
powerful protostellar radiation combines with magnetic outflows
to determine conditions in massive star forming regions. Finally,
since stars and planets form in disks, both must be affected by
outflow physics and so we address how planet formation could
be affected by outflows. The reader may consult reviews of earlier
material in Ray et al. (2007), Pudritz et al. (2007), Frank et al.
(2014), Li et al. (2014b), and Bally (2016).

2. OBSERVATIONAL OVERVIEW

It is remarkable that although magnetic fields are thought to
collimate YSO jets, very few observations of field strength or
direction are known. In contrast, through optical and near-
infrared emission line imaging and spectroscopic studies, many
jet parameters can be derived, e.g., neutral density, ionization
fraction, temperature, jet opening angle, radial velocity, etc. With
the addition of multi-epoch imaging, quantities such as the
tangential velocity of knots, post shock cooling times, etc., can
also be found (Frank et al., 2014), allowing a full 3-D kinematic
study of outflows. We begin our overview from the largest
outflow scales, and gradually focus down to accretion and outflow
from the protostellar surface.

2.1. Do the Magnetic Fields of the Parent
Cloud or Cores Determine the Outflow
Direction?
It is now known that outflows from young stars extend to parsec
and even tens of parsec scales, i.e., lengths comparable to the
size of their parent molecular cloud (Bally, 2016). This is not
surprising when one considers that it takes approximately 1
million years (Evans et al., 2009) for a solar mass young star to
go through its outflow phase (i.e., from Class 0 to Class 2) and
that typical outflows have velocities of several hundreds of kms−1.
Therefore an obvious starting point is to consider whether
outflows are somehow aligned, either directly or indirectly, with
the magnetic field of their parent cloud. Conceivably this could
be through some sort of guiding action by the cloud’s magnetic
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field or alternatively, since accretion disks and outflows are
perpendicular, by the field determining the disk’s orientation. We
can immediately dismiss the first suggestion since outflows are
not only highly supersonic with respect to their internal and
external sound speeds but also jet velocities are much higher
than their internal and external Alfvén speeds. The second idea
however is worth exploring. Despite low ionization levels, neutral
and ionized matter in a molecular cloud are strongly coupled
through collisions, and thus matter is preferentially accreted
along magnetic field lines. In turn one might naively expect disks
to form in the perpendicular plane.

As described elsewhere in this volume, magnetic field
directions in a cloud can be obtained either through polarized
absorption of continuum light by dust grains, when the optical
depth is low, or through polarized emission at infrared/mm
wavelengths from dust grains, when depths are high. Pioneering
studies by Strom and Strom (1987) suggested there might be a
relationship in the sense that the directions of outflows could
follow that of the magnetic field in the surrounding cloud.
Number statistics at the time however were very poor and
subsequent studies have suggested there is no such correlation
(Ménard and Duchêne, 2004; Targon et al., 2011) or at best
present only for the youngest protostars. Of course expecting
such a correlation assumes disks form only by the collapse
of material along the field lines and subsequent distortion
of the field into the classical “hourglass” pattern as gravity
draws material inwards. Many studies however have shown that
magnetic braking in such a case is far too effective and that
disks, at least of the large sizes observed, should not form even
when non-ideal damping MHD effects are taken into account
(Duffin and Pudritz, 2009; Krasnopolsky et al., 2012). Moreover
we also have to be careful in looking for a correlation with
the large scale (≈ 1 pc) magnetic field direction in the parent
cloud and the outflow when perhaps we should be searching for
a link with the magnetic field direction in the smaller parent
core and envelope. As polarization in the latter can only been
measured when the optical depth is sufficiently high, and the
scales we wish to investigate are at most a few thousand au, one
has to turn to millimeter interferometry of younger embedded
protostars. Here initial results (Hull et al., 2014) do not suggest
any correlation and, in fact, if anything a tendency for outflows
and magnetic fields in the cores to be orthogonal. We note
however that a smaller study that used a more carefully selected
sample of disks, came to the opposite conclusion, namely that
there is a good correlation between outflows and magnetic field
geometry on the scale of cores in class 0 sources (Chapman et al.,
2013). Overall, a lack of correlation is understandable in the
context of more up-to-date MHD simulations which show that
disks, similar in diameter to what is observed, are only formed
if there is misalignment between the rotation axis of the core
and the ambient magnetic field providing the field is weak (Joos
et al., 2012; Krumholz et al., 2013). Moreover the effectiveness of
magnetic braking is also in line with the recent study of Galametz
et al. (2018) who has shown there is increased likelihood of
alignment between the outflow direction and the orientation of
the ambient magnetic field if there is no small-scale multiplicity
and no large disks on > 100 au scales. In summary then we

do not expect, or find, any strong correlation between outflow
orientation and the direction of the ambient magnetic field on
scales of several hundred au to parsecs.

2.2. What Do Observations Tell Us About
Magnetic Fields in Jets Far From the Young
Star?
It is well known that most of the radiation emitted by jets from
young stars comes from the cooling zone behind shocks. The
properties of such shocks, in the absence of a magnetic field,
have been modeled for a number of years and depending on the
shock velocity various emission lines and relationships between
the fluxes of such lines, are expected in the post shock zone.
At optical wavelengths for example, we expect to see both lines
from neutral, e.g., from H, O, and singly ionized species, e.g., S+.
As jets from young stars, or more precisely their atomic/ionized
component, typically travel at hundreds of kms−1, we would also
predict the presence of highly ionized species, for example O++,
in the post shock cooling zone if most of the outflow energy is
converted into radiation at a single shock. In reality, except for the
tip of the largest bow shock shaped features (e.g., in HH34) such
emission is not observed. This is because the shock fronts seen in
jets are so-called “working surfaces” in which the shock velocity
is determined by the difference in velocity between consecutive
flows from the young star (Raga et al., 2002). The line emission in
this case is then consistent with a shock velocity of several tens
of kms−1 rather than a few hundred kms−1, i.e., in line with
the velocity differences. Recent 3-D simulations, with realistic
cooling, show the rich structure that such variations can lead
to, see for example Hansen et al. (2017). What is important to
emphasize is that the results of such simulations are in very good
agreement with what is found through observations, for example,
with HST.

Of course in a standard, i.e., adiabatic, strong shock the
density of the flow increases by a factor of 4 and the velocity
correspondingly decreases by the same factor. Here we are
referring to velocities in the shock frame and by the term strong
shock, we mean one in which the incoming velocity Vs ≫ cs
where cs is the sound speed. In other words Ms≫ 1 where
Ms = Vs/cs is the Mach number of the shock. In a radiative
shock, due to the loss in energy, gas in the post shock zone is
compressed over and above that expected for an adiabatic shock.
The increased density leads to further collisional excitation and
strong line emission is produced from oxygen, hydrogen, sulfur,
etc. Gas density is then increased further in order to maintain
pressure and effectively these lines act as thermostats keeping the
temperature around 104 K.

Unfortunately the presence of a magnetic field in a jet cannot
be determined in a straightforwardmanner through, for example,
observable Zeeman splitting of its emission lines. If a magnetic
field is present however, in particular one parallel to the shock
front, or with a significant component that is parallel, then clearly
the field will resist compression in the cooling zone and, in turn,
this will have an impact on the shock’s emission properties, e.g.,
observed line ratios. However, as pointed out many years ago by
Hartigan et al. (1994), interpreting the results is complicated. This
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is because observable line ratios are degenerate with respect to
the field’s strength as spectra from low velocity shocks, without
a magnetic field, resemble those from higher density, higher
velocity shocks with a field. Breaking this degeneracy requires
additional information which may be present. For example if the
shock is well resolved spatially and is bow shaped, then the extent
of the [O III] emission near its tip, can be used directly to infer the
shock velocity at the apex. In addition the Hα flux from the bow,
assuming it is clearly separated from the cooling zone, and the
[SII]λ 6716/λ 6731 line ratio can be used to determine both the
pre-shock density and the post-shock compression, respectively.
This in turn reveals the strength of the pre- and post-shock fields
in the shock plane. In this way Morse et al. (1992, 1993) found
weak fields, of around 30µG, in the gas ahead of bow shocks in
the HH34 and HH111 outflows. Compression of the field then
resulted in around 1mG in the cooling zone. It should be said
that this equates to an Alfvén speed of around 10 kms−1 in most
of the observed post-shock zone, i.e., comparable to the sound
speed but orders of magnitude smaller than the velocity of the jet
itself. Put another way, in these outer regions the magnetic field is
no longer dynamically important although the situation may be
very different close to the source.

A variation on the abovemethod tomeasure themagnetic field
using shock physics has been proposed by Hartigan and Wright
(2015). Here the degeneracy is broken by measuring the extent of
the cooling zone which is obtained from the distance, allowing
for projection effects, between the Balmer emission lines and
the forbidden lines. Applying the method to existing data for a
bright knot in theHH111 jet, they obtain a relatively lowAlfvénic
Mach number, MA = VS/VA, indicative of super-magnetosonic
velocity perturbations in the jet.

Another important effect that magnetic fields in jets have is
on softening the effects of a shock. In a standard non-magnetic
shock, the transition from pre- to post-shock gas conditions is
sudden and the width of the shock is a few mean free paths.
The presence of a magnetic field effectively allows energy to
be transmitted upstream ahead of the shock, accelerating it,
and giving rise to a gentler profile in which the heating of
molecules and atoms is more gradual (Smith and Mac Low,
1997). Such shocks are known as C (Continuous) shocks as
opposed to their non-magnetic J (Jump) shock counterparts. One
effect of the more gradual changes in properties in a C-shock is
that molecules, e.g., H2, may not be dissociated even at shock
velocities where this might be expected (Eislöffel et al., 2000)

The presence of magnetic fields can also be indirectly inferred
from jet rotation. The theory is that the wind leaving the accretion
disk is collimated into a jet and focused on scales comparable
to the Alfvén radius. Up to such distances the ionized wind/jet
material is forced to corotate with an angular velocity equal
to that of its foot-point. Since the wind is expanding away
from the star, along magnetic field lines, it gathers angular
momentum as it does so. Through the magnetic field there is
then a back reaction on the disk, forcing material in the disk
to lose angular momentum and continue to spiral inwards. It is
therefore possible for the wind/jet to carry away say 10% of the
mass that flows through the disk but practically all of the angular
momentum of the remainder. If this scenario is correct, then jets

must rotate. The amount of rotation depends on where the jet is
launched from. For example, if the X-wind model is correct and
the jet comes from close to the disk’s co-rotation radius (typically
at a few stellar radii), then the expected spin of the jet should be
small. If, on the other hand, most of the material comes from
further out, say at (∼ 1 au), then we expect any measured jet
rotation to be corresponding higher. Here we are assuming that
the magnetic level arm is similar in both cases, i.e., the ratio of
mass outflow to mass accretion is the same.

The search for jet rotation initially used the Space Telescope
Imaging Spectrograph (STIS) on the HST (Bacciotti et al., 2002;
Coffey et al., 2007) either in the optical or UV. Here the high
spatial resolution of this instrument, of order 0.1 arcs was
particularly important. The reason for this is that if jets are
launched within a few au of a young star, then one might expect a
good place to look for signatures of rotation is close to the source,
say within a few hundred au. In this region the jet has not had
time to interact with its surroundings, an effect that might mask,
or even mimic, rotation. In this region however, the jet width is
at most a fraction of an arcsecond for the nearest young stars
(Dougados et al., 2000). Thus, high spatial resolution, such as
afforded by HST, is needed. Moreover, if a typical jet is launched
with a velocity of a few hundred km s−1 then at most we expect
differences in radial velocity of say a few tens of kms−1 from one
side of the jet with respect to the other in a slice transverse to the
outflow axis. As shown for example by Bacciotti et al. (2000), a
transverse cut through a jet does not show a “top-hat′′ velocity
profile, even in the absence of rotation. Instead such position
velocity (PV) diagrams show a smoother decrease toward the jet
edges, i.e., the poloidal velocity gradually decreases away from the
jet axis. The search for a rotation signature is then a hunt for a
lopsidedness, i.e., a lack of axisymmetry, in this profile.

These observations are extremely challenging however, even
with STIS, given the angular widths of the nearest jets and
the spectral resolution required. Nevertheless, observations of
jet rotation in theory could help discriminate between different
MHD jet wind launching models. One other obvious constraint
that we might also reasonably impose is that any evidence
for rotation must be consistent with the sense of rotation of
the underlying accretion disk and that the opposing (red and
blue-shifted) jets in a bipolar outflow must have opposing
helicity. With these constraints in mind, results from optical/UV
observations using HST have been something of a mixed bag.
Moreover, even when rotation has been claimed, alternative
explanations such as asymmetrical shocks (De Colle et al., 2016)
and precession (Cerqueira et al., 2006) have been proposed to
account for the observed effects.

An alternative observational approach in the search for
rotation has however emerged in recent years. Instead of looking
for a rotation signature in the atomic/partially ionized jet,
studies are now being undertaken of the molecular outflow in
the millimeter band using high spatial and spectral resolution
interferometers such as ALMA. Although the available spatial
resolution is not as good as HST (although resolutions of 0.02"
have been achieved for ALMA observations of HH212, Lee
et al., 2017), molecular jets tend to be wider than their atomic
counterparts close to their source and the spectral resolution of
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FIGURE 1 | ALMA observations of rotation in the bipolar outflow driven by Orion Source I, a high mass YSO candidate. White contours are 490 GHz continuum

maps. (a) moment 0 (color; integrated intensity) map of 484 GHz emission in Si18O; (b) moment 0 (black contours) and moment 1 (peak velocity; color) map of the

484 GHz Si18O line; (c) moment 0 (black) and moment 1 (color) maps of the 463 GHz H2O line. These latter two plots show rotational velocity gradients of the

outflow- water line emission being more compact. From Hirota et al. (2017) reproduced with permission c© Springer Nature.

an instrument like ALMA is much higher than STIS. Thus, it is
possible to search amongst molecular jets for rotation signatures.

Figure 1 shows an outstanding example of a rotating, large
scale molecular outflow observed by ALMA (Hirota et al.,
2017)—a source whose rotating outflow was first discovered by
SiO maser observations (Matthews et al., 2010). Observed at
resolutions of about 50 au, observations were made in Si18O (484
GHz) and H2 O (463 GHz) lines of an outflow from a region of
massive star formation in the famous Orion nebula (KL region).
The former traces emission from the outflow while the latter
traces emission from a dense rotating disk. The outflow speed is
∼ 18 km s−1 on an outflow scale of 1000 au. We are afforded
an almost edge-on view of the system. Using observations of the
rotation curve of the gas in the disk, Ginsburg et al. (2018) were
able to estimate the mass of the central star (SrC 1) to be ∼

(15)M
⊙
. Both these maps (Figures 1b,c) show velocity gradients

along the disk plane.
The authors note that other possible explanations of this

velocity gradient such as disk warping and other effects can be
ruled out for this source making it likely to be an example of
a rotating molecular outflow. The resolution is not sufficient to
distinguish Keplerian vs. constant angular momentum (vφ ∝

r−1) for the disk. However the specific angular momentum of the
outflow is approximately constant. With a measured value of this
wind angularmomentum of 400–600 km s−1 au, this corresponds
to a source radius on the disk (where centrifugal and gravitational
forces balance) of 21–47 au. The observations suggest that this
is almost certainly evidence for a disk wind being accelerated
off the disk far from the star or star-disk magnetosphere, and
that the wind material is not swept up through entrainment
by a narrow jet from the surrounding gas envelope. There are
however a number of caveats worth pointing out about Source I
and its immediate vicinity. First, like most massive stars, Source
I is in a cluster that may not only be dynamically active, but
which can cause confusion when trying to untangle the effects
of one outflow from another. In particular, while previous work
suggests a very young jet-like outflow from Source I in SiO and

CO, this interpretation is less clear in recent ALMA data (Bally
et al., 2017). Another point that should be stressed is that while
our understanding of how high mass stars form seems, in the
main, to resemble our picture for low mass star formation other
physical processes must come into play. For example, as shown
by simulations, increasing uv radiation and its ionizing effects,
must be taken into account (Krumholz, 2015).

Figure 2 shows ALMA observations of an SiO jet in the
famous class 0 outflow source HH212, located in the Orion
L1630 cloud at a distance of 400 pc. The importance of this source
is that it allows us to probe the very earliest stages of the launch
of outflows and their connection with disks. ALMA observations
(Lee et al., 2017) reveal knots in the highly collimated jet within
120 au of the rotating disk (shown in red), down to 10 au scales.
Of central importance is the 7σ detection of velocity gradients
across these knots, perpendicular to the outflow. The sense of
the gradient is the same for all of the knots, ruling out random
fluctuations in the jet. The mean specific angular momentum in
the jet is lj ∼ 10.2± 1.0 au km s−1. By assuming the conservation
of angular momentum along streamlines, and projecting this
back to a source radius on the disk (Anderson et al., 2003), one
finds that the footpoint of this flow is ro ≈ 0.05 au, originating
from the innermost regions of the disk. This is consistent with an
origin from the innermost zones of the disk, from either a close-in
disk wind, an X-wind or even a stellar magnetospheric wind.

A number of other rotating outflows have now been found,
including sources such as DG Tau (Agra-Amboage et al., 2011),
Orion BN/KL Source I (Chen et al., 2016), TMC1A6 (Bjerkeli
et al., 2016) with flows originating from extended disk scales,
and the rotating and possibly precessing molecular outflow in
HH30 (Louvet et al., 2018). In the case of the DG Tau source
observed with the Plateau de Bure interferometer, the most likely
explanation for the highly collimated jet seen in Fe lines is a
quasi-steady centrifugal MHD disk wind ejected over 0.25–1.5 au
and/or episodic magnetic tower cavities launched from the disk.
The rotation seen in SMA observations of the outflow in Orion
BN/KL suggests that the jet launching footpoint on the disk has
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FIGURE 2 | ALMA observations of the rotating outflows of the class 0

protostar HH212. Shown is a zoom-in to the innermost part of the jet in SiO

within ≈ 120 au of the central source, at a resolution of ≈ 8 au on top of the

continuum map of the disk. The maps show the intensity (in unit of K km s−1)

integrated over certain velocity range. (A) A chain of new knots trace the

primary jet emanating from the disk, observed in SiO. (B) Blueshifted and

redshifted SiO emission of the jet plotted with the continuum emission.

Direction of rotation is shown with arrows. From Lee et al. (2017) reproduced

with permission c© Springer Nature.

a radius of 7.2–7.7 au. ALMA observations of the CO outflow in
the TMC1A6 outflow indicate a source radius of 25 au from the
disk, ruling out X-wind or stellar wind sources for this molecular
outflow. In a similar vein, Zhang et al. (2018b) have observed
the NGC 1333 IRAS 4C outflow in the Perseus Molecular Cloud
with ALMA, tracing CCH and CS emission in an outflow cavity.
Outflow rotation is detected from 120 to 1400 au above the disk,
and its velocity is highly symmetric about the outflow axis. A flat
distribution of specific angular momentum profile is observed in
the outflow, with a mean value of 100 au km s−1. Projecting this
back onto the disk gives a launch radius of 5-15 au, indicating a
wind originating from large portions of the disk. The wind may
reach out to the centrifugal radius of the disk (rc ≃ 30 au), so
further high resolution observations are needed.

These various examples suffice to make the point that ALMA
resolves rotating molecular outflows that originate from large
sections of their disks, and perhaps out to their edges.

2.3. Outflows and Disk Formation
The observational evidence shows quite clearly that stars
are born within surrounding disks or disk-like structures
that, of course, are the birthplaces of planets. Nevertheless,
there is still considerable debate in the theoretical models
as to how and when protostellar disks first appear and
what their basic physical properties are in these early phases
(see the article by Würster and Li, this volume). Certainly
multiplicity, across the stellar mass spectrum, is likely to
be important in how disks evolve, and to effect outflow
production. For example most class-0 low mass stars are in
multiple systems and the level of multiplicity appears to decline

as such systems evolve (Reipurth and Mikkola, 2012, 2015).
This immediately suggests that dynamical, so-called N-body
interaction, must be taken into account as it can lead to disk
truncation and warping, precession of outflows, etc. Despite
such complications, it is important to examine what effects
magnetic fields might have on disk and outflow evolution.
How influential magnetic fields are, can be gleamed from
examining their structure, i.e., geometry, during the early stages
of star formation.

The study of magnetic field structure in dense molecular
clouds relies on the fact that elongated and spinning dust grains
are aligned perpendicular to magnetic field lines. While radiation
effects produce the spin needed for alignments by magnetic field,
it is important to note that as asymmetric dust grains scatter or
absorb photons they also undergo radiative torques which can be
stochastic or regular (Hoang and Lazarian, 2009). These radiative
torques leading to grain alignment would be minimal in regions
of sufficiently high optical depths. Polarization observations of
background star light passing through cores in molecular clouds
are not possible at optical or infrared wavelengths because of
the high column densities of such regions. However, thermal
emission from these spinning grains can be detected at millimeter
and submillimeter wavelengths and is weakly polarized in a
direction perpendicular to the field lines (Matthews et al.,
2009). Using these techniques, the relative orientation of bipolar
outflows with magnetic field directions toward 16 class 0 and I
outflows were measured (Hull et al., 2013). These high resolution
submm observations were carried out at the CARMA. The
results showed that magnetic fields on 1,000 AU scales are
consistent with models in which outflows and magnetic fields are
either randomly aligned, or preferentially perpendicular. These
results may also be interpreted as the random alignment of
disks with magnetic fields—as would arise if turbulence plays an
important role in disk formation (see review by Hull and Zhang
in this volume).

Probing the actual geometry of outflows and magnetic fields
on disk scales is now possible with polarimetric observations
at mm as well as mid-infrared wavelengths (Chuss et al., 2019;
Jones et al., 2019). Observations of L1448 IRS 2 in ALMA band
6 were carried out by Kwon et al. (2019). Dust polarization
can be affected by radiation anisotropy as well as self-scattering,
but these it is argued may be minimal in this source. Figure 3
shows that the magnetic field takes on the classic hour glass
form expected for contracting magnetized disks threaded with
an ordered field. The field is aligned with the outflow in the
vertical direction, but switches to perpendicular alignment at the
disk. The latter effect indicates the presence of a strong toroidal
field at the disk. If this magnetic field interpretation is correct,
then the field has been strongly wound up in the disk. The
Davis-Chandrasekhar-Fermi (DCF)method was used tomeasure
the field strength in the disk region of 720 µG, although some
caution needs to be exercised in applying this to regions in which
turbulence may not be strong. This strong field would brake the
disk quickly; in 1,400 years. The ordered outflow and presence
of a large disk perpendicular to it might suggest that magnetic
braking effects have been minimized—perhaps by ambipolar
diffusion. Chuss et al. (2019) present the best magnetic field map
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FIGURE 3 | Magnetic field morphology around L1448 IRS 2. (Left) The green vectors indicate the inferred magnetic field direction. The gray scales and white contours

present the total intensity distribution with levels of 2 to 129 times 0.1 mJy beam. The blue and red contours are CO 2-1 intensity distributions integrated in velocity

ranges of -8:0 to 2.0 and 7.5 to 16.0 km s−1, respectively. (Right) Zoomed-in central region. The synthesized beams of the CO and the continuum data are marked in

the bottom right corner in blue and white, respectively. From Kwon et al. (2019) reproduced with permission c© AAS.

of the OMC1 core and outflow region to date. Again a classic
hourglass pattern is seen.

Perhaps the largest sets of high resolution images that we
now have of protostellar disks is a consequence of the Disk
Substructures at High Angular Resolution Project (DSHARP)
campaign at ALMA. The initial survey of 20 protostellar disks
at a resolution of 5au FWHM provides the first look at the
small-scale features in disks that are directly relevant to the
planet formation process. It must be noted that this is a diverse
collection of disks that are typically much larger than the bulk
of disks now turning up in other surveys. They are images of
Class II systems (ie disks well beyond the formation phase), and
can be regarded as protolanetary disks (disks in earlier phases of
star formation—the so called Class 0 and I phases, are denoted as
protostellar disks). These images show a variety of rings and gaps,
amplitudes, and disk sizes for targets with a range of stellar and
disk properties (Andrews et al., 2018). The ubiquitous ring and
gap structures have no obvious spacings that are connected with
properties of the host star. The ring systems may arise through
modulations of disk pressure that trap dust grains. Specifically,
the observed system rings have been modeled as arising by dust
trapping in axisymmetric pressure bumps (Dullemond et al.,
2018). If the turbulence in disks is relatively weak, then dust can
be strongly confined in pressure bumps, while strong turbulence
compromises the trap. Theoretical modeling of the ALMA ring
data suggests a lower limit to the turbulent amplitude expressed
in the standard turbulent viscosity parameter (α) which takes a
lower bound of α ≥ 5 × 10−4. Without this level of turbulence,
the rings would be even sharper features than they already are.
It is possible that these pressure bumps themselves are produced
by planets. In any case, the model constraints on the turbulence

level is of interest in comparing the relative role of turbulent vs.
disk wind torques in disks.

2.4. What Radio Emission From Outflows
Can Tell Us
Observations of YSO jets at radio wavelengths (around a
few centimeters) have shown them to primarily emit thermal
radiation (i.e., radiation with a positive spectral index α where
the flux at frequency ν, Sν ∝ να). Moreover, typical flux densities
are very low and usually less than 1 mJy (Anglada et al., 2018).
Such emission is un-polarized and is often elongated in the
direction of the known atomic/molecular outflow. Until recently
the amount of information that could be obtained from radio
maps was limited, primarily due to the lack of sensitivity of radio
interferometers, nevertheless they provided upper limits to the
diameter of jets and have proven that they must be collimated on
scales less than 50 au in agreement with high spatial resolution
HST data (Reipurth et al., 2004). In the past few years however
radio astronomy has undergone a revolution that is having a
major impact on our ability to image outflows from young stars.
This revolution is akin to the replacement of photographic plates
in optical astronomy (with quantum efficiencies (QE) of a few per
cent) by the CCD (QE ≈ 70% or more). In the past traditional
radio interferometers, such as the Very Large Array (VLA)
in New Mexico and the high spatial resolution Multi-Element
Radio Linked Interferometer (MERLIN) centered on Jodrell
Bank, used microwave links between the various telescopes to
transmit wavelength, amplitude and phase information. These
links were of limited bandwidth and correspondingly only a
narrow radio continuum could be observed at any one time.
Such old links however have now been replaced by fiber,
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allowing considerably larger observing bandwidths that are used
in conjunction with much-improved correlators, lower noise
amplifiers, and increased computer processing power. The net
result is an enormous increase in radio continuum sensitivity
(typically by an order of magnitude or more). For example the
VLA in standard continuum observing mode had 4 sub-bands
of 50 MHz each but the JVLA has 2 sub-bands 2 GHz wide!
Of course this has a dramatic impact on radio studies of jets
from young stars. Complete radio surveys of YSOs in nearby star
formation regions, for example, have become possible for the first
time (Dzib et al., 2015; Tychoniec et al., 2018).

A second strand to the radio astronomy “revolution” is the
opening up of the low frequency radio spectrum with the advent
of instruments such as the Low Frequency Array LOFAR (van
Haarlem et al., 2013) radio telescope. LOFAR is allowing us
to explore jets from young stars in a new band (at meter
wavelengths) and, as described below, could reveal any non-
thermal emission. A particular advantage of the radio band
is that it can potentially provide very valuable information
on magnetic fields in YSO jets. Theoretically we only expect
magnetic fields to dominate the dynamics of an outflow close to
the source, i.e., within 100 au, and in high velocity post-shock
regions where the field is compressed and amplified (Hartigan
and Morse, 2007). Thus we have a higher chance of measuring
jet fields by studying the zone surrounding the young star at
high angular resolution and the brightest knots (compressed
zones) on more extended scales. But how might we do this? One
powerful method is hinted at by the fact that a small number of
jets/outflows have non-thermal radio spectra as demonstrated in
the case of more massive young stars such as Herbig-Haro 80/81
(Carrasco-González et al., 2010) but also in their lower mass
counterparts (Ainsworth et al., 2014). Such radiation appears
to come from high-energy electrons (i.e., it is gyro-synchrotron
or synchrotron emission) and, as discussed below, it may be
common at very weak flux levels in “standard” low luminosity
outflows but nevertheless detectable with the new suite of radio
interferometers such as e-MERLIN, the Jansky VLA (JVLA) and
at low frequencies (e.g., using LOFAR).

Figure 4 shows the radio continuum map of HH80-81
(Carrasco-González et al., 2010). The analysis of the synchotron
emission yields a field strength of ∼ 0.2 mG in the jet. The field
is parallel to the jet axis, and the increase of polarized emission
toward the limb of the jet is evidence for a collimating toroidal
field. These characteristics are very similar to those of AGN
jets, providing good evidence to support the idea that the jet
mechanism is universal.

As stated previously, we primarily expect to detect free-
free emission in the cm (1-010 GHz) band. However, non-
thermal emission is observed on occasions and this opens
up the intriguing possibility of directly measuring both the
magnetic field’s strength (using its intensity) and direction
(using polarization). Such measurements, although difficult,
could provide the “missing link” needed to properly evaluate
the importance of magnetic fields in jets, as essentially all
other parameters are known. The improved sensitivity and
high resolution of e-MERLIN and the JVLA may allow us,
in a systematic way, to study this type of emission as faint

FIGURE 4 | High resolution, 6 cm radio continuum VLA images of the jet

HH80-81. The knots, 0.5 pc from the source are linearly polarized indicating

non-thermal synchotron emission from the jet. (A) Radio continuum image of

the whole jet. (B) Linearly polarized continuum intensity image. (C) Apparent

magnetic field directions superimposed on continuum map. From

Carrasco-González et al. (2010) reproduced with permission c© AAAS.

non-thermal radiation (arising from electrons being accelerated
to relativistic speeds near shocks) mixed in with free-free
emission (Rodríguez-Kamenetzky et al., 2016).

2.5. Magnetic Fields Close to Young Stars
Magnetic fields are thought to play a very important role in
accretion onto young stars and the evolution of their outflows.
In particular circumstellar magnetic fields are considered to be
sufficiently strong to clear the central region of a young star’s
accretion disk and force the star to co-rotate with the disk’s inner
edge (Ferreira, 2013). Moreover, at the same time as they funnel
material onto the star, they may also help remove excess angular
momentum thereby allowing accretion to proceed and the star to
contract to the main sequence. Magnetic fields may even play a
role in planet formation since the inner gap they generate could
allow hot Jupiters, which have already been discovered around T
Tauri stars (Donati et al., 2016), to survive without them being
accreted by their parent YSO (Adams et al., 2009).

It is only in recent years that we have been able to determine
the geometry and strength of the fields in classical T Tauri
stars (Johns-Krull, 2007; Donati et al., 2012). Such studies have
revealed some surprises, including the fact that the weakest
fields have the most complex geometries, i.e., they are not
simple dipoles, and that these tend to be associated with the
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development of a substantial radiative core (Figure 5, Left).
Moreover these fields are found to vary, which with the addition
of their complex geometry, suggests they are generated through
dynamo action and are not fossil fields as has been assumed
in the past. Determining the magnetic field direction and
strength can be done using Zeeman Doppler Imaging or ZDI
(Morin et al., 2011; Gregory et al., 2012), i.e., by spectro-
polarimetry using instruments like HARPS-Pol at ESO. This
involves measuring the circular polarization signal (Stokes V
parameter) in both photospheric absorption lines and accretion
dominated emission lines over several rotation cycles. The signal
in accretion lines is usually so strong that measurements can
be made using individual lines (e.g., He I 5876) although it
should be stressed that this represents the field in the vicinity
of an accretion “hotspot.” In contrast the signal in magnetically
sensitive photospheric lines is so weak that cross-correlation
techniques over many lines have to be employed to get an average
Zeeman signature (Gregory et al., 2012). Combining both sources
of data together, and by monitoring how the Stokes V parameter
changes as a function of rotational phase, it is then possible to
map the magnetic field. While very few classical T Tauri star
magnetic fields have beenmapped in detail (Hussain and Alecian,
2014), application of the method has proven very successful
including the case of AA Tau (Donati et al., 2010) a known jet
source. The magnetic field of AA Tau is shown in Figure 5.

In addition to analyzing the magnetic field of the young stars,
it may also be possible with the next generation near-infrared
(NIR) spectro-polarimeters, such as SPIRou (Donati et al., 2018)
to detect spectral features from the innermost regions of the
accretion disks of highmass accretion rate stars (Class I and Class
II). This could allow us to map both the “normal” disk poloidal
and toroidal magnetic fields for the first time in an analogous way
to what has been achieved for a CTTS disk in the more excited
FU Ori state (Donati et al., 2005). A particular advantage of
spectro-polarimeters like SPIRou is that not only do they operate
in the NIR where disk emission can come from but also Zeeman
splitting increases with λ2, all else being equal, and this makes
it easier to measure. Note also that this region of the disk is not
accessible to ALMA. In addition, as SPIRou can measure radial
velocity with exquisite precision it should be possible from the
data to detect the presence of hot Jupiters.

2.6. Feedback: Outflow Interaction With
Molecular Cores and Beyond
There is no doubt that the final mass of a young star can be
influenced by a whole host of environmental factors. As pointed
out earlier, stars are frequently born in multiple systems that
are dynamically active. Interaction between the companions can,
for example, truncate a star’s growth at an early phase (Bate,
2018). Radiation pressure from the newly formed star itself,
particularly in the high mass regime, can limit accretion (Sartorio
et al., 2019) as can photo-evaporation from external sources
such as supernovae and neighboring OB-stars (Haworth and
Clarke, 2019). Nevertheless it is thought that outflows may be
very important in limiting accretion and thus the final mass a
star can attain. Clearly they drive away material from the core

and the envelope once they start to operate. It is not immediately
obvious however what fraction of the final mass is removed and
deposited back into the parent cloud. A related problem is the
effect of outflows on the molecular cloud itself. It has long been
known that the lifetime of a molecular cloud should be shorter
than observed if the only force acting against gravity is thermal
energy. Instead an additional force must be present. In some
cases this might come directly from the magnetic fields threading
through a cloud. We also know however from observations that
supersonic and super-Alfvénic turbulence are present although
the latter may only exist in the denser regions (Heyer and Brunt,
2012). The presence of turbulence alone however does not resolve
the issue as the timescale for turbulence to decay in a typical cloud
is short: there must be some local source of turbulence. Can this
be outflows from young stars?

Certainly outflows create cavities in their surroundings while
at the same time ejecting momentum and energy into it. The
net effect is to disperse the core (Arce and Sargent, 2006) and
ultimately to terminate accretion. How efficiently outflows can
do this determines the final stellar mass and also the fraction of
the core’s mass that is converted into a young star, i.e., the ratio
between the so-called CoreMass Function (CMF) and stellar IMF
(e.g., Offner and Arce, 2014). As a specific example, the core mass
function of low mass, star forming cores in the Pipe Nebula,
was measured by using infrared extinction of back ground stars
(Alves et al., 2007). This showed that the IMF is the direct product
of the dense core mass function and a uniform star formation
efficiency of 30 ± 10%. As already pointed out, both functions
have similar profiles (see for example Cheng et al., 2018) the
difference being the peak in the CMF is at roughly 3 times the
mass of peak in the stellar IMF. Obviously if outflows typically
remove 2/3 of the core mass, this could explain the observed
relationship. A very good overview of the processes that can
determine the relationship between the CMF and the IMF can
be found in Offner et al. (2014).

In additon the expectation that outflows sweep away such
a large fraction of the surrounding gas over their lifetime
is supported by recent observations of the HH46/47 system
using ALMA (Zhang et al., 2016). In carrying out such
observations it is important to use optically thin tracers,
e.g., 13CO, to ensure the motion of the densest gas is not
overlooked (Arce and Sargent, 2006).

Numerical simulations, for example by Offner and Chaban
(2017), of the collapse and evolution of isolated dense cores now
include the effects of turbulence, radiative transfer, and outflow
feedback. These show that outflows can drive and maintain
turbulence in the core environment even when magnetic fields
are initially strong. Moreover, the final efficiencies are 15–40%
in line with the observed values. Of course these are simulations
at the individual star level: it should not be neglected that
multiplicity can play a role in feedback not only in multiple
systems but also on the larger cluster scale. In multiple systems,
interaction between the components can lead to precession of the
associated jets (Wu et al., 2009) thus broadening their impact on
their surroundings. Moreover many stars are born in clusters, for
example in regions such as NGC1333 containing hundreds of
stars and large numbers of criss-crossing outflows (Walawender
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FIGURE 5 | Magnetic field map of the surface of the known jet source AA Tau. The field strength, shown by the colored scale, is in gauss for the radial, azimuthal and

meridional components which are shown as a function of stellar phase. From Donati et al. (2010) reproduced with permission c© OUP.

et al., 2008). This suggests we need to consider the ensemble
to get a clearer picture of how outflows feedback into their
environment. Whether magnetic fields or turbulence driven by
stellar feedback ultimately control how molecular cloud material
is converted into stars is still an open question (Li and Nakamura,
2006; Federrath, 2016).

3. THEORETICAL OVERVIEW

The last 5 years have also seen remarkable progress and new
developments in the theory and simulations of magnetized
outflows. The emergence of new computational tools and codes
has played a leading role in these advances. These include
time dependent radiation field and chemistry within MHD
simulations (Gressel et al., 2015). On the horizon are new
capabilities including zoom-in simulations in radiation MHD
simulations using DISPATCH (Nordlund et al., 2018). Post-
processing tools now available include Monte Carlo radiation
transfer methods in RADMC3D. The ability to compute expected
polarization maps from general MHD systems has recently
appeared in the POLARIS code (Reissl et al., 2016) which has
been applied to the polarimetry of outflows (Reissl et al., 2017).

3.1. Drivers for Outflows
There are several sources for magnetized outflows that are
launched during the course of star formation, involving
centrifugal or magnetic pressure drives from diverse sources
such as forming disks in collapsing molecular cloud cores, the
coronae of well established disks, magnetospheric boundaries,
or the protostars themselves. Before getting into the details, we
outline this general theory landscape.

(i) Magnetic braking and early outflows: As magnetized,
pre-stellar cores begin to emerge from the filaments within
turbulent clouds, magnetic braking begins to extract their angular
momentum. The models of isolated, rotating molecular cloud
cores with subsonic line widths that figure so prominently
in many early theoretical and numerical studies are overly
simplified pictures. In reality, hydrodynamic turbulence always
contains small regions of non-zero angular momentum which,

fed with enough mass, can produce disks—there is no need
to assume that any coherently rotating object was present.
In magnetized clouds in this earliest stage, turbulent MHD
processes play a significant role in diluting the net braking
torques on such pre-stellar cores, allowing disks to begin to form.
The magnetic field geometry in these chaotic initial conditions
likely become more ordered close to the disks as dissipative
effects such as ambipolar diffusion take effect in higher density
regions. Finally, at some point, collapsing magnetized cores reach
their centrifugal balance radius. With the formation of this
disk, or disk-like system, the pinching of field lines and/ or the
accumulation of toroidal magnetic field results in the launch of
the outflow. These are likely to global encompassing the entire
eary disk. Class 0 ouflows likely have their origin in this event.

(ii) Magnetized disk winds: These will arise naturally during
the evolution of magnetized accretion disks in their post
formation phases. This has been shown by many authors, both
theoretically and by means of numerical simulations using a
variety of computer codes. These originate from disks that are
both highly conducting, or in modern treatments, even from
disks for which non-ideal effects dominate the physics of how
fields are coupled to the gas and dust. Details of the launching
mechanism likely involve a thermal component to the disk wind
as it is launched from the upper layers of the disk or base of a
disk corona. The large scale suppression of the MRI instability
discovered in non-ideal MHD processes means that disk physics
itself is not controlled so much by viscosity as it is by the outward
transport of disk angular momentum by powerful winds.

(iii) Stellar spin and accretion powered stellar winds: The

solution of the angular momentum problem for the protostar
itself is another key aspect of star formation physics. If stars

were to accrete the angular momentum from the inner edge of

a Keplerian disk, they would spin up to break up speeds within a
few hundred thousand years (the spin up torque of gas accreting

from the magnetopause boundary rMP onto the star is then
˙J ∼ ˙Mw�Kep,MPr

2
MP, Matt and Pudritz, 2005). An early suggested

solution for this dilemma proposed that magnetic field lines from
the star, connect back into the disk such that flux penetrating
the disk beyond the co-rotating orbit would effectively brake
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the stellar spin by depositing angular momentum back into
the disk (Koenigl, 1991). This “disk locking” picture has the
problem that magnetic field lines would quickly shear out and
reconnect, severing the connection between the star and disk.
Centrifugally driven winds from the protostars can carry off
angular momentum that is deposited by accreting gas streams
flowing along magnetospheric field lines that connect the disk’s
inner edge, to the star (Matt and Pudritz, 2005). This work has
met with considerable success in being a part of the rotational
history of young stars (Bouvier et al., 2014). Earlier models of
X-winds proposed that angular momentum from the disk inner
edge is never accreted onto the star but is carried off in an X
wind originating from the interface between the disk and the
protostellar magnetosphere (Shu et al., 2000).

3.2. MHD Outflow Basics
To understand why magnetized outflows are so powerful and
efficient in angular momentum extraction, we recall basic
concepts of MHD flows from rotating bodies laid out in many
papers and reviews (Konigl and Pudritz, 2000; Pudritz et al., 2007;
Spruit, 2010). In the case of axisymmetric systems, we consider a
rotating body threaded by magnetic field lines, with the footpoint
of a field line located at a radial distance ro from the rotation axis,
along the rotor. The angular velocity of this footpoint at the base
of the flow is �o. The basic equations of stationary, axisymmetric
MHD flows (e.g., Pelletier and Pudritz, 1992; Bai, 2016) tell us
that the mass flux is conserved along streamlines of the outflow
(from the continuity equation), as is the magnetic flux 8. That
is, the mass loss rate per unit area, along streamlines passing
through an annular section flow of area dA, is d ˙Mw/dA = ρvp
(where vp is the poloidal velocity along the field line) while the
amount of poloidal magnetic flux through this same annulus is
d8 = BpdA. This means that the ratio of these two fluxes along
a field line—the mass loss rate per unit magnetic flux, otherwise
known as the mass loading of the flow—is also preserved: k =

d ˙Mw/d8 = const.
The mass loading is determined by the physical conditions

at the foot point of the flow, which is essentially at the slow
magnetosonic point on each field line. As an example, if we
consider the case of accretion disks as our basic rotors, the early
2D axisymmetric disk wind simulations of Ouyed et al. (1997)
and Ouyed and Pudritz (1997) assumed that the flow originates
at the base of a heated disk corona, whose heat source is not
specified. Recent work takes the additional step of explicitly
including FUV flux from the host star that heats the disk surface,
feeding a disk corona (Bai, 2016). In any event, one needs to
have a physical theory of how magnetic flux is distributed across
the disk, and how mass is loaded onto it, in order to determine
the mass loading function k = k(ro) which is a function of the
conditions at the footpoint ro (ie the slowmagnetosonic point) of
each field line on the rotor.

No theory that we are aware of has determined what this
function is from basic first principles and so this remains one
of the lingering uncertainties in the theory of MHD disk winds.
Authors adopt some sort of “reasonable” scaling for the magnetic
field distribution across the disk. As a specific example, consider
outflows from magnetized Keplerian accretion disks. Suppose

that the threading vertical field component is a power law

Bz ∝ r
µ−1
o , the outflow speed at the footpoint scales with

the local Kepler speed, and the base of the disk corona can be
considered a polytrope (e.g., γ = 5/3). The mass load function

then scales as k ∝ r
−(µ+1)
o . As an example, Blandford and

Payne (1982) assume a self-similar model for disk winds which

imposes a specific scaling for the field Bz,BP ∝ r
−5/4
o , so that

µBP = −1/4 and hence kBP = r
−3/4
o . The stable minimum

energy jet structures investigated by Pelletier and Pudritz (1992)

have kPP ∝ r
−1/2
o (Pudritz et al., 2006). In general the power

law index will also determine the degree to which poloidal
magnetic field lines open up away from the footpoints. Recent
global MHD models of outflows (Wang et al., 2018) assume
that heating of the disk surface by stellar EUV photons provides
thermal heating and provides thermal pressure that assists in
driving an MHD disk wind. Here too, the initial distribution
of magnetic field is assumed to follow a powerlaw distribution
whose field lines initial structure is controlled by the choice of
the power law exponent.

It is worth emphasizing that the concept of centrifugal
acceleration of the flow arises naturally in the co-rotating frame
of the footpoint of the flow (e.g., Spruit, 2010). There is no
magnetic force driving the outflow in this frame that role being
played by the centrifugal force. The flow in this region can be
visualized as “beads on a wire.” This is a very useful way to
analyze the dynamics as long as the flow co-rotates with the
rotor. This ends roughly at the Alfvén radius, where magnetic
and inertial forces balance. The collimation of jets and outflows
begins after the outflow passes through the Alfvén point on
each field line. The reason is that the field lines now become
increasingly toroidal. The degree of outflow collimation depends
quite sensitively on the mass loading of field (Ouyed and Pudritz,
1999; Anderson et al., 2005). This is because it is the inertia of
the material along the field line that causes the rotating field
line to fall back from the rate of rotation of the footpoint,
creating the toroidal field component. This is much like the
behavior of a mass loaded whip. The solution of the induction
equation specifically shows that the toroidal field Bφ in such an
outflow depends on the mass loading. Since collimation of such
rotationally driven outflows depends on the radial hoop stress
exerted by the tension of the toroidal field line, mass loadingmust
then control collimation properties of such winds. Specifically,
magnetic fields in disks with power lawsµ > −1/2 will collimate
to cylinders, while lower values will lead to wide-angle outflows
that are parabolic at infinity (Pudritz et al., 2006).

As already noted, a central aspect of magnetized outflows is

that they efficiently extract angular momentum from the rotor.

How does this happen? Again, we first begin with ideal MHD
since it allows us to see the basic physics quite simply. The

conservation of angular momentum equation for our magnetized
rotating system says that the conserved angular momentum per

unit mass l of the fluid along a field line consists of two parts,
the bulk rotation of the fluid itself rvφ , and a component that
is carried by the twisted mass -loaded field line, giving l(ro) =

rvφ − (rBφ/4πk). For any theory of stationary winds, solutions
are obtained by requiring that they flow smoothly through a
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critical point on each field line (and for 2D flows, a critical line).
Critical points are positions at which the outflow speed is equal
to a signal speed in the flow. For purely hydrodynamic flows, the
critical point occurs where the outflow speed equals the sound
speed in the gas, vp,hydro = cs. For MHD flows, there are three
MHDwaves: the slow and fast magnetosonic waves (compressive
modes) and the transverse Alfvén wave. The value of l on any
field line is set by the condition that vp = VA, the Alfvén speed.
If rA is the radial distance of the field line from the outflow axis
where this condition is met, then l = r2A�o = (rA/ro)

2lo where
lo = �or

2
o is the specific angular momentum of the material at

the footpoint of the flow.
This result reveals why outflows are so efficient. Each wind

particle carries of a factor of (rA/ro)
2 more angular momentum

per unit mass than its fellows rotating in the disk at the field line
base. Thus, if the typical lever arm is rA/ro ≃ 3, then each wind
particle can carry the angular momentum of ten particles in the
underlying rotor. From this argument, it is also easy to see that
in the limit that winds carry away all of the angular momentum
of a disk that is accreting at the rate ˙Ma, the wind mass loss rate
needed to drive this should simply scale as ˙Ma ≃ (rA/ro)

2
˙Mw.

Indeed, this result follows from disk wind theory outlined in the
following subsection.

The conservation of energy in ideal MHD, centrifugally driven
winds is expressed by the Bernoulli equation for flow along
the magnetic stream line. One finds that the terminal speed
of the outflow is greater than the escape speed from flow at
the base of any field line, specifically v

∞
≃ (rA/ro)vesc,o. It is

this energy relation that ensures that hydromagnetic outflows
scale with the depth of the gravitational well of the rotor.
This is why star formation, from brown dwarfs to massive
stars, is accompanied by jets and outflows. It is inevitably the
efficient tapping of gravitational potential energy released during
accretion by magnetized wind torques that is the main driver.
This also implies that because the terminal speeds of outflows
on each field line scale with the Kepler speed of the footpoint,
then disk winds will have a wide range of terminal speeds—
the highest (hundreds of km per sec) in the interior parts of
the jet or outflow, the lowest on largest outflow scales that
can be supported on the disk (10 km per sec or less). This is
distinctly different than the prediction of X-wind models which
really have only one velocity component originating from the
innermost radius of the disk. Observations generally support the
former velocity structure (recall however, the SiO observations
of HH212, which are consistent with an inner disk-wind or an
X-wind origin; Lee et al., 2017).

Another aspect of winds accelerated from disks is the launch
angle at the footpoint of the flow. An intriguing aspect of such
outflows is that they can be launched for completely cold gas—
one only needs the field line to be bent by an angle of 30o from
vertical (Blandford and Payne, 1982). Of course, any additional
heating of the outflow region near the surface of the disk will
mean that radial thermal pressure gradients will increase this
opening angle. As an example of this effect, polytropic models
for the disk corona will have opening angles for field lines
that increase with radial distance across the disk (e.g., Pudritz
et al., 2006). Vertical pressure gradients can also lead to better

acceleration along the field lines. Detailed heatingmodels of disks
by FUV irradiation from the star (Bai, 2016) will have their own
prescriptions of field line opening.

Early numerical simulations of jets focused on initial
axisymmetric setups, often focused on the launch region near to
the disk. However, fully 3D simulations are needed to understand
the complexity, stability, and asymmetries that can arise in jet
dynamics in both the launch region and far from the disk.

In Figure 6 we show a global, high resolution 3D simulation,
(using ZEUSMP, Norman, 2000) of a collimating disk wind
whose source is in the corona of a Keplerian disk threaded
with magnetic field lines (Staff et al., 2015). This figure shows
the toroidal velocity and magnetic field lines in a jet launched
from the corona of a Keplerian disk. The magnetic geometry on
the disk (and hence mass loading) follows that of Pelletier and
Pudritz (1992). The jet is heated by shocks throughout its volume
and the densities and temperature profiles are used to compute
forbidden line emission in various lines in [CI IV], [S II], and Mg
II transitions, whose critical densities are n ≈ 1, 104, 105 cm−3,
respectively. The red and blue colors indicate Doppler shifts of
rotating knots in the flow. The jet field has a strong poloidal field
along the axis of the jet which acts as a “backbone” that helps
preserve the jet against instabilities. Note that the toroidal field
wraps around the jet, especially in the outer regions, giving rise
to a highly collimated jet. This as noted, agrees with observations
of field structures seen in discussed in the observations of H80-
81 (see Figure 4). Other simulations with a less steep gradient of
disk magnetic field did not collimate so well—as discussed above.

3.3. Early Phase: Gravitational Collapse,
Outflows, and Disk Formation
A problem of critical importance for stellar birth is the formation
and evolution of protostellar disks and the concomitant launch
of outflows. These are highly nonlinear phenomena whose
complexity arises from the interplay of gravity, turbulence,
angular momentum, magnetic fields, radiation, thermodynamics
and even chemical evolution. Despite this, the appearance of
disks and outflows in the earliest stages of star formation appears
to be universal and this poses several important challenges
for theory.

3.3.1. Idealized Models

The first theoretical treatments of star formation in magnetized
clouds focused on magnetic braking of idealized, uniformly
rotating gas spheres. This is enabled by a flux of a special wave: the
torsional Alfven wave—first discussed in mathematical papers
by Gillis et al. (1974) and Gillis et al. (1979). Subsequently
analytic solutions in ideal MHD were found by Mouschovias and
Paleologou (1980). The idea is simple to visualize. Consider the
formation of a condensation that is threaded with a magnetic
field in a medium of non-zero angular momentum. The ongoing
condensation will generate a shear that twists the magnetic field,
creating a toroidal field component. The resulting magnetic
torque on the condensation, extracts its angular momentum
which is transported away by a flux of torsional Alfvén waves. The
angular momentum is transferred to the surrounding medium
which is gradually brought into co-rotation with the slowing
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FIGURE 6 | 3D MHD simulations of a disk wind showing the toroidal velocity and magnetic field lines for a disk wind produced in the Pelletier and Pudritz (1992)

model. The outflow source is the base of the corona of a Keplerian disk, shown on the left of the figure. The simulations are run on a grid extending out to 90 au along

the jet axis, and 27 au on either side of the jet axis. Brightness indicates higher radiation intensity from shock-produced, forbidden line emission in the jet. The red and

blue colors of the knots indicate red and blue shift due to jet rotation. Note also the recollimation of the jet half way down the flow. From Staff et al. (2015) reproduced

with permission c© OUP.

rotor. This braking picture suggests modest stirring of the
environment around the forming star by a flux of these torsional
waves. Given that the early stages of star formation are observed
to be accompanied by vigorous outflows in the class 0 phase,
this suggests that the braking phase occurs earlier, and sets the
conditions for the first stages of disk formation.

This simple model, however, was later realized to create a
problem for disk formation. Recent simulations have shown that
braking in this picture is so efficient that disks fail to form. This
has been dubbed as the magnetic braking catastrophe. How does
this arise? First we recall that the exact condition for collapse to
occur in the first place is that the ratio of the cloud’s gravitational
to magnetic energy densities exceed unity. The condition may be
rephrased. The ratio of these energies can be written in terms
of the mass to flux ratio of the cloud—which is equivalent to
the ratio of the cloud’s column density N to its field strength:
(M/8) ∝ (N/B). The critical condition is that the ratio λ of
the cloud’s mass to flux, to the critical mass to flux for stability,
exceeds unit: λ > 1. The critical value (N/ B)crit = 2.6 must be
exceeded (ie. becoming supercritical) for collapse to occur (Heiles
and Troland, 2005). Li et al. (2015) performed MHD simulations
of magnetized turbulent clumps and compared these to a variety
of Zeeman and other observations and found that the typical
molecular clump is supercritical with λ ∼ 3. Thus, there is now
a substantial body of observations confirmed by simulations, that
places good limits on the origin and initial strength of magnetic
fields in star forming cores—and therefore on the field that is
available to drive outflows.

A substantial body of work on collapse calculations focuses
on the consequences of the Mestel picture of idealized isolated,
spherical magnetized clouds, wherein the MHD is treated as
either ideal or non-ideal (Masson et al., 2016). One of the key
processes that sets in on small scales of disk formation at higher
gas density is non-ideal MHD.Magnetic fields will decouple from
the gas at high densities, and this, it was hoped, would lead to
substantial decoupling of the field from the collapsing gas. Non-
ideal MHD processes such as ambipolar diffusion and Ohmic
dissipation, which depend on how gas is ionized, and on grain
sizes and charges at high densities, could play a role for the
formation of protostellar disks. This has been investigated quite
extensively by a number of groups.

As an example, Mellon and Li (2008) showed that braking
can prevent the build-up of disks during the early phase of star
formation for relatively week fields; λ ≤ 10. Subsequent work
established that even weakening the initial field by the process
of ambipolar diffusion had little effect on this result (Mellon
and Li, 2009). The basic point is that by the time densities
at which AD becomes effective are reached, magnetic braking
is still so effective that only small disks may form. Normal
ambipolar diffusion and Ohmic dissipation are ineffective (Li
et al., 2011). High spatial resolution RMHD simulations carried
out by Tomida et al. (2015) on the other hand, find that nonideal
MHD effects can resolve the magnetic braking catastrophe in
the early phase of star formation—before a protostellar core
is formed. These simulations (using different inner boundary
conditions, and refraining from the use of a sink particle) find
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the formation of a small rotationally supported (≈5 au) disk in
the early phase. It is expected but not shown that the disk will
grow later as larger angular momenta accrete.

One way out of this impasse for the classical model setup was
suggested by Hennebelle and Ciardi (2009) who showed that by
offsetting the magnetic and rotation axes of such rotors by even
small angles of ≃ 10o centrifugally supported disks could form.
They found that centrifugally supported disks cannot form for
values of λ ≤ 3 when the magnetic field and the rotation axis are
perpendicular, and smaller than about λ ≃ 5 − 10 under perfect
alignment. However, based on realistic distributions of magnetic
field strengths and misalignment angles, Krumholz et al. (2013)
showed that this would lead to a Keplerian disk fraction in the
Class 0 stage of only 10 to at most 50 per cent, noticeably below
the observed fraction of discs around Class I/II objects.

3.3.2. Realistic Initial Conditions: Turbulence

The magnetic braking catastrophe is really only a problem for the
model of highly idealized initial conditions that it presupposes.
With the benefit of Herschel and ALMA observations, we now
have a far better picture. Molecular clouds are characterized
by supersonic velocity dispersion, attributed to supersonic
turbulence (Larson, 1981). Herschel observations show that stars
typically form in filaments (André et al., 2010, 2014). This likely
arises from some combination of gravitational fragmentation of
filaments into discrete cores, or as members of small groups
or clusters at the intersection of filament systems. However,
examples of the theorist’s dream model—fairly isolated, nearly
spherical molecular cloud cores that are virtually identical to
gravitationally unstable Bonner-Ebert spheres—do exist (Alves
et al., 2001)! Magnetic field observations show that star formation
occurs in cores in which gravitational dominates magnetic energy
(Crutcher, 2012).

The strength of magnetic fields, and hence the role of outflows
in star formation, is rooted in how star forming gas becomes
supercritical in the first place. The intriguing point is that the
cold neutral medium (CNM) out of which molecular clouds
may ultimately form is highly subcritical (Heiles and Troland,
2005). For the CNM, with measured total fields of the order
BCNM = 6µG (similar in value to the local Galactic component)
these authors measure λ = 0.42—deep into the subcritical,
magnetically dominated regime. Starting from this initial state
of the ISM, an older approach to star formation in magnetized
media supposed that the local mass-to-flux ratio is reduced
by ambipolar diffusion until individual cloud cores become
supercritical (see the review by Lizano and Galli, 2015). This
process is far too slow to be important in quiescent regions
of molecular clouds (e.g., star forming cores). However, some
analytical models (Zweibel, 2002) and numerical simulations
(Nakamura and Li, 2005) have suggested that this can be sped
up in regions with supersonic turbulence.

In supersonic turbulence however, intersections of supersonic
shocks create filamentary systems (see the review by Mac
Low and Klessen, 2004). When magnetic fields are included,
observations show that they tend to preserve their orientation
at all scales that have been probed—from 100-pc scale down to
sub-pc scale cloud cores. This suggests that both gravitational

contraction and turbulent velocities should be anisotropic, due to
the influence of dynamically important magnetic fields and this
is in fact observed (Li et al., 2014a). Simulations do show that
because gas is free to flow along magnetic field lines—supersonic
turbulence can compress gas flows along field lines (Padoan and
Nordlund, 1999). While it has been claimed that gas motions in
the denser cores are super Alfvénic (the density has increased
with little change in the field Padoan, 2018), the observations
suggest that the field is strong enough that motions are trans-
Alfvénic. The best studied low-mass cores of nearby star forming
regions are typically subsonic.

Recent 3D global simulations of the initially subcritical ISM
in a magnetized spiral galaxy show that long filamentary clouds
form by the draining and compression of flows into long
magnetic valleys of buckling field lines. This onset of such
global Parker instabilities can create a system of kpc magnetized
filamentary clouds of CNM. Subsequent filamentary flow along
these long HI structures gather sufficient gas to quickly produce
supercritical GMCs (Körtgen et al., 2018). The action of these
global modes addresses the long standing question of how it is
possible to gather enough gas from a collection region of the
order of 1 kpc needed just to build GMCs (see reviewMcKee and
Ostriker, 2007).

The origin of the initial angular moment of pre-stellar cores
is equally important. Given the fact the molecular clouds are
turbulent, it is questionable to assume that angular momentum
is coherently distributed. It is often assumed in analyzing the
observations that cores have a uniform rotation and follow a
rigid-body rotation law. Their angular velocity � is deduced
from measurements of global velocity gradients in velocity maps
(Myers and Benson, 1983; Goodman et al., 1993). By performing
numerical simulations of turbulent, magnetized clouds in 3D,
it has been found that the observations of the specific angular
momentum of cores (which involve 2D projections) overestimate
this quantity by a factor of approximately 10 (Dib et al., 2010).
Hence, it is clear that protostellar disks are likely the result of
locally generated angular momentum by turbulence (Jappsen
and Klessen, 2004). In such situations, the link between the
local angular momentum vector that will define the disk and
the direction of the magnetic field at larger distances can be
essentially random. This, as it turns out, is the clue to resolving
disk formation.

The first simulations of disk formation in stronglymagnetized,
turbulent collapsing clouds were carried out using different
numerical methods. Simulations using 3D MHD Adaptive Mesh
Refinement (FLASH) simulations on the scale of individual
turbulent clumps were carried out by Seifried et al. (2012) and
Seifried et al. (2013). This work emphasized the inefficiency of
magnetic torques in turbulent media. Another group focused
on the role of turbulent reconnection of magnetic field lines in
reducing the efficiency of magnetic braking (Santos-Lima et al.,
2012). The former approach showed that Keplerian disks of
extent 50–150 AU can be formed in the collapse of turbulent
clouds with the typical initial cloud magnetic fields; λ = 2.6.
Disks form even in turbulent clumps with initial zero total
angular momentum. They arise as a consequences of the local
angular momentum contained in the convergence of several
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filaments in the turbulent flow. Disks formed for a range of initial
coremasses and turbulent settings, and for typicalMach numbers
of the turbulence of M = 5, although disks formed in quite
subsonic turbulence M = 0.5 as well (Seifried et al., 2015). In
all cases, disks are formed by accretion out of discrete filaments
and this is a fundamentally different picture than the collapse
of idealized monoliths. The latter approach suggested that
reconnection of tangled magnetic field lines plays a dominant
role. Although the interpretations of the results differ, it appears
that turbulence can aid disk formation in magnetized media.

Similar results have been found and extended by a number
of different groups, using different numerical setups and codes.
Joos et al. (2013) find disk formation in magnetized turbulence
and interpret this as a consequence of the misalignment
effect that turbulence imposes on the forming disks. Gray
et al. (2018) ran simulations with similar initial conditions
using their Orion 2 AMR, RMHD code, to the Seifried
et al. (2013) setups—with a 300M

⊙
initial clump, λ = 2,

similar Mach number for turbulence, and most importantly,
similar numerical resolution (1.2 AU). These simulations
show, moreover, that rotationally supported disks don’t form
when the initial turbulent velocity field is aligned with the
magnetic field.

An analysis of the statistical properties of such disks formed
in purely hydrodynamic simulations of forming star clusters
can be found in Bate (2018). Although, this study does not
include magnetic fields, it confirms the general picture that
initial velocity or density fluctuations are sufficient to provide
locally the necessary angular momentum for the formation of
protostellar disks.

Recent advances in computational techniques now allow, for
the first time, multi-scale MHD simulations in turbulent Giant
Molecular Cloud spanning scales from the cloud (40 pc) down
to a few AU scale on the disk scale (Kuffmeier et al., 2017). The
transport of angular momentum in the disks can be followed.
The net inward mechanical transport is compensated for mainly
by an outward-directed magnetic transport, with a contribution
from gravitational torques by spiral waves that is less than the
magnetic transport.

Figure 7 shows a selection of disks that form. One sees
that disks are often associated with filaments. Because the
most powerful parts of the jets are launched from the central
regions of the disk, close to the (proto-)star, it is a numerical
challenge to probe the efficiency of protostellar outflows in star
cluster environments where spatial scale separation between
the molecular cloud scale (∼ 10 pc) and the inner disc
scale (∼ 1 au) spans more than six orders of magnitude.
Attempts to probe self-consistently driven outflows out of
turbulent cloud cores have been made. Those simulations
don’t yet probe the innermost disk scales where the most
powerful parts of the jet are launched, but the results are most
encouraging.

Figure 8 shows the evolution of the angle between the
total angular momentum vector and the total magnetic field
direction at 100 au around 8 different sink particles (stars) in the
simulation. One sees that this distribution is essentially random,
which is in good agreement with the observations.

FIGURE 7 | Slices in the plane vertical to the mean angular momentum vector

calculated for a sphere of 100 au at t = 50 kyr. First row: sink 1 (left), sink 4

(right); second row: sink 5 (left), sink 6 (right); third row: sink 7 (left), sink 9

(right). From Kuffmeier et al. (2017) reproduced with permission c© AAS.

FIGURE 8 | Evolution of the angle between total angular momentum vector

and total magnetic field direction within a sphere of 100 au around the eight

different sinks. Note the high degree of random behavior. From Kuffmeier et al.

(2017) reproduced with permission c© AAS.

3.3.3. Non-ideal MHD: Effects of Grain Evolution

As already noted, for disks to form in ordered, laminar
collapse, somethingmust greatly accelerate the normal ambipolar
diffusion time scale to reduce the field while gas is still at relatively
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low density. This may be possible when one considers the fate of
small dust grains in magnetized contracting cores.

The large population of very small dust grains (VSGs) of order
10 - a few 100Å dominates the coupling of magnetic field to gas
at densities n > 1010 cm−3. The removal of this dust can lead to
an increase of the ambipolar diffusion rate of the magnetic field
out of the collapsing gas by two orders of magnitude. This allows
50-100 AU disks to form in well ordered collapses (Zhao et al.,
2018). The depletion of VSGs arises as a natural consequence
of their accretion of mantles (akin to molecular freeze-out) or
coagulation. Grain coagulation has been shown to remove small
grains ≤ 0.1µm) within a few yr (Ossenkopf, 1993; Hirashita,
2012). The advantage of ambipolar diffusion driven by the loss of
VSGs is that it occurs in the envelope of the forming disk which
allows the formation of a large scale disk by avoiding catastrophic
braking. 3D simulations of this picture show the presence of rings
on scales of∼ 40 AU.

Since even subsonic turbulence allows for the formation of
large disks in strong B fields, it is unclear at what stage this
mechanism of grain removal in cores becomes important or
competitive as subsonic conditions in cores are established.

3.3.4. The Earliest Outflows

With the collapse of a turbulent overdense region of a cloud,
the magnetic field configuration winds up creating an ever
stronger toroidal field. Angular momentum is extracted out of
the region but since the collapse time scale becomes shorter
than the time scale for the propagation of torsional Alfvén
waves, the magnetized disk reaches its centrifugal balance radius
rc. Because of braking, this radius will be considerably smaller
than one would predict solely using simple angular momentum
conservation arguments for the initial state (Terebey et al., 1984).
As rc is reached, the winding of the field continues at a rate
that is considerably faster than can be carried off by torsional
wave braking. Pressure confinement by the infall leads to the
accumulation of “magnetic twist.” More precisely the building
up of toroidal field creates an ever steepening vertical pressure
gradient ∂/∂z(B

2
φ/8π) in the outer reaches of the forming disk

out to the centrifugal radius. It is this magnetic pressure gradient
force that ultimately launches a tower flow. The general idea of
such flows was first derived theoretically by Lynden-Bell (2003).

The first numerical dynamical simulations of the early stages
of disk formation and magneto-hydrodynamic launching of
protostellar jets were performed soon after the theory of MHD
disk winds had been proposed (Pudritz and Norman, 1983).
In these simulations, magnetically threaded disks initially out
of rotational balance, collapse inwards and launch outflows
(Shibata and Uchida, 1985, 1986). This early work showed
that strong transient outflows resembling tower flows were
launched by collapsing rotating disks. Subsequent work included
a magnetosphere around the central star, and showed that a polar
jet would also emerge from the star (Uchida and Shibata, 1985).

Tower-like outflows were discovered and interpreted in
magnetized collapse simulations by Banerjee and Pudritz (2006).
The analytic solutions predict that the velocity of such towers
is comparable to the rotation speed at the base. In the collapse
case, this implies an outflow roughly comparable to the rotation

speed of the disk at rc. Banerjee and Pudritz (2006) showed that
the inner regions of the disk, where Keplerian rotation is firmly
established, would give rise to centrifugally driven winds. Thus,
theory and simulations predict that disk winds at rc and inwards
accompany disk formation. This result corroborates the ALMA
observations of large scale disk winds, shown in Figure 1.

Simulations of magnetized collapsing cores now also show
that the formation of the hypothesized first hydrostatic core
is accompanied by the launch of a magnetocentrifugal wind.
Recent observations have found several candidates for these
objects (Enoch et al., 2010; Pineda et al., 2011) and that these are
accompanied by slow, well collimated outflows (Dunham et al.,
2011). Price et al. (2012) have used an SPH MHD code to show
that low-mass first cores produce tightly collimated jets (opening
angles ≤ 100) with speeds of 2− 7 km s−1, consistent with some
of the observed candidates.

3.4. Main Phase: Disk Evolution and
Outflows
The vertically averaged angular momentum equation that
governs a disk undergoing a total stress σ is (Pudritz and
Norman, 1986; Bai, 2016),

˙Ma
d

dr
(ruφ) =

d

dr
(2πr2 < σr,φ >)+ 2πr2σz,φ |

+h
−h

(1)

where the accretion rate is ˙Ma = 2πr6vr for a radial inflow speed
of the gas vr , and the angle brackets in the first term indicate
taking the vertical average of the torque by integrating over z.
The total stress has contributions from both turbulence, and the
Maxwell stress of threading magnetic fields. The first term on the
right hand side denotes angular momentum flow in the radial
direction, while the second term is angular momentum flow out
in the vertical direction due to wind torques. In the case of shear
turbulence, the stress is the average of the turbulent fluctuations,
σr,φ = −ρδvrδvφ . In the presence of a toroidal magnetic field Bφ

in the disk, a radial field Br can also contribute to flow in the radial
direction through the Maxwell stress component; σr,φ = BrBφ .
This possibility arises naturally in diffusive models due to field
line dragging in the accretion flow. It also appears in recent
models of non-ideal MHD wherein the Hall effect can produce
an instability leading to a radial field component (Bai and Stone,
2014; Béthune et al., 2016; McNally et al., 2017). A threading
vertical component of the field Bz however, exerts a torque on
the disk with σz,φ = BzBφ leading to an MHD disk wind, which
is central to the action of the ubiquitous jets and outflows that
accompany the formation of all young stars, regardless of their
mass (Pudritz et al., 2007; Ray et al., 2007; Frank et al., 2014).

Physical models of accretion disks have focused heavily on the
assumption that angular momentum is transported by turbulent
viscosity, first addressed in the seminal papers by Shakura and
Sunyaev (1973) and Lynden-Bell and Pringle (1974). Here, the
turbulence is assumed to arise from the shearing Keplerian flow
and takes the form σr,φ = ν6rd�/dr. The effective viscosity of
the disk ν can then be shown to scale with the disk scale height
as ν = αcsh with the famous α parameter. Steady state disks
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then have a radial accretion rate ˙Ma, which, away from the inner
boundary of the disk can be written as

˙Ma = 3πν6 = const (2)

In order to drive an accretion flow at the rate observed to fall
onto T-Tauris stars, α ≃ 10−2

−10−3. The angular momentum is
carried out radially leading to the slow, outward radial spreading
of the disk from its initial state. The high column densities of
protoplanetary disks prevent much radiation from penetrating
the disk, leaving it poorly ionized at the midplane. Thus non-
ideal MHD processes such as Ohmic losses, ambipolar diffusion,
and the Hall effect, all take their toll on the coupling of magnetic
fields to gas. Each process dominates in a different vertical layer
of the disk: Ohmic diffusivity in the mid plane, the Hall effect
in the middle layer, and ambipolar diffusion (AD) in the surface
regions. These diffusivities vary as a function of radius across the
disk. As an example, the Ohmic diffusivity depends on both the
temperature and electron fraction, both of which change with
disk radius (e.g., Cridland et al., 2016). The damping of MRI
instabilities occurs when the ratio of the growth rates to the
damping rates predicted by these diffusivities is less than unity
(e.g., review, Turner et al., 2014). These are the so-called Elsässer
numbers for each effect: Am = v2A/(ηA�), 3H = v2A/(ηH�),
and 3O = v2A/(η�). At the disk midplane, where dust processes
are important for building planets, Ohmic diffusivity generally
dominates in the inner disk radii. However, ambipolar diffusion
can start to dominate in the diffuse outer portions of the disk.
Early work (Gammie, 1996) noted that whereas the MRI would
be damped at the disk midplane by Ohmic dissipation, MRI
driven accretion could still occur in an “active layer” in the
disk surface regions. This idea known as the “dead zone” is an
important region in the disk for many reasons, including issues of
dust growth and planet formation. However, the inclusion of AD
shows that the MRI instability is damped even in these surface
layers (Bai and Stone, 2013). What does this say about outflows?

The launch of outflows requires a treatment of the mass
loading of the flow. This demands a sensitive treatment of the
microphysics of the gas at the magnetosonic point. Wind launch
by a centrifugal mechanism requires that the field be sufficiently
bent away from vertical. Vigorous outflow requires that the field
be reasonably strong as well – near to equipartition value with
thermal pressure in some models – making it difficult to bend
the field as it emerges from the disk surface layers (Wardle
and Koenigl, 1993; Ferreira and Pelletier, 1995), However AD
effects allow bending to occur (Li, 1996). It was also noted that
a strong vertical field would reduce the rotation of the disk to
sub Keplerian rates too small to drive the wind (Ogilvie, 2012).
Analytic treatments that included the full roster of non-ideal
MHD effects seemed to suggest that MRI and centrifugal wind
effects are mutually exclusive (Königl et al., 2010). Disk winds
operate in weakMRI and field strengths near equipartition, while
MRI requires weak fields at the midplane and would then not
produce accretion rates high enough to match the observations.

Detailed simulations of the physics of these processes have
led to a qualitative leap in our understanding. Bai and Stone
(2013) simulated vertically stratified local shearing patches of

FIGURE 9 | Plot of the toroidal field (color) with peak values of a few hundred

mG. The projected magnetic field lines (white) and velocity vectors (black) are

indicated as is the position of the wind base (dot–dash). From Gressel et al.

(2015) reproduced with permission c© AAS.

disks threaded by weak vertical field lines, with a self consistent
treatment of Ohmic and AD diffusivities based on detailed disk
chemistry. They found that although MRI quickly develops in
the initial weak disk field, the disk rapidly adjusts to a new
equilibrium state in which the disk is laminar (the turbulence is
almost completely damped) and a magnetocentrifugal outflow is
formed. The viscous stress parameter was only α ≃ 3×10−6 with
viscous transport restricted to a narrow FUVheated surface layer.
The angular momentum is carried off by the wind which drives
disk accretion at rates sufficient to match the observations—
but not so strong as to rapidly deplete the mass of the disk.
All of the disk accretion flow takes place in a current layer
of thickness 0.3h (where h is the disk scale height), at radial
inflow speeds about 0.4cs. Disk evolution in these regions is
unlikely to depend on turbulent viscous forces, although very
low level turbulence may still be excited by various hydrothermal
instabilities (Flock et al., 2012).

Global simulations of non-ideal MHD effects in disk winds
have been performed using different computational techniques.
In Figures 9, 10 we compare results of the simulation of these
effects from two different research groups (Gressel et al., 2015;
Béthune et al., 2017). The global disk simulations of Gressel
et al. (2015) include both Ohmic and AD terms and are shown
in Figure 9. Their results are very similar to the shearing
box simulations of Bai and Stone (2013). In particular—the
inclusion of AD completely quenches the turbulence in the disk
surface layers: without AD effects, MRI instabilities develop that
transport angular momentum in the surface layers. In the full
simulations, the field at the midplane is dominated by its poloidal
component because the strength of the Ohmic dissipation effects
prevents the appearance of currents that would create a toroidal
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FIGURE 10 | A 2D, global non-ideal simulation of a disk and outflow showing:

the toroidal magnetic field in color background (blue to red), the poloidal

velocity field in units of local sound speed (Mach number)—green arrows in the

corona, and the orientation of the angular momentum flux caused by magnetic

stress (purple arrows in the disk). From Béthune et al. (2017) reproduced with

permission c© ESO.

field. As one moves away from the midplane, the field bends
radially outwards. The reason for this is as follows (e.g., Konigl
and Pudritz, 2000). The ions are braked directly by the magnetic
torque and so move with slightly sub-Keplerian velocity. This
is transmitted to the neutrals by the frictional drag (ambipolar
diffusion), which slow down and lose their angular momentum
to the field (the toroidal field increases). Thus the neutrals must
move radially inwards in the disk. In so doing, the field is also
dragged inwards, causing the field lines to begin to curve (in the
R-z plane). The magnetic tension resulting from this field line
curvature then balances the drag force.

The direction of the toroidal field in the inner part of the disk
(inside 1.5 au) is in the same direction as that of field lines in the
outflow. The poloidal field lines bend smoothly into the base of
the outflow region. At disk radii r ≥ 1.5 au, the polarity of the
toroidal field reverses. Field lines now start to curve toward the
star as the first steps in flow collimation start to take place. The
change in toroidal and radial field components takes place in a
narrow current layer concentrated at z ≃ ±3.2 h. These layers
are found to be stable. Launch of the winds can be achieved with
weak initial magnetic field strengths in the disk.

In Figure 10, the Hall term is also included within a full 3D
global simulation of the disk (Béthune et al., 2017) although

detailed chemistry and radiative transfer calculations are not
included. There are similarities with the Gressel et al. (2015)
results. The toroidal field changes sign across the midplane. It
also changes sign at a disk radius (2.5ro), largely an effect of
the inner disk boundary conditions. An intriguing aspect of
this model is that the disk can be accreting, or not, depending
on the configuration of the large scale magnetic field. In this
Figure, the inner region of the disk has a flow of angular
momentum from the disk surface toward its midplane – while
the outer regions have angular momentum flow away from the
midplane. In general, angular momentum transport toward the
mid plane results not in disk accretion, but rather large scale
meridonal circulation. The non-accreting case is characterized by
a meridional circulation, with accretion layers at the disk surface
and decretion in the midplane. In the accreting case, vigorous
disk winds drive radial accretion flows.

One of the intriguing aspects of the Hall effect is that the
direction of transport of the magnetic flux in disks depends on
the polarity of the threading poloidal field component Bp with
respect to the disk rotation axis. If its direction is parallel to � ,
then flux transport is inwards, and if anti-aligned, outwards (Bai
and Stone, 2017). Since the flux distribution affects the strength
of the wind torques, these Hall effects could be significant for the
physics of Type I migration (migration of low mass bodies that
do not open gaps in the disk). In all situations, it appears that
disks do not support MRI turbulence out to distances of 10 AU
for standard conditions. This dead zone radius rDZ must evolve
with time as the disk thins out. It is particularly noteworthy that
10 AU scales corresponds to the planet forming region in most
theoretical models of planet formation.

3.5. Stellar Spin and Outflows
At the earliest stages of their evolution, stars are in the process
of contracting and are often accreting material with high specific
angular momentum from a protostellar disk. It is surprising,
therefore, that a large fraction of stars rotate more slowly than
expected—approximately half of solar mass stars with ages
of less than a few million years rotate at less than 10% of
their breakup velocities (e.g., Rebull et al., 2004; Herbst et al.,
2007; Scholz, 2009). In the absence of a significant spin-down
torque, most stars should spin at near breakup speeds. Accretion
disk signatures are more prevalent among slowly rotating pre
main sequence stars, suggesting that accretion and rotation
are connected.

The idea that protostellar winds could drive protostellar
spin evolution has been suggested by a number of authors
(Hartmann and MacGregor, 1982; Tout and Pringle, 1992; Paatz
and Camenzind, 1996; Ferreira et al., 2000). Matt and Pudritz
(2005) showed that as long as the mass loss rate in magnetized
stellar winds is high enough, then these would dominate over
disk-star coupling spin-equilibrium mechanisms. Specifically,
they proposed that accretion onto the star would power a strong
wind by the excitation of a large flux of Alfvén waves along
the open field lines. They called this new class of stellar wind
models—accretion powered stellar winds (APSW). This wave
excitation mechanism was further explored by Cranmer (2008)
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and Cranmer (2009), who showed that the predictions for X-
ray luminosities from the shocks in these models are in general
agreement with existing observations.

Theoretical studies of accretion powered stellar winds (with
mass loss rate ˙Mw, stellar dipolemagnetic field B

∗
, and radius R

∗
),

derived the scaling of the Alvén radius, expressed as the lever arm
of such a wind;

(rA/R
∗
) = K(B2

∗

R2
∗

/ ˙Mwvesc)
m (3)

where K = 2.11 and m = 0.223 are found by fits to numerical
calculations (Matt and Pudritz, 2008). We note that this general
scaling relation also holds in the context of disk winds, where
from Pelletier and Pudritz (1992) one can deduce thatm = 1/3.

The APSW model was applied to the study of spins of young
stars undergoing evolution down the Hayashi track—up to 3Myr
in their evolution (Matt et al., 2012). The results were compared
with X-wind and disk locking models. Overall, APSWs explain
the observed distribution of young star spins in a similar way as
the classical disk-locking picture, while at the same time avoiding
the problem of magnetic field line opening it necessarily entails.
When compared to the X-wind picture, it avoids the assumption
of spin equilibrium and requirement of significant flux trapping.
For the best fit to the observations, the APSWs are predicted to
have mass loss rates that at least 1% of the disk accretion rate.

It is observationally challenging to clearly isolate an APSW
from the fastest components of a disk wind originating at the
innermost regions of the disk. However, it may be possible to
identify the source regions of the flow predicted by the coronal
wave- heating picture that it relies upon.

3.6. Outflow Feedback: Determining Stellar
Masses and Star Formation Efficiency
Given the efficiency of magnetized outflows in tapping
gravitational potential energy release and the angular momentum
of disks, how is the surrounding core affected? Is stellar mass
determined by this outflow feedback? And given that most stars
form in clusters, do outflows control the star formation efficiency
of clusters?

Most of the gravitational energy released during accretion
originates from the inner disk. Disk winds scale with the local
escape speed at the base of the footpoint of the flow, and hence
with the escape speed from the central star. Since both low and
high mass stars have approximately the same escape speeds, it
follows that low mass stars are just as effective as high mass stars
in their feedback effects (Matzner and McKee, 2000; Krumholz
et al., 2018). This is unlike any other feedback mechanism
(e.g., radiation fields) whose effects are strongly dependent on
stellar mass.

The momentum per unit mass that can be delivered by
these outflows is of the order 40 km s−1 which if spherically
distributed, would disrupt cores. However outflows are well
collimated and the interaction between outflows and the core
material is mediated via a thin radiative shock in the Matzner
and McKee (2000) model. This model also assumes that there
is an escape polar angle θesc that separates the outflow from the
region that accretes through the disk onto the star. The most

important aspect of the collimation of the flow is that the thrust
is concentrated in a mass that is less than the spherical case by
a factor 1/ln(2θo) where θo is the angular extent of the central
outflow (typically θo ≃ 10−2).

This model assumes that accretion onto the star continues
through the disk as the disk wind carves out a wind cavity.
The ultimate mass of the star, therefore, is determined not by
the outflow, but by having a finite mass reservoir (the core)
out of which accretion proceeds. The prediction is that as long
as low mass star formation dominates, true for clumps and
clusters of ≤ 100M

⊙
, that the efficiency of star formation ǫ =

M
∗
/Mclump,core = (vesc/vw)ln(2θo)/fw ≃ 0.3 − 0.5, where fw is

the ratio of the wind to star mass. This provides a theoretical
explanation for the difference between the core mass function for
the gas out of which stars form, and the initial mass function of
stars, which are well known to differ by a factor of three in overall
mass (e.g., review, André et al., 2014).

Recent numerical simulations allow a more comprehensive
look at the complexities of this problem. High resolution
computations down to the stellar surface have been done
(Tomida et al., 2015), but the small time steps required limit these
to only a small span of time (a few years). To overcome this,
a number of simulations resort to building subgrid models that
effectively prescribe the physics of anMHDoutflowwhose source
region remains unresolved (Federrath et al., 2014). As already
noted, Offner and Chaban (2017) find that the inclusion of real
MHD effects in cores reduces the star formation efficiency—
lower mass to flux ratios lead to a decrease in the star formation
efficiency; ǫ drops from 0.4 to 0.15 as λ is decreased from hydro
λ ∼ ∞ to λ = 1.5. These simulations also find that ratio of
launched outflow to the total (combined launched and entrained)
outflow mass is 1:4.

The question of whether or not jets can drive turbulence has
been addressed by several different methods and model setups.
Maintaining turbulence can help delay gravitational collapse. The
basic energetics of jets provides some interesting insights on this
feedback (Banerjee et al., 2007). The lifetime of a jet can be
estimated as τjet ≃ L/vjet which for speeds of ∼ 300 km s−1 and
a typical length scale of L ∼ 3 pc is about 104 yrs—the typical
duration of the early phase of star formation (class 0). The total
mechanical luminosity of a jet L =

˙Mjetv
2
jet/2 is of the order

3× 1033 ergs s−1 for a jet mass loss rate of≃ 10−8M
⊙
yr−1. Thus

the total energy supplied to a cloud by a jet is Ejet ≃ Ljetτjet , which
is of the order 1044 ergs. For a cluster forming clump of 103M

⊙
,

the total turbulent energy given a typical velocity dispersion of
≃ 1 km s−1 (Mach 5 turbulence) is Eturb ≃ 1046 ergs. Thus,
if f represents the coupling factor of converting outflow power
into turbulence, the number of outflows needed to maintain
turbulence in such a region is N ∼ 100/f . The lifetime of the
turbulence scales with the crossing time of the region L/vrms and
is of the order a few 106 years. Thus, if the coupling is reasonably
strong, jets can power clump turbulence and this has an effect on
star formation efficiency.

How efficiently does jet power convert to tubulence? Banerjee
et al. (2007) found in 2 and 3D simulations that jets injected into
quiescent cores do not develop instabilities (Kelvin-Helmholtz)
and turbulence. The basic point here is that such instabilities are
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FIGURE 11 | Massive star formation and radiation feedback from jets and

radiation fields. From left to right: accretion disk and protostellar outflow at

times t = 20, 30, and 40 kyr of evolution. From Kuiper and Hosokawa (2018)

reproduced with permission c© ESO.

best excited for subsonic velocities. Jets, under these conditions,
therefore have only very limited ability to drive supersonic
turbulence. Other studies include multiple, highly collimated
flows injected into an initially quiescent (Carroll et al., 2009)
or turbulent medium (Offner and Chaban, 2017)) and these
find that turbulence is excited. It is unclear what the reason is
for such different results. Simulations of turbulence generated
by jets in an initially turbulent clump suggest that it may be
protostellar jet generated turbulence that sets the conditions for
turbulent fragmentation into the IMF of stars in the cluster (Li
and Nakamura, 2006).

3.6.1. Massive Star Formation and Feedback

Massive stars start to appear in clumps that exceed 100M
⊙
, and

the nature of feedback related to radiation fields (photoionization
and radiation pressure), massive stellar winds, and supernovae
feedback are dependent on stellar mass (e.g., reviews, McKee
and Ostriker, 2007; Tan et al., 2014). Fall et al. (2010) adopted
semi-analytic arguments to compare the general effectiveness of
protostellar outflows and other feedback mechanisms. Outflows
are only effective at feedback for clumps with escape speeds below
7 km s−1. In the context of highly idealized, spherical cloud
models, radiation pressure is the dominant feedback process
that controls star formation efficiency in massive star clusters
(≥ 104M

⊙
). For lower clump masses, especially below 103M

⊙
,

protostellar outflows can play a significant role.
This leads to the question of whether magnetized disk winds

play a role in the formation and feedback processes of massive
stars. There is no consensus on the precise upper mass limit for
stars, but the evidence to date suggests 150–300M

⊙
(Figer, 2005;

Crowther et al., 2010). Massive star formation likely involves the
accretion of material from a massive disk which for a short time
of 10–20 kyr, may be comparable to the mass of the star forming
at its center. Because of accretion flows through massive disks,
the limitation on stellar mass of ≃ 40M

⊙
set by the Eddington

limit for spherical collapse is avoided by having radiation emitted
through a radiatively driven cavity (Yorke and Bodenheimer,
1999). This anisotropic distribution of radiation due to the optical
depth effects of the underlying flaring accretion disk is known
as the “flashlight effect.” The initial conditions for massive star
formation resemble, to some degree, those for cluster formation.
Many simulations often begin with an isolated clump mass
of≃ 103 M

⊙
.

FIGURE 12 | The role of radiation and protostellar jet feedback in the

formation of massive stars. Gray line is for outflow feedback only; blue line,

outflow + photoionization feedback; red line, ouflow + radiation forces; black

line, outflow + radiation forces + photoionization. From Kuiper and Hosokawa

(2018) reproduced with permission c© ESO.

Early simulations of photoionization effects from massive
stars employed ray tracing methods within the FLASH AMR
code (Peters et al., 2012). These simulations analyzed the role of
photoionization and HII regions in driving observed molecular
outflows from massive stars. Feedback from ionizing radiation
was not sufficient to drive the observed massive CO outflows
around massive stars. This suggests that magnetically driven
outflows are important even around massive proto stars.

High spatial resolution, RHD simulations show that radiation
pressure from the forming massive star pushes a bubble into the
collapsing gas, while disk accretion continues through the disk
(Krumholz et al., 2009; Kuiper et al., 2010; Klassen et al., 2016;
Rosen et al., 2016). The details of the RHD simulations matter.
Krumholz et al. (2009) used an Adaptive Mesh Refinement code
(Orion) with radiative transfer handled only through flux limited
diffusion, and found that the continued mass accretion onto the
star proceeded by infall of cold gas produced by Rayleigh-Taylor
“fingers” on an unstable bubble wall. Kuiper et al. (2010) used a
high resolution, spherical fixed grid with a ray trace RHDmethod
and found that such fall back did not occur, and that strong disk
accretion flow built the star. The maximum stellar mass attained
was 210M

⊙
. Klassen et al. (2016) combined an AMR approach

with a hybrid approach to radiation transfer—combining ray
tracing techniques with flux limited diffusion. These simulations
found that indeed, the main mode of mass transfer to the star was
by strong accretion flow, mediated by spiral waves excited in the
self gravitating disk. The bottom line in these latter two studies is
that by using only RHD, the mass of a star is limited only by the
size of the mass reservoir. However, this group of studies did not
include magnetic fields.

Because MHD disk winds are launched at the moment of
disk formation, massive star forming disks should have already
started to carve out a cavity before the radiation fields become
important. In this regard, it is interesting to note that the best
case for rotating disk winds is for the massive protostar in Orion
as shown in Figure 1. Radiation, once it does become important,
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will be able to escape through this outflow cavity—making the
issue of the details of radiation blown bubbles a somewhat moot
point (Krumholz et al., 2009). It is important therefore to have
combined RMHD simulations of massive star formation. Will
MHD outflows make it easier to form more massive stars?

Recent simulations (Kuiper and Hosokawa, 2018) include
radiation forces from direct and dust-reprocessed radiation as
well as photoionization. The effects of a magnetized disk wind
were included: the outflow was injected into the computational
domain at t = 4kyr with an ejection-to-accretion efficiency of
10%, and a velocity of three times the local escape velocity with
respect to the current protostellar mass. The evolution of the
protostar was followed using evolutionary tracks by Hosokawa
and Omukai (2009).

Figure 11 shows the resulting structure and evolution of the
outflow and disk. The overpressure of the HII region fills the
outflow cavity (left frame). This pressure acts on the surface of the
disk below the cavity, serving to compress it and in the process,
opening up the cavity even more. This enhanced pressure due to
photoionization leads to the pile up of additional mass on the disk
(middle frame) which shadows the disk beyond. This shadowing
enables an enhanced accretion rates through the disk (the “scissor
effect”). Other than this effect, photoionization does not seem to
play a big role in this highly optical thick disks.

Figure 12 shows the accretion history and final masses of stars
undergoing various combinations of feedback: outflow alone
(gray), outflow + photoionzation (blue), outflow + radiation
forces (red), and lastly all 4 feedback effects (black). We see that
the magnetized outflows do not stop the accretion from the very
large 1000M

⊙
mass reservoir. Adding photoionization to the

picture also does not shut off the infall. The addition of radiation
pressure to the outflow, however, does lead to the truncation of
accretion even from an effectively infinite mass reservoir (red
and black curves). The final masses are 79 and 95 M

⊙
for the

red and black curves, respectively. The photoionization scissor
effect, present in the latter case, helps increase the accretion rate
and final mass. In addition to the protostellar outflow, radiation
forces are the dominant broadening mechanism of the bipolar
region. These results suggest that, like low mass star formation,
disk winds by themselves create feedback, but probably do not
determine the masses of stars.

We also show a study that comes to different conclusions—
as is shown in Figure 13 (Tanaka et al., 2018). In this work,
a semi-analytic treatment of radiative feedback and MHD disk
winds is adopted. The latter input generalizes the Matzner and
McKee (2000) model. An important new addition to the analysis
is the dependence of disk accretion and final stellar masses on
the metallicity. Radiation pressure is found to play a minor role
in the feedback mechanism—MHD disk winds are the key player
providing ≥ 90% of the outflow momentum. The novel insight
in this work is that as the metallicity decreases, photoevaporation
becomes stronger. This reduces the SFE because dust attenuation
of ionizing photons is inefficient. In this analysis, there does not
appear to be a firm upper limit to stellar mass.

The somewhat different conclusions that these studies reach
likely arise from differences in their underlying modeling. The
first is the different level of detail in the radiative transfer

calculations, full RHD vs. semi-analytic theory. The second is that
it may be useful to include the MHDwind explicitly. The subgrid
modeling of the MHD disk wind itself, while capturing several of
the key points, may still require more dynamic treatment. That
said, it is clear that radiation and MHD disk winds are both
important in massive star formation, and this is a tantalizing
open problem.

Finally, we return to the question of the role of outflow
feedback in cluster formation, as investigated by numerical
simulations. Federrath et al. (2014) applied the MHD disk wind,
sub grid model to turbulent, magnetized star cluster formation.
The subgrid model features a disk wind opening angle of 30◦—
the minimum angle that gives rise to outflow for cold initial
conditions (Blandford and Payne, 1982). The ratio of mass
outflow to accretion rates is set to the standard value predicted
by theory and numerical simulations of 0.3. The intial clump was
taken to have a mass of 500M

⊙
and diameter of 1 pc., with a

typical turbulent velocity field and observed mass to flux ratio.
Figure 14 shows the results of these protostellar feedback

simulations. In the left panel without outflows, the SFE reaches
nearly 49% with a total of 23 stars formed. On the right, the
simulation with outflows results in a SFE of 20% with 47 stars
formed. The results show that jets and outflows eject about a
quarter of their parent molecular clump in high-speed jets. These
extend out to distances of more than a parsec from their disks.
These outflows reduce the star formation rate by about a factor
of two, and lead to the formation of ∼ 1.5 times as many stars
compared to the no-outflow case. Perhaps the most important
result is that MHD outflows reduce the average star mass by
a factor of approximately three and may thus be essential for
understanding the characteristic mass of the stellar initial mass
function. These results show that indeed, outflow feedback plays
a significant role in reducing SFE in low mass clusters, bringing
them down in agreement with the observations.

3.7. Planet Formation and Outflows
Given that star and planet formation both depend on how
angular momentum in disks is disposed of, MHD wind torques
are likely to play an equally profound role in the question of
planet formation (see review Pudritz et al., 2018). There are
at least three aspects of disk winds that may matter for planet
formation and migration.

The first is that braking and outflows lead to smaller disk radii,
as noted in the observational section. This means that for a given
disk mass, outflows produce disks with higher initial column
densities. This in turn implies that the column density of solids
in the disk will be greater and this is likely to have an important
effect on planetary accretion time scales and mass distributions.

Secondly, outflows may connect with the presence of rings
and gaps in disks. Early arguments suggested that gaps in the
millimeter emission of disks could arise due to the enhanced
growth of dust grains at opacity transitions (eg ice lines) at
specific disk radii (Zhang et al., 2015). Surveys now show,
however, that there is little correlation between such opacity
transitions and the positions of the gaps (van der Marel et al.,
2019). Much current work focuses on simulations that show that
even a single, sufficiently massive planet can carve multiple gaps
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FIGURE 13 | The role of magnetized outflows in massive star formation as a function of metallicity. Accretion histories as functions of protostellar mass, m⋆ (Left) and

time, t (Right) for stars forming from cores with initial masses of Mc=1000M⊙
and embedded in clump environments with 6cl = 1 g cm−2. Results for metallicities log

Z/Z
⊙

= -5, -4, -3, -2, -1, and 0 are shown as labeled. For each line, the solid part represents the main accretion phase and the dashed part is the disk dissipation

phase (the gray vertical line in the right panel indicates the transition time). The black dotted lines show the no-feedback case. The accretion rate is lower at lower

metallicity due to stronger total feedback. From Tanaka et al. (2018) reproduced with permission c© AAS.

FIGURE 14 | Effects of feedback from protostellar outflows on star and cluster formation. The left frame shows the results of cluster formation without outflow

feedback, and the right when feedback is included. Note the strong effect on the SFE and number of stars produced. From Federrath et al. (2014) reproduced with

permission c© AAS.

in inviscid (α ≤ 10−4) disks as a consequence of the spiral
shock waves induced by planet-disk interaction (e.g., Dong et al.,
2017). This generally fits the ALMA observations of gaps and
rings as well the origin of non-axisymmetric structures such
as vortices, quite well (Zhang et al., 2018a). The formation of
vortices requires low disk viscosity (α ≃ 10−4), which again
suggests that low turbulence is necessary to explain key aspects
of disk-planet interaction. This picture does not address how
such planets may have formed but does provide observational
constraints on the masses and orbital radii of forming planets. If
disk winds drive disk accretion physics, then what specific effects
might MHD disk winds have on creating these ring systems?

Only a few papers have addressed this issue so far. The launch
of MHD (non-ideal limit) disk winds has been shown to also
produce axisymmetric structures in the disks that could provide
an explanation of the ring systems (Béthune et al., 2017). In

these simulations, zonal flows can be established in the disk that
lead to the creation of density peaks that are anti-correlated
with peaks in the vertical field. It has also been shown that
in the outer parts of disks beyond 10 AU, where ambipolar
diffusion dominates the diffusivity of the disk magnetic field,
that strong sharply defined current layers can develop. These
drive fast flows that pinch the field, leading to their reconnection,
which in turn leads slower gas accretion in these magnetically
reduced regions. Neighboring regions have stronger fields and
therefore undergo more rapid gas accretion—and it is here that
gaps form (Suriano et al., 2018). This is demonstrated in both
2 and 3D non-ideal MHD simulations. Gas in such regions
is preferentially removed by the wind compared to the dust,
enhancing the local dust to gas ratio perhaps to the point
that streaming instabilities are triggered. This would lead to
rapid planetesimal formation, and perhaps planet formation. It
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remains to be seen whether this model could predict planetary
masses.

Finally, the migration of planets in disks is sensitive to the
mechanism of angular momentum transfer in disks. In MHD
wind-driven regions disks may be considered to be inviscid,
and there, corotation torques on the gas will arise from MHD
disk winds (McNally et al., 2017, 2018). In this situation,
the shape of the horseshoe orbit region very near the planet
can be modified by the winds, leading to a more history-
dependent evolution of the horseshoe torque and its effects on
planet migration. This may have important implications for how
planets migrate when they are still low mass (so-called Type
I migration).

In summary, it looks as if disk winds are not only central to
disk formation, evolution, and star formation—but they may also
play a key role in planet formation.

4. CONCLUSIONS

The role of magnetic fields in outflows and star formation
has undergone a rapid change in its perceived importance by
the astronomical community over the last 2 to 3 years. The
combination of ALMA observations, the spatial resolution of
outflows, and theoretical and observational advances on the
nature of MRI turbulence in disks all point toward MHD disk
winds as a primary agent in these processes. Our review then,
comes to several important conclusions.

• Magnetized outflow is likely the dominant mechanism of
disk angular momentum transport. The basic predictions of
MHD disk wind theory and a large, diverse body of numerical
simulations are born out by ALMA observations.

• The rotation of jets is now confirmed on several different
scales. This most basic prediction of MHD disk wind theory
indicates that we are actually now observing how accretion
disks dispose of their angular momentum.

• The observations show that a wide range of outflow velocities
are observed. The X-wind picture is “monochromatic” in
that only a wind component originating at the magnetopause
radius of the disk should be observed.While such a component
may be present, it does not explain the wide range of
data available.

• The observations support the universality of the MHD
wind picture that is observed across all stellar masses. The
connection with jets in AGNs and micro quasars is also
becoming much clearer.

• Disk formation and observed disk properties arise from
MHD turbulence conditions that dominate for the earliest
pre-stellar states of forming cores. Even subsonic turbulence
is sufficient to explain disk formation. While hour glass
magnetic geometries are seen in some systems, many more
have disordered magnetic geometries indicative of these
initial conditions.

• The feedback effects of magnetized outflows play a key role
in regulating the star formation efficiency and masses of
low mass stars and star clusters. For massive star formation,
the combination of MHD outflows and radiation pressure is
central tomassive star andmassive cluster properties, but there
are differences in the results. More work on RMHD theory and
simulations is needed.

The next 5 years of ALMA observations, more powerful
numerical simulations, and advances in theory are likely to
result in a paradigm shift from turbulent viscosity to MHD
outflows as the fundamental basis of accretion disk theory and
star formation. This shift is already well underway. One of the
most exciting consequences of this sea change may well be in our
understanding of planet formation.
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We review the numerical techniques for ideal and non-ideal magneto-hydrodynamics

(MHD) used in the context of star formation simulations. We outline the specific

challenges offered by modeling star forming environments, which are dominated by

supersonic and super-Alfvénic turbulence in a radiative, self-gravitating fluid. These

conditions are rather unique in physics and engineering and pose particularly severe

restrictions on the robustness and accuracy of numerical codes. One striking aspect

is the formation of collapsing fluid elements leading to the formation of singularities

that represent point-like objects, namely the proto-stars. Although a few studies

have attempted to resolve the formation of the first and second Larson’s cores,

resolution limitations force us to use sink particle techniques, with sub-grid models

to compute the accretion rates of mass, momentum and energy, as well as their

ejection rate due to radiation and jets from the proto-stars. We discuss the most

popular discretisation techniques used in the community, namely smoothed particle

hydrodynamics, finite difference and finite volume methods, stressing the importance to

maintain a divergence-free magnetic field. We discuss how to estimate the truncation

error of a given numerical scheme, and its importance in setting the magnitude of

the numerical diffusion. This can have a strong impact on the outcome of these MHD

simulations, where both viscosity and resistivity are implemented at the grid scale. We

then present various numerical techniques to model non-ideal MHD effects, such as

Ohmic and ambipolar diffusion, as well as the Hall effect. These important physical

ingredients are posing strong challenges in term of resolution and time stepping. For the

latter, several strategies are discussed to overcome the limitations due to prohibitively

small time steps. An important aspect of star formation simulations is the radiation field.

We discuss the current state-of-the-art, with a variety of techniques offering pros and

cons in different conditions. Finally, we present more advanced strategies to mitigate

the adverse effect of finite numerical resolution, which are very popular in the context

of supersonic, self-gravitating fluids, namely adaptive mesh refinement, moving meshes,

Smoothed Particle Hydrodynamics and high-order methods. Advances in these three

directions are likely to trigger immense progress in the future of our field. We then illustrate

the different aspects of this review by presenting recent results on supersonic MHD

turbulence and magnetized collapse calculations.

Keywords: star formation, numerical techniques, MHD: ideal, MHD: non-ideal, astrophysical fluid dynamics,

radiation fields, sink particles
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1. INTRODUCTION

Star formation is one of the main unsolved problems in
astrophysics. Although our view of this fundamental process,
at the nexus of galaxy formation, planetary science and stellar
evolution, has considerably changed over the past decades,
thanks to new observations and theoretical progress, many dark
corners remain to be explored. One of the reasons why the true
origin of stars still eludes us is the highly non-linear nature of the
governing equations, describing self-gravitating, compressible,
magnetized dust, and gas fluids interacting with radiation. In this
review, we present these main governing equations, focusing on
ideal magneto-hydrodynamics, radiation hydrodynamics, non-
ideal effects and sink particle techniques. We describe the most
popular discretisation schemes, focusing on possible sources of
errors and their consequences on clouding our conclusions. We
finally give a short description of the landscape in term of star
formation simulations, with different set-up strategies addressing
particular scales in this fundamentally multi-scale problem.

Star formation is believed to be the consequence of the
collapse of mildly supersonic or transonic to subsonic molecular
cores emerging out of supersonic turbulent flows in the
interstellar medium (Mac Low and Klessen, 2004; McKee and
Ostriker, 2007). The source of turbulence is probably to be
found on large scales, as a consequence of large galactic shearing
or colliding flows, but also on small scales, because of various
sources of stellar feedback (McKee, 1989; Federrath et al., 2017).
In this context, gravitational or thermal instabilities lead to
the formation of dense gas clumps that undergo a more or
less violent gravitational collapse, leading to the formation of
a proto-star surrounded by a proto-stellar disk. Describing
these processes using only simple analytical methods is almost
impossible. Moreover, the traditional engineering methods in
Computational Fluid Dynamics (CFD) are usually not robust
enough to sustain highly supersonic and super-Alfvénic flows.
Self-gravity, magnetic fields and radiation fields, taken together,
define a very unique system of equations that has no equivalent
in the industry. This has led astrophysicists to develop their own
methods, largely inspired by traditional methods designed in the
applied mathematics community, but significantly adapted to
the specific problem at hand. In this context, Smoothed Particle
Hydrodynamics (SPH) and Adaptive Mesh Refinement (AMR)
techniques turned out to be particularly suitable to the problem
of star formation. Both techniques have their own pros and cons,
and comparing the two allows us to assess the robustness of
our numerical results. New techniques have also been developed,
that are specific to star formation, such as sink particles, a
commonly adopted recipe to replace an otherwise collapsing fluid
element by a collision-less particle, saving computational times
and increasing the realism of the simulation.

In this review, we pay attention to the description of
the equations, without necessarily discussing their physical
foundations, such as the ideal MHD limit or the non-
ideal diffusion processes. We describe the various numerical
techniques, from low-order schemes to modern high-order
methods, as well as from non-zero divergence schemes to exact
divergence-free methods, etc. We refer to the corresponding

literature, including all references that are relevant to the
historical description of the discipline and that give a fair
snapshot of the present state of the field.We apologize in advance
for not having included all possible references on the topic.

2. IDEAL MHD: NUMERICAL TECHNIQUES

Developing new computational methods for solving the ideal
MHD equations has generated a lot of interest within the
applied mathematics and computational physics communities.
Quite naturally, because of their success in solving the Euler
equations, grid-based methods with flux upwinding, also known
as Godunov’s method, were applied to the MHD equations in the
framework of finite-volume discretisation. In parallel, Smoothed
Particle Hydrodynamics (SPH) generated a lot of interest in the
astrophysics community because of its strict Galilean invariance.
Both methods, however, quickly ran into difficulties trying to
maintain the divergence-free property of the MHD equations.

2.1. The Ideal MHD Equations
Before we review the various improvements of MHD numerical
solvers over the past decades, we briefly recall the ideal MHD
equations, shown here in conservative form. We have first the
mass conservation equation,

∂ρ

∂t
+∇ · (ρv) = 0, (1)

where ρ is the mass density and v is the fluid velocity vector. We
also have the momentum conservation equation

∂

∂t
(ρv)+∇ ·

(

ρv⊗ v+ PtotI−
1

4π
B⊗ B

)

= ρg, (2)

where B is the magnetic field vector and Ptot is the total
pressure, defined as the sum of the thermal pressure and the
magnetic pressure

Ptot = P +

1

8π
B2. (3)

Note that we work here in cgs units, hence the presence of the 4π
term in these equations. We have also included the gravitational
acceleration vector g as a source term on the right-hand side of
the momentum conservation equation. Finally, we have the total
energy conservation equation

∂Etot

∂t
+∇ ·

(

(Etot + Ptot) v−
1

4π
B(B · v)

)

= ρg · v, (4)

where the total fluid energy is the sum of the kinetic energy, the
internal energy and magnetic energy

Etot =
1

2
ρv2 + e+

1

8π
B2. (5)

In order to close the system, we need the fluid equation of state,
usually given be the ideal gas equation of state

P = (γ − 1)e, (6)
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and the induction equation for the evolution of the magnetic field

∂B

∂t
= −∇ × E with E = −v× B, (7)

where we have introduced the electric field E (also known as the
electromotive force, emf). We need to add to these equations the
most important property of the magnetic field, namely

∇ · B = 0, (8)

also known as the solenoidal constraint or the divergence-
free condition. Since we consider now in this section ideal
MHD conditions, we have no dissipation terms in the induction
equation, as well as in the fluid equations.

2.2. Some Important Mathematical
Properties
The fluid equations appear to be in conservative form, which
naturally calls for a finite volume representation, which will
ensure exact conservation of mass, momentum and total energy,
by construction, owing to the divergence theorem

∫

V
∇ · FdV =

∫

S
F · ndS, (9)

where the vector F can be the flux of mass, momentum or energy.
Designing a numerical scheme boils down to computing the
flux through the surface of the volume elements. On the other
hand, the induction equation naturally calls for a finite surface
representation, owing to the Stoke’s theorem

∂

∂t

∫

S
B · ndS =

∫

S
∇ × E · ndS =

∫

L
E · dl. (10)

Similarly, the divergence-free condition, written in integral
form as

∫

V
∇ · BdV =

∫

S
B · ndS, (11)

also calls for defining the magnetic field as a surface averaged
quantity. This naturalness argument, together with the fact that
the divergence-free condition can be maintained to machine
precision accuracy, has led to the design of the constrained
transport scheme (Evans and Hawley, 1988). This very popular
method for grid-based techniques comes however with a price:
the flow variables are not all co-located at cell centers, like
volume-weighted fluid variables, but also at face centers, for the
magnetic field components, and at edge centers for the electric
field components.

A very important mathematical property of the magnetic
field that emerges from the divergence-free condition is that
the normal component of the field should be continuous across
cell faces. The x-component of the field, for example, can be
discontinuous in the y and z-directions, but has to vary smoothly
in the x-direction. This property also naturally holds in the
constrained transport method. It can be written as

∫

S
[B · n] dS = 0, (12)

where the operator [A] = A+

−A− denotes the jump of a quantity
A across the surface element.

2.3. Preserving the Divergence-Free
Condition
Historically, one of the first ideal MHD, general purpose
codes, is ZEUS-2D developed specifically for astrophysics
by Stone et al. (1992b). It is a finite-difference code using
constrained transport and artificial viscosity to handle shocks,
The continuity and divergence-free conditions are therefore
satisfied by construction, but since artificial viscosity is used to
handle shocks, instabilities can occur in fast rarefaction waves
(Falle, 2002).

The other popular strategy for grid-based methods is to
maintain all MHD variables as volume-averaged quantities,
allowing for discontinuities across all cell faces. In the late 90s, a
series of papers presented finite-volume MHD codes with proper
upwinding of numerical fluxes using Riemann solvers (Dai and
Woodward, 1994; Ryu et al., 1995; Tóth, 1996; Balsara, 1998; Lee
and Deane, 2009). These methods are very powerful, because
they are strictly conservative and because they satisfy the so-
called entropy condition, meaning the entropy can only increase,
a key property to maintain the stability of the numerical solution.
These finite-volume codes all considered the magnetic field as
a volume-averaged, piecewise-constant, cell-centered quantity,
which violates the continuity condition of the normal component
of the field. The resulting schemes are therefore not necessarily
divergence-free anymore. In order to maintain the divergence
as small as possible, an additional step is required that modifies
the magnetic field components and decreases or nullifies the
divergence: this operation is called divergence cleaning. In a
seminal paper, Tóth (2000) has compared various schemes and
showed that they all passed with mixed success a variety of MHD
test problems. We will now review these grid-based methods that
are using divergence cleaning.

The first method we discuss here is the projection scheme,
introduced by Brackbill and Barnes (1980). The idea is tomeasure
the spurious divergence after the main update of the MHD
variables, and solve for a Poisson equation defined as

1φ = ∇ · B∗. (13)

where φ is a scalar potential. The new magnetic field is then
corrected as

Bn+1
= B∗

−∇φ, (14)

so that by construction the divergence is now zero. This method
works very well in many applications. It suffers however from
two main issues: first, it is quite expensive as it requires to
solve for a Poisson equation. Another consequence is that the
correction is non-local: very localized divergence errors can
be instantaneously transported across the grid to enforce the
solenoidality condition. Second, the correction process modifies
the magnetic field, without modifying the total energy. As a
consequence, the resulting temperature can be modified, and the
entropy condition might be violated. An easy fix is to remove
the magnetic energy before the correction step and add the new
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magnetic energy after the correction, but the resulting scheme is
not conservative anymore.

The second popular method is the so-called 8-waves
formulation or Powell’s method (Powell et al., 1999). The idea
is to write more general ideal MHD equations allowing for the
presence of magnetic monopoles. This results in the following
non-conservative form

∂

∂t
(ρv)+∇ ·

(

ρv⊗ v+ PtotI−
1

4π
B⊗ B

)

= − (∇ · B)B+ ρg, (15)

∂Etot

∂t
+∇ ·

(

(Etot + Ptot) v−
1

4π
B(B · v)

)

= − (∇ · B)B · v+ ρg · v,

(16)
∂B

∂t
−∇ × (v× B) = − (∇ · B) v. (17)

This method proved very useful and robust for many
applications. It is still widely used in astrophysics nowadays.
The success of the method originates from the property that the
spurious ∇ ·B is advected away with the flow, using the so-called
eighth MHD wave, so that divergence errors do not accumulate.
There are however two problems: First, in stagnation points1, the
divergence errors will accumulate because the flow trajectories
are converging. Second, the scheme is not strictly conservative.
Shock waves lead to solutions that do not converge to the correct
conservation laws anymore.

A very elegant solution to the first problem was proposed
in Dedner et al. (2002) using the so-called hyperbolic-parabolic
divergence cleaning technique, also known as a Generalized
Lagrange Multiplier (GLM) formulation of the ideal MHD
equations, in short, Dedner’s scheme. The idea is to add a
ninth wave to the previous Powell’s modified MHD equations,
introducing the cleaning field ψ that satisfies

∂ψ

∂t
+ v · ∇ψ + c2h∇ · B = −

ψ

τ
, (18)

and is used as a source term in the induction equation.

∂B

∂t
−∇ × (v× B) = −∇ψ . (19)

In the first equation, ch is the divergence wave speed and τ
is the divergence damping time scale. The latter is chosen
equal to (or larger than) the fast magnetosonic wave speed,
while the former is usually equal to (or larger than) the fast
magnetosonic cell crossing time. At first sight, this new nine
waves scheme can be seen as a combination of advection and
damping of divergence errors, thus a clever combination of
the projection method and the Powell’s scheme. As shown
recently by Derigs et al. (2017), it is in fact much more than
that: this new divergence field ψ allows to restore the entropy

1Stagnation points are regions where the flow is brought to rest in the frame of the

system under study.More generally, even if the velocity does not vanish, stagnation

points are regions in the flow where the streamlines are converging and the flow

becomes compressive.

condition, as this field can be interpreted as a divergence
cleaning energy which stores temporarily the magnetic energy
lost during the damping step. It is also conservative in a
general sense, but still violates the Rankine-Hugoniot shock
relations locally.

In parallel, accurate and stable MHD solvers have been the
topics of many studies in the SPH framework. Probably because
of its strict Galilean invariance, early SPH MHD solvers were
quite oscillatory (see e.g., Dolag et al., 1999). Truncation errors
associated to the non-zero divergence cannot be damped by
numerical diffusion as they are advected away, as in the case
of grid-based codes. Many regularization techniques have been
proposed to provide stable SPH solvers for the ideal MHD
equations: using the vector potential (e.g., Kotarba et al., 2009)
or using artificial diffusivity (Price and Monaghan, 2005; Dolag
and Stasyszyn, 2009). Interestingly, the work of Price and
Monaghan (2005) was based on exploring various divergence
cleaning methods used in grid-based codes for SPH. The authors
concluded that this works in most cases, but in difficult cases,
such as supersonic turbulent flows, this can lead to spurious
effects, such as the violation of the entropy condition or wrong
shock relations. More worrysome, these authors noticed that
divergence cleaning can lead to an increase of the local magnetic
energy, a price to pay to redistribute the truncation errors in
the divergence. This results in spurious dynamo effects. Recently,
however, Tricco and Price (2012) revisited the Dedner’s scheme
for SPH and found a formulation that guarantees that divergence
cleaning leads to a decrease of the magnetic energy and an
increase of the entropy, in the spirit of Derigs et al. (2017) for
grid-based codes.

In light of these rather complex developments of divergence
cleaning methods, the constrained transport (CT) approach we
have introduced already seems quite appealing. Note however
that this approach requires to have well defined cell-interfaces,
which is not necessarily the case for SPH or the recently
developed moving-mesh AREPO code (Springel, 2010). The CT
scheme, introduced for astrophysical fluid flows by Evans and
Hawley (1988) and used in the ZEUS-2D code (Stone et al.,
1992b), features the nice property that the divergence of the
magnetic field, defined in integral form as the net magnetic flux
across the 6 faces of each cell, will always remain constant, So if
it is initially zero, it will remain equal to zero within numerical
round-off errors. This however requires to define the electric
field on the cell edges, and this is the main difficulty of this
approach (see Figure 1). Indeed, in the Godunov methodology,
fluxes, defined at cell faces, are computed as the solution to
the Riemann problem of the two neighboring cells meeting at
their common cell interface. For the electric field, defined at
cell edges, 4 neighboring cells meet and in order to properly
upwind the electric field, we need to solve a two-dimensional
Riemann problem, a rather daunting task (see Teyssier et al., 2006,
for a discussion). Several solutions have been found to design
2D MHD Riemann solvers (Londrillo and del Zanna, 2004;
Balsara et al., 2014), and this has been the main characteristic of
several simulations codes with proper upwinding of both fluxes
and electric fields, using the CT scheme within the Godunov
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FIGURE 1 | Schematic showing the geometry of a Cartesian cell in the

Constrained Transport approach. The finite volume cell is shown as a gray

cube. It is labeled i, j, k. The magnetic field components are defined

perpendicular to the faces of the cube. The are shown in red, only in the

rightermost face in all three directions. The electric field components are

defined on the cell edges. They are shown in blue and only in one face for sake

of simplicity.

methodology (Londrillo and del Zanna, 2004; Fromang et al.,
2006; Stone et al., 2008; Li et al., 2012; Mocz et al., 2014a).

2.4. Minimizing Numerical Errors: Higher
Order vs. Mesh Refinement
When performing self-gravitating magnetized fluid simulations,
it is of primary importance to quantify and understand numerical
errors. These errors are often called truncation errors because
they arise as leading order terms in the Taylor expansion of
the adopted discrete numerical method. Usually, this Taylor
expansion leads to the so-called modified equation, which
encodes how the original ideal MHD equations have been
transformed into a new set of equations with additional terms
coming from the truncation errors. For first-order schemes, these
terms are identical to a diffusion process, and are therefore
called numerical viscosity or numerical diffusivity. In SPH,
quite often, these terms are added explicitly to the equations
as artificial viscosity and artificial diffusivity, while for grid-
based Godunov solvers, these terms are only implicitly present,
through this Taylor expansion of the discrete scheme. In both
cases, however, these diffusion processes control how shock
heating and magnetic reconnection proceed in the solution.
They play a fundamental role in preserving the entropy
condition, and in regulating the flow close to the grid scale.
Unfortunately, many complex MHD processes, such as the small
scale dynamo (Brandenburg and Subramanian, 2005) or the
magneto-rotational instability (Balbus andHawley, 1991) depend
crucially on the so-called Prandtl number (Fromang et al., 2007;
Federrath et al., 2014a), which is the ratio of the real magnetic
diffusivity to the viscosity. In most case, this ratio is always close

to 1 if one uses the numerical Prandtl number (Fromang et al.,
2007; Federrath et al., 2011b), while in nature, it can vary widely.
It is therefore crucial to adopt in some cases explicit viscosity
and diffusivity coefficients and model the flow including these
non-ideal processes (Fromang et al., 2007; Federrath, 2016).

As explained in the next section, in order to model these
non-ideal effects, it is crucial to control and minimize the
numerical diffusion as much as possible. There are two possible
strategies to achieve this: refine the grid or increase the order
of accuracy of the method. The first approach leads to the
so-called Adaptive Mesh Refinement method, a very popular
and successful technique in the context of star and galaxy
formation. Popular AMR codes are available to the star formation
community, such as RAMSES (Teyssier, 2002; Fromang et al.,
2006), ORION (Klein, 1999; Krumholz et al., 2007b), ENZO
(Bryan et al., 2014), or FLASH (Fryxell et al., 2000). Other codes,
that used to be only unigrid, now propose an adapted grid or an
adaptive grid extension, such as PLUTO (Mignone et al., 2007)
and ATHENA (Stone et al., 2008). In all these codes, cells are
adaptively refined according to various refinement criteria. In the
context of star formation, the most popular approach is to always
resolve the local Jeans length with 4 cells or more, the so-called
Truelove criterion (Truelove et al., 1997)

If λJ =
cs

√

4πGρ
< 41xℓ then refine to level ℓ+ 1. (20)

This corresponds to a level-dependent density threshold that
triggers new refinements. SPHmethods are Lagrangian in nature,
so they cannot refine as much as grid-based codes. Usually,
much more SPH particles are needed in the initial conditions to
reach a certain target Jeans mass, corresponding to the maximum
resolution level of the corresponding AMR simulation. Particle
splitting is an interesting alternative to classical SPH but is still
under development (Kitsionas and Whitworth, 2002; Chiaki and
Yoshida, 2015), the difficulty being to handle sharp transitions in
particle mass and its interaction with the smoothing kernel. Note
that if similar resolution requirements are met, AMR and SPH
methods largely agree on the quantitative predictions on how
the collapse proceeds (Commerçon et al., 2008). For magnetized
flows, the Jeans length-based refinement strategy has to be more
conservative, of the order of 30 cells per Jeans length, in order
to capture properly the magnetic field amplification in collapsing
cores (Sur et al., 2010; Federrath et al., 2011c; Turk et al., 2012).

A difficulty arises when one uses AMR for Constrained
Transport. In this case, it is mandatory to be able to interpolate
the magnetic field from the coarser level to the finer level and
still satisfy the divergence-free condition. For this, divergence
preserving interpolation schemes have been developed (Balsara,
2001; Tóth and Roe, 2002) and play an important role in the
viability of the CT approach in the context of AMR.

To reduce truncation errors, the other option is to use higher
order schemes. The solution inside each cell is not piecewise
constant as in the traditional first-order Godunov method, but
it is reconstructed using high-order polynomials of degree p as

ρ(x) =
∑

i=0,p

αiψi(x). (21)
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The ψi(x) are usually an orthonormal basis of polynomials of
degree at most p. The coefficients αi are computed using two
different philosophies. The first option, the WENO approach
computes the coefficients αi at each time step using neighboring
cells. The higher the polynomial degree, the more neighbors
must be included in the stencil of the method (Jiang and
Wu, 1999; Boscheri and Dumbser, 2014). The second option,
the Discontinuous Galerkin (DG) approach, considers that the
αi are new variables, defined for each MHD variables, and
updated using a projection of the ideal MHD equation onto
the polynomial basis (Li and Xu, 2012; Mocz et al., 2014b;
Klingenberg et al., 2017; Guillet et al., 2018). In the WENO
case, one needs to access neighboring but possibly distant cells
to compute the αi, while in the DG case, one needs to store
permanently the αi and solve for their evolution at each time step.
Note that other high-ordermethods are also being developed that
do not strictly correspond to neither WENO nor DG (Felker and
Stone, 2018).

In the context of high-order methods, the divergence free
condition is particularly challenging. One can either implement
high-order version of one of the above mentioned divergence
cleaning techniques (Derigs et al., 2016), or one can try to
preserve the divergence-free constraint within the method. The
second approach could be seen as a generalization of the CT
scheme to higher order. The key ingredients are: 1- the use of
a divergence-free polynomial basis for the magnetic field (Li and
Shu, 2005; Guillet et al., 2018), 2- enforcing the continuity of the
normal field across cells boundaries (Li and Xu, 2012). Although
some very promising solutions have been found recently, this is
still a very active field of research. Interestingly, the traditional
CT scheme with face-centered magnetic field variables can
be re-interpreted as a DG scheme where each magnetic field
component is piecewise-linear and continuous in the normal
direction and piecewise constant in the transverse direction, so
that two cell-centered coefficients are required (instead of one)
for each field component.

3. NON-IDEAL MHD: NUMERICAL
TECHNIQUES

3.1. Equations and Basic Concepts
Star formation takes place in molecular clouds, which are made
of a mixture of dust and gas, implying dust and gas collisions,
and both constituents are far from being fully ionized. In the
previous section, we presented the work done in the ideal
MHD framework, which do not appear to be well suited to the
ionization state in collapsing cores, in particular at the onset
of disk formation. Recent works have emphasized the imperfect
coupling of the dust and gas mixture with the magnetic fields
at the transition between the envelop and the disk in collapsing
cores (see the review by Wurster and Li, 2018 for the work
done in the context of protostellar disk formation) and a lot of
effort has been devoted over the past 10 years to include the
so called non-ideal effects: the ambipolar diffusion, the Ohmic
diffusion, and the Hall effect. The ambipolar diffusion is the
common name to describe the interaction between neutrals and

charged particles. It can be seen as a friction term, it enables the
neutral field to respond to the magnetic forces, via collisions with
charged particles. The Ohmic diffusion results from the collision
of electrons with the neutrals. Last, the Hall effect is due to the
drift between the positively and negatively charged species. As
shown in Marchand et al. (2016) and Tsukamoto et al. (2015a),
all these three terms can be dominant over the others at different
scales within the envelop of collapsing dense cores. For a classical
dust size distribution (Mathis et al., 1977), Marchand et al. (2016)
find that amipolar diffusion and the Hall effect dominate at
densities < 1012 cm−3 and that Ohmic diffusion is the stronger
resistive effect at higher densities.

The exact scale and density at which these resistive effects
become dominant over the other dynamical processes depend
on the chemistry, the ionization intensity and the dust grain
size distribution (Zhao et al., 2016, 2018a; Zhao et al., 2018b;
Dzyurkevich et al., 2017). Hennebelle et al. (2016) have shown
that ambipolar diffusion regulates the flow dynamics over the
other dynamical processes (induction, rotation and free-fall) at
scale of a few 10s AU, which sets the initial size of protostellar
disks. In addition, Masson et al. (2016) have shown that scales of
a few 10s AU exhibit magnetic Reynolds numbers less than unity
(see also Tomida et al., 2013; Tomida et al., 2015; Vaytet et al.,
2018 for studies including the Ohmic diffusion). Recently, Koga
et al. (2019) performed a similar analysis considering the Hall
effect only and found coherent results as for ambipolar diffusion.

Before we describe the numerical implementation for the
three aforementioned resistive effects, let us recall the main
equations and define the necessary quantities. Ideally, the system
should account for the different behavior of the neutrals, as well
as negatively and positively charged particles. Among them the
different constituents that participate to the ionization balance,
we have neutral (molecule, atoms, dust grains), ions (molecular
and atomic), electrons, and charged dust grains. The latter can be
positively or negatively charged, and can hold multiple charges
(Draine and Sutin, 1987). Most current works follow a one-fluid
approximation to describe the evolution of this complex mixture,
where the Ohm’s law accounts for the non-ideal effects with some
assumptions. In the following, we focus on the work done in the
single and two-fluid approximations. We review briefly the work
done toward a multi-fluid treatment of the charged and neutral
particles in section 3.6.

In the low ionization limit, each kind of charged particle is
scarce, so that the pressure terms, the gravity, and the inertia
term can be neglected in their momentum evolution equation in
comparison to the Lorentz force and the frictional force exerted
by the neutrals. The generalized Ohm’s law reads

ENIMHD = v× B− η�J−
ηH

||B||
J× B+

ηAD

||B||2
J× B× B, (22)

where J = ∇ × B is the current, η�, ηH, and ηAD are the
Ohmic, Hall, and ambipolar resistivities, respectively (in units of
cm2 s−1), and v is the velocity of the neutrals. The notation ||B||

represents the norm of the magnetic field vector B. The electric
field is then replaced in Equation (7). It is worth noticing that all
the resistive terms lead to parabolic partial differential equations
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to discretise. We note that only the Ohmic term can lead to
reconnection here. It can be rewritten as a Laplacian operator
η�1J, whereas the two others cannot. The ambipolar diffusion
and the Hall effect can be assimilated to drift velocities of the
magnetic fields with respect to the neutral speed v. The total
energy equation has to be modified accordingly, to account for
the heating resulting from the friction terms, i.e., the ambipolar
diffusion and the Ohmic diffusion

∂Etot

∂t
+∇ ·

(

(Etot + Ptot) v−
1

4π
B(B · v)

)

= ρg · v+ η�||J||
2
+ ηAD

||J× B||2

||B||2
.

(23)

We refer readers to Shu et al. (1987), Nakano et al. (2002),
and Balbus (2009) for more details on the derivation of the
generalized Ohm’s law in the one-fluid approximation. In the
context of star formation, where a huge dynamical range has to
be considered, the estimate of the resistivities is challenging. It
requires to know the ionization state of the gas and dust mixture.
The coupled chemistry of gas and dust has to be considered,
which involves a huge variety of physical processes: gas phase
and gas-dust chemistry, cosmic ray ionization, UV radiation,
(in-)elastic collisions, grain growth. This domain remains the
subject of intense research works that we do not detail in
this review. We refer readers to section 4.0.1 in the review by
Wurster and Li (2018) for a scan of the works that tackle the
resistivity calculations.

Ambipolar diffusion and Ohmic diffusion were the first to
be considered in star formation applications. Indeed, these two
terms do not introduce new MHD waves in the system (they do
not change the spectral properties of the hyberpoblic system), so
that they do not require heavy modifications of the MHD solver.
The induction equation integration is most of the time splitted
in two steps: first the ideal MHD and second the resistive terms.
If an energy equation is considered, the heating terms due to
resistive effect in Equation (23) are integrated as source terms in
most numerical implementations.

3.2. Ohmic Diffusion
The Ohmic diffusion is perhaps the simplest resistive term
to introduce because of its diffusive nature, similar to the
introduction of artificial viscosity and artificial resistivity to
prevent any numerical artifact due to numerical diffusion.
Assuming a constant resistivity, the Ohmic term can be rewritten
as a Laplacian (which preserves the solenoidal constraint),
leading to the following stability condition

1t� =

1x2

η�
. (24)

It corresponds to the stability condition required in numerical
schemes integrating parabolic equations such as the heat
equation with an explicit scheme.

Numerous implementations for the Ohmic diffusion have
been developed in the past 10 years, in all different kind of codes.
Masson et al. (2012) present a fully explicit implementation
in the AMR code RAMSES, where they update the emf to

account for the resistive terms and then use the CT scheme
as for ideal MHD. Because of the restrictive stability condition
for the resistive term which can be smaller that the MHD
one, some authors considered schemes that enable to relax
the time step constraint. For SPH, Bonafede et al. (2011)
implemented Ohmic diffusion with a constant resistivity in
GADGET following the method used for artificial dissipation
(e.g., Price and Monaghan, 2005; Dolag and Stasyszyn, 2009).
Tomida et al. (2013) implemented an explicit scheme in a nested-
grid code following the implementation of Matsumoto (2011) in
the AMR code SFUMATO. They adopt the Super-Time-Stepping
(STS) algorithm proposed by Alexiades et al. (1996) to accelerate
the integration of the diffusion term and to relax the stringent
explicit CFL condition. The STS consists in a discretisation as
a classical explicit scheme, which does not require to satisfy
the stability in every step but after a series of integration cycles
which are made of NSTS sub-timesteps 1tSTS which are based
on Chebyshev polynomials to guarantee the stability conditions

over the super-timestep 1ttot =

∑NSTS
1 1tSTS. We also note

the work of Mignone et al. (2007) and O’Sullivan and Downes
(2006) where Ohmic diffusion is also integrated using the STS
technique. Similarly, Tsukamoto et al. (2013) proposes a SPH
discretisation of Ohmic dissipation using STS. Wurster et al.
(2016) and Price et al. (2017) (in the PHANTOM code) use
similar implementations on different SPH codes. Last, Marinacci
et al. (2018) propose two implementations in AREPO: one
using Powell divergence cleaning and another using CT. Both
implementations can be integrated using an explicit or implicit
scheme. Almost all the implementations mentioned so far for
the Ohm diffusion are combined with ambipolar diffusion
(see below).

Apart from resistive MHD, the STS technique is becoming
increasingly popular in the computational astrophysics
community to accelerate parabolic timestepping advancements
in the context of radiation hydrodynamics with the FLD
(Commerçon et al., 2011) and anisotropic diffusion (Meyer et al.,
2012; Vaidya et al., 2017).

3.3. Ambipolar Diffusion
Ambipolar diffusion is not as straightforward to include since the
associated term in the induction equation can not be rewritten
as a Laplacian (Brandenburg and Zweibel, 1994). For the diffuse
ISM, the drift between ions and neutrals is the effect of the
ambipolar diffusion, that can be written as a friction force

Fin = ρiρnγAD(v− vi), (25)

where ρi (resp. vi) and ρn (v) are the mass density (resp. velocity)
of ions and neutrals, and γAD is the collisional coupling constant,
with γAD ∼ 3× 1013 cm3 s−1 g−1 in ISM mixture (Draine et al.,
1983). In the one-fluid and strong coupling limit, the inertia of
ions is neglected, as well as the pressure and gravitational forces
(the ionization degree is very low). As a consequence, the Lorentz
force equals the drag force so that the ion drift velocity is

vd ≡ vi − v =
1

ρiρnγAD
(∇ × B)× B. (26)
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The induction equation thus reads

∂B

∂t
= ∇×[vi×B] = ∇×

[

v× B+

1

ρiρnγAD
(∇ × B)× B× B

]

.

(27)
From Equation (22), we have ηAD = ||B||2/ρiρnγAD. In the
dense ISM, the heavy charged particles are ions and charged
dust grains, and the expression of the resistivity is more complex
(Marchand et al., 2016). In the two-fluid approximation, the ion
inertia is not neglected and the system of equation accounts for
both the ions and the neutrals momenta equation.

The first implementation of ambipolar diffusion in a grid
code was presented in Black and Scott (1982) using a two-fluid
approximation. They integrated the induction equation using the
ion velocity and treated the collision between neutrals and ions
as a friction force in the momenta equations. Mac Low et al.
(1995) present a first 3D implementation of one-fluid ambipolar
diffusion in the ZEUS code using a fully explicit scheme as well
as CT. They propose to subcycle the magnetic fields evolution
in the case when ambipolar diffusion timestep is much shorter
than the dynamical one. The first SPH implementation can be
found in Hosking and Whitworth (2004), where they used a
two-fluid approximation, but their scheme did not preserve the
solenoidal constraint. Duffin and Pudritz (2008) present a one-
fluid implementation in the FLASH code using Powell’s method
(Powell et al., 1999). Masson et al. (2012) also implemented
a one-fluid scheme for ambipolar diffusion in RAMSES with
the same philosophy as for the Ohmic diffusion. A similar
implementation using CT, operator splitting, and STS in the
ATHENA code can be found in Bai and Stone (2011) and Chen
and Ostriker (2014). Last, Wurster et al. (2014) propose a one-
fluid implementation for SPH codes, which they implemented
with success in PHANTOM.

Other one-fluid implementations in the strong coupling
approximation can be found in Padoan et al. (2000) in a 3D
explicit, finite difference grid code, Choi et al. (2009) in the
MHD TVD code using a flux-interpolated CT scheme (Ryu
et al., 1998; Balsara and Spicer, 1999), Christie et al. (2017) in
the ENZO’s Dedner MHD solver. Oishi and Mac Low (2006)
and Li et al. (2006) present two simultaneous but independent
implementations in the ZEUS code of a two-fluid solver in the
heavy ion approximation.

For star formation applications, most of these methods are
usually second-order accurate and at best second-order accurate
in time (with a few exceptions though e.g., Meyer et al., 2014).
Clearly, further work needs to be done to improve the accuracy
of resistive MHD solvers. Alongside, multi-fluid approaches are
also needed to account for more detailed physics (see section 3.6).

3.4. Hall Effect
The last resistive effect that has been implemented in star
formation models is becoming increasingly popular. The Hall
effect originates from the drift between ions and electrons, or,
more generally the positively and negatively charged particles.
The derivation of the generalized Ohm law (22) is not as
straightforward as in the case of ambipolar diffusion only. We
shall consider the momentum equations of ions and electrons,

accounting for the Lorentz force as well as collisions between
ions, electrons, and neutrals. If we restrict the resistive effects to
the Hall effect only, the induction equation reads

∂B

∂t
= ∇×

[

v× B−

ηH

||B||
J× B

]

= ∇×

[

(v+ vH)× B
]

, (28)

where we introduce the “Hall speed” vH =

ηH
||B|| J. Contrary to the

two previous resistive terms, the Hall effect introduces new waves
in the MHD systems: the whistler waves. The dispersion relation
for whistler waves reads (Balbus and Terquem, 2001)

ω = ±

ηHk
2

2
+

√

(

ηHk2

2

)2

+ k2c2A. (29)

The whistler waves are dispersive, the phase speed cw = ω/k
depends on the wavenumber k and tends to infinity as the
wavenumber tends to infinity. Since any discrete formulation
cannot extend to infinity, a numerical solver cannot follow
the whistler waves with very high frequencies. In practice, the
whistler wave speed is chosen to be the one at the grid scale

cw =

∣

∣

∣

ηHπ

21x

∣

∣

∣
+

√

(ηHπ

21x

)2
+ c2A. (30)

The time step is then constrained as

1t ≤
1x

cw
≈

1x2

ηH
. (31)

The first way to implement the Hall effect is to use an operator
split method, similarly to the Ohm and ambipolar diffusion. A
pioneer implementation is presented in Sano and Stone (2002) in
a second-order Godunov finite-difference code (Miyama et al.,
1999), in the local shearing box framework. They use the CT
method to update the induction equation with emf computed
with the Hall term. The method has been implemented in 3D
in ZEUS in Krasnopolsky et al. (2011). Falle (2003) presents
an implicit scheme for multi-fluid MHD which alleviates the
stringent time step conditions, where the time step goes to zero as
the strength of the Hall effect increases. O’Sullivan and Downes
(2006) designed a Hall Diffusion Scheme (HDS) in an explicit
3D code for multi-fluid MHD. They split the Hall diffusion in
two parts, where the first part uses the STS time integration
up to a critical value of the Hall resistivity (i.e., to satisfy the
stability condition), and the second part, the HDS, diffuses the
excess Hall resistivity with a different discretisation scheme. The
balance between the ambipolar diffusion and the Hall resistivity
determines the excess Hall resistivity. The HDS integrates the
induction equation for the excess Hall using a dimensional
splitting which is explicit for the first dimension, i.e., the x
component Bn+1

x of the magnetic fields is given by Bny and Bnz at

time n, explicit-implicit for the second dimension, Bn+1
y is given

by Bn+1
x and Bnz , and finally implicit for third dimension, Bn+1

z is
given by Bn+1

x and Bn+1
y . Both STS and HDS can be subcycled to

reach the time step limit given by the hyperbolic system. TheHDS
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scheme has been also implemented in ATHENA by Bai (2014)
using CT.

An alternative for finite volume methods is to include the Hall
effect into the conservative integration scheme. Tóth et al. (2008)
proposed a first implementation in the AMR code BATSRUS
(Tóth et al., 2006). It uses block-adaptive grids with both
explicit and implicit time discretisation, and various methods
to control numerical errors in ∇ · B (8-waves scheme with
diffusion, projection scheme). They achieve spatial second-order
convergence by using symmetric slope limiters (likemonotonized
central) instead of asymmetric limiters (like minmod). In
addition, they show that the first-order Lax-Friedrich Riemann
solver is inconsistent for the Hall MHD equations. This comes
from the fact that the whistler wave speed is proportional to
the grid spacing, which makes a one order loss in space in the
truncation errors of the scheme. The same applies for MUSCL
schemes and asymmetric slope limiters which are only first-order
accurate. Lesur et al. (2014) built upon Tóth et al. (2008) a
Hall MHD solver in PLUTO for protoplanetary disc evolution
studies. They implement a HLL solver to estimate the flux and
then update the magnetic fields using CT. When written in a
conservative form, the Hall induction equation reads

∂B

∂t
−∇ ·

[

vB− Bv−
ηH

||B||
(JB− BJ)

]

= 0. (32)

The current J = ∇ × B involves spatial derivatives of the
magnetic fields, so that the flux depends on the conserved
quantities, and on its derivative. This leads to a ill-defined
Riemann problem. Lesur et al. (2014) solved this issue by
assuming that J is an external parameter, which is computed at
the cell interfaces using the predicted states. The left and right
fluxes take this unique value as an input, with the predicted
B. The Godunov fluxes are then computed using a whistler-
modifiedHLL solver, which accounts for the whistler waves speed
(30) in the characteristics speeds.

Last, Marchand et al. (2018) recently extended the Lesur et al.
(2014) implementation to the CT scheme of RAMSES, which uses
2D Riemann solver to integrate the induction equation. They
designed a 2D whistler-modified HLL solver to estimate the emf
on cell border, assuming a uniform current in the 2D Riemann
solver, again computed from the predicted states.

In SPH codes, the Hall effect has been implemented and used
with success for star formation applications in Wurster et al.
(2016), Tsukamoto et al. (2017), and Price et al. (2017). The
standard method is based on an operator splitting and either a
full explicit or a STS scheme based on the implementation for
ambipolar diffusion (Wurster et al., 2014).

To date, only (Krasnopolsky et al., 2011; Wurster et al.,
2016; Tsukamoto et al., 2017; Marchand et al., 2018) applied
their methods for protostellar collapse. While the SPH methods
seem to lead to a relatively accurate conservation of the angular
momentum, the grid-based methods using CT are suffering from
severe non-conservation of the angular momentum. The origin
of this non-conservation is unclear. Krasnopolsky et al. (2011)
invoked Alfvén waves going out of the simulation volume, while
Marchand et al. (2018) did not find evidence of this. Instead, they

propose that the non-conservation takes place after the accretion
shock formation. Shocks indeed generate strong gradients and
thus large Hall velocities. Further investigation is clearly needed
to cope with this fundamental issue.

3.5. Full Resistive Implementation
Currently, a handful of 3D codes benefit of a full implementation
of the three resistive terms: PLUTO (Lesur et al., 2014), ATHENA
(Bai, 2014), RAMSES (Masson et al., 2012;Marchand et al., 2018),
the SPH code by Tsukamoto et al. (2017), PHANTOM (Price
et al., 2017), ZeusTW (Li et al., 2011), and GIZMO (Hopkins,
2017). A very recent full implementation for solar physics can
be found in González-Morales et al. (2018) in the MANCHA3D
grid code. It combines STS for ambipolar and ohmic diffusion,
and HDS for the Hall effect.

Currently, the ATHENA, PLUTO, RAMSES, and ZeusTW
implementations rely on CT algorithms for the resistive MHD
equations integration. All other works use divergence cleaning
algorithms. Given the variety of the methods developed in the
literature, a quantitative comparison (in standard tests as well
as in star formation applications) of all these implementations
would be welcome in the coming years.

Last but not least, it is not clear which non-ideal process
dominates over the others. The physical conditions in star-
forming regions are so wide that there is room for regions where
all three effects dominate. In addition, every effect needs to
be tested and quantified before any conclusions on the relative
importance of each of these effects (see the review by Wurster
and Li, 2018).

3.6. Multifluid Approach
Multifluid approaches are designed to describe multiphase or
multifluid flows. In the context of star formation, different
fluids or phases are at stack: neutrals, ions, electrons, and dust
grains. A few attempts have been made to describe all or a
part of these components using multi-fluid approach. In this
section, we consider only the approaches which do account for
N momentum equations, where N is the number of phases or
fluids. For instance, a popular two-fluid framework considers
ions and neutrals and describes the friction between these two
fluids, i.e., the ambipolar diffusion. Toth (1994) presented a first
2D implementation of two-fluid ions and neutrals dynamics,
which is based on a flux-corrected transport finite difference
method. Inoue and Inutsuka (2008) propose an unconditionally
stable numerical method to solve the coupling between two
fluids ions-neutrals (frictional forces/heatings, ionization, and
recombination, Draine, 1986) for an ISM gas subject to the
thermal instability. They split time integration as follows: 1/ the
ideal hydrodynamical part for neutrals, 2/ the ideal MHD part for
ions. The first part is integrated using a second-order Godunov
scheme. The ideal MHD part is solved in two steps, similarly to
what is done for one-fluid ideal MHD solvers, i.e., Stone et al.
(1992b): the magnetic pressure terms are solved using a second-
order Godunov method, and the magnetic tension term and the
induction equation are solved using the method of characteristics
for Alfvèn waves with the CT algorithm. Tilley and Balsara
(2008) present a semi-implicit method for two-fluid ion-neutral
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ambipolar drift in the RIEMANN code (Balsara, 2001, 2004).
Their scheme is second-order accurate in space and time and uses
a mixed implicit-explicit formulation to deal with strong friction
regimes. Pinto et al. (2008) consider a system composed of three
fluids: positively-charged particles, negatively-charged particles,
and neutrals. The charged particles include ions, electrons, as well
as charged dust grains, depending on the main charge carrier.
The self-consistent set of equations they designed remains to be
implemented in 3D codes.

Last but not least, a complete multi-fluid approach should
include dust grains dynamics on top of the neutrals, ions,
and electrons. Falle (2003) presented a scheme for multi-fluid
hydrodynamics in the limit of small mass densities of the charged
particles, i.e., where the inertia of the charged particles are
neglected. This is a similar to the heavy ion approximation but
for neutrals, ions, electrons, and dust grains of various sizes. The
HD equations are first integrated for the neutrals using a second-
order Godunov scheme, and then the induction equation and the
charged species velocities are updated using an implicit scheme.
This scheme captures the three non-ideal effects and can deal
with regime where the Hall effect dominates.We note that similar
approaches were introduced in Ciolek and Roberge (2002) and
O’Sullivan and Downes (2006).

The most complete work on multi-fluid designed for star
formation was presented in Kunz and Mouschovias (2009).
They considered a six-fluid set of equations (neutrals, electrons,
molecular and atomic ions, positively charged, negatively
charged, and neutral grains) and implemented it in a 2D version
of the radiation-MHD ZEUS-MP code (Hayes et al., 2006). They
modified theMHD solver to account for non-ideal effects (Ohmic
dissipation and ambipolar diffusion). The abundances of the
6 species are calculated using a reduced chemical-equilibrium
network. They applied their methods to protostellar collapse in
Kunz and Mouschovias (2010). Unfortunately, the CPU cost of
such a complete set of physics is prohibitive for 3D models, and
no work has taken over since this first application.

3.7. What Is Next? Dust and Gas Mixture
Dynamics
Currently, numerous studies report on the effect of non-ideal
MHD in the star formation process. The wide majority of these
works use the single-fluid approximation, assuming furthermore
that the dust grains are perfectly coupled to the gas via collisions.
Nevertheless, dust grains are observed to cover a wide range of
sizes, from nanometer to micrometer in the ISM (Mathis et al.,
1977) and even millimeter in protostellar disks environments
(Chiang et al., 2012). Generally, it assumes that dust grains of
different sizes coexist and follow a power-law dust distribution.
Grains react to changes in the gas velocity via a drag force. For a
given dust grain of massmg, the force is

Fdrag = −

mg

ts
(vg − v), (33)

where vg is the dust grain velocity, v the gas velocity, and ts
the stopping time, i.e., the characteristic decay timescale for the
dust grain velocity relative to the gas. In star forming regions,

the mean free path of the gas molecules is larger than the dust
particles radius and the stopping time depends linearly on the
dust grain size ts ∼ s (Epstein, 1924). The Stokes number St ≡
ts/tdyn characterizes the coupling of the dust grain relative to the
gas, where well coupled dust grains follow St < 1. tdyn represents
a characteristic dynamical time, e.g., the eddy turbulent crossing
time for molecular clouds or the orbital time for prostostellar
discs. The Stokes number thus depends on the dust grain size so
that part of the dust grains of a given dust size distribution will be
coupled to the gas and the other part will be decoupled.

Several implementations of dust and gas mixtures have been
developed in the literature to deal with the various Stokes regime.
For St > 1, the bi-fluid formalism seems to be the most adapted
(e.g., Bai and Stone, 2010; Laibe and Price, 2012; Meheut et al.,
2012; Lorén-Aguilar and Bate, 2014; Booth et al., 2015). However,
bi-fluid algorithms encounter sever limitations in the strong drag
regime (small stopping time) (Laibe and Price, 2012), where
prohibitive spatial and time discretisations may be required. In
recent years, Laibe and Price (2014a) proposed a monofluid
formalism for the dust and gas mixture which is well adapted
to regimes with St ≤ 1. This monofluid formalism has been
implemented with success in SPH and grid-based codes in the
past 5 years (Laibe and Price, 2014b; Lebreuilly et al., 2019).
Last, Price and Laibe (2015), Lin and Youdin (2017) present
methods for simulating the dynamics of small grains with only
one additional equation on the dust concentration on top of
the Euler equations. These last methods have been recently
implemented with success in PHANTOM (Price et al., 2017),
as well as in PLUTO (Chen and Lin, 2018) and in RAMSES
(Lebreuilly et al., 2019).

Recent works have emphasized the possible decoupling of
micrometer dust grains in molecular clouds (Hopkins and
Lee, 2016; Tricco et al., 2017) as well as of millimeter grains
in collapsing dense cores (Bate and Lorén-Aguilar, 2017, see
Figure 2). This decoupling is at the origin of a dynamical sorting
which changes the dust size distribution. Other mechanisms
may also affect the size distribution: coagulation, fragmentation,
sublimation, etc. Further work should investigate the relative
importance of each of these processes on the dust size
distribution. In addition, the shape of the dust size distribution
plays a critical role in the calculations of the resistivity as
well as of the opacity. We can anticipate that coupled dust
and gas dynamics will consider the evolution of the dust size
distribution, coupled to non-ideal MHD and RHD algorithms.
Last but not least, all current works on this field only account
for the hydrodynamical (the pressure gradient) and gravitational
forces. Adding the dynamics of charged dust grains is the natural
next step.

4. RADIATIVE TRANSFER: NUMERICAL
TECHNIQUES

4.1. A Poor’s Man Approach: The
Polytropic Equation of State
Radiative transfer plays a fundamental role in star formation and
cannot be ignored, even for a review on magnetic fields. The
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FIGURE 2 | SPH calculations of dust dynamics during the collapse of a 1 M
⊙

dense core. The left column shows the gas column density (edge-on view) and from left

to right, the three other columns show the dust column density for dust grain sizes of 10 µm, 100 µm, and 1 mm. Large dust grains decouple from the gas and settle

in the mid-plane faster into a large dusty disc with larger dust-to-gas ratio than in the envelop. Figure adapted from Bate and Lorén-Aguilar (2017) with permission

from the authors.

importance of radiation fields is 2-fold. First, when the molecular
cores collapse and reach a high enough density, the dust opacity
becomes large enough to absorb the cooling radiation and the
gas becomes optically thick. The traditional value for the dust
opacity is

κdust ≃ 0.1 cm2/g at T ≃ 10K. (34)

Requiring that the Jeans length of the gas becomes optically thick
to infrared radiation leads to

ρκdustλJ > 1 or ρ > ρcrit =
G

πκ2
dust

c2s
≃ 10−14 g/cm3. (35)

Many MHD simulations use this critical density to define a
polytropic equation of state of the form

T(ρ) = 10K

(

1+

(

ρ

ρcrit

)2/3
)

, (36)

to capture the transition from an optically thin, isothermal
gas at low density to an optically thick, adiabatic gas at high
density. Although this simplified approach is very useful for
many already expensive simulations of collapse of turbulent
clouds, this does not model properly the physics of radiative
transfer (e.g., Commerçon et al., 2010). More importantly, once
protostars have formed, higher energy radiation will emerge from
the accretion shocks on the surface of the protostars, or from

the main sequence stars after they ignited nuclear reactions.
This high energy radiation in the optical or UV bands will then
interact with the parent cloud, providing radiation feedback and
influence the formation of the next generation of stars (Krumholz
et al., 2007a; Myers et al., 2013). In conclusion, radiation plays a
central role during the formation and the evolution of the first
Larson core (see section 5), but later on acts as a self-regulating
mechanism for star formation.

4.2. Ray Tracing and Long Characteristic
Methods
The radiative transfer equation written in full generality using the
radiation specific intensity Iν(x,n, t)

1

c

∂

∂t
Iν + n · ∇Iν = jν − ανIν . (37)

where jν is the emission coefficient and αν is the absorption
coefficient. Note that the radiative transfer equation is written
here in the laboratory frame. The absorption and emission
coefficients are however defined in the comoving frame. Properly
introducing the relativistic corrections to the radiative transfer
equation and its various moments is a very important aspect of
the problem we will only briefly touch upon in this review.

The most natural numerical technique to solve the radiative
transfer equation is ray-tracing. The idea is to shoot a discrete set
of light rays from a point source, solving the previous equation
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along the path of the light ray using the curvilinear coordinate
s defined as ds = cdt. The equation of radiative transfer can be
written as a Lagrangian time derivative following the trajectory of
the photons as

d

ds
Iν = jν − ανIν . (38)

The light ray is discretised along its path, matching the
underlying gas distribution, whether it is a grid or a set of SPH
particles. The difficulty is then to choose the appropriate number
of rays, so that the angular distribution of the radiation field is
properly sampled, but also so that enough light rays intersect the
gas elements. In Abel and Wandelt (2002), an adaptive method
was proposed, that splits ormerges light rays adaptively, using the
Healpix tessellation to sample the sphere. This method was first
developed for the ENZO code (Wise and Abel, 2011) and used
with success to describe photo-ionization regions at the Epoch of
Reionization (Wise et al., 2012), as well as in turbulent molecular
clouds (Shima et al., 2017). A similar scheme based on theMonte-
Carlo approach has been developed for SPH in Altay et al. (2008)
and Pawlik and Schaye (2008).

A similar approach is provided by the long characteristics
method. This method can describe light rays emanating from a
single point source like the ray-tracing method, but also diffuse
radiation by adopting for each direction a set of parallel rays
whose spacing matches the local grid resolution. This method
has been implemented in the FLASH AMR code by Rijkhorst
et al. (2006), with however an important addition we will discuss
later. Diffuse radiation using long characteristics was included
later by Buntemeyer et al. (2016) in the FLASH code, with
an emphasis of describing both the optically thin and optically
thick regimes. These methods exploit the particular property of
the AMR implementations of FLASH and ENZO, namely large
rectangular patches of various sizes and resolution. The long
characteristic method has been developed for the graded octree
AMR code RAMSES only recently by Frostholm et al. (2018).

4.3. Monte Carlo and Short Characteristic
Methods
Although long characteristics offer the advantage of solving
the exact attenuation along light rays, an especially accurate
approach for point sources, they are tricky to parallelise
because light rays propagate over multiple MPI domains. An
alternative technique is the short characteristics method, for
which light rays as short as the hydrodynamics cell size are
considered. The radiation intensity from neighboring light rays is
interpolated between neighboring cells, avoiding the use of long
characteristics. Rijkhorst et al. (2006) use an hybrid long- and
short-characteristics method in the FLASH code to overcome the
difficulty to parallelise the long characteristics method. The short
characteristic method also offers better scaling properties. The
short characteristics method has also been used in the ATHENA
code to solve the stationary radiative transfer equation by Davis
et al. (2012) and in the C2-ray code for ionization problems
(Mellema et al., 2006).

A third method which shares with the two previous ones
the property of being accurate and able to capture complex

radiation geometry is the Monte Carlo method. The Monte
Carlo approach samples the radiation field with photon packets
carrying information such as angle of propagation and frequency.
This is as close as one can be from true photons propagating
in the fluid and allows for complex scattering processes to
be included in the models (Ercolano et al., 2003; Altay et al.,
2008; Harries, 2011; Roth and Kasen, 2015). The method can be
however quite expensive, as large particle numbers are required
to avoid that the Poisson noise dominates the computed signal.
In the diffusion limit, the mean free path becomes much smaller
than the length scale of the system and the number of interactions
becomes prohibitively large: It scales as the square of the optical
depth (Nayakshin et al., 2009). It has also been mostly developed
for stationary problems but many codes able to deal with non-
stationary problems are now emerging (Nayakshin et al., 2009;
Harries, 2011; Lomax and Whitworth, 2016).

4.4. Two Moments Methods
The common aspect in these three methods is that they can
be quite expensive. This is probably not true for the short
characteristics method, although the number of angular domains
adopted plays a role in the final accuracy of the solution,
and affects the cost. An alternative approach, called moment-
based radiative transfer, can potentially solve this cost problem
by integrating the radiative transfer equation over the angles.
We obtain the radiation energy and the radiation momentum
equation as

∂

∂t
Eν +∇ · Fν = 4π jν − ανcEν , (39)

1

c

∂

∂t
Fν + c∇ · Pν = −ανFν , (40)

where Eν is the radiation energy, Fν is the radiation flux and
P = DEν is the radiation pressure tensor and D is the Eddington
tensor. For slowly varying spectral absorption and emission
coefficients, for which one has

ν
∂αν

∂ν
≪ αν and ν

∂ jν

∂ν
≪ jν , (41)

one can write relativistic correction to first order in (v/c) as

αν(n) = α0ν − (n · v/c)α0ν , (42)

jν(n) = j0ν + 2(n · v/c)j0ν , (43)

where superscript 0 refers to quantities measured in the
comoving frame (see Mihalas and Klein, 1982; Mihalas and
Mihalas, 1984; Krumholz et al., 2007b, for a detailed discussion).
Injecting this in the radiative transfer equation and taking the
moments over the angles leads to new terms accounting for the
relativistic corrections

∂

∂t
Eν +∇ · Fν = 4π j0ν − α

0
νcEν + α

0
νFν ·

v

c
, (44)

1

c

∂

∂t
Fν + c∇ · Pν = −α0νFν + α

0
νP v+ 4π j0ν

v

c
. (45)
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Since Eν and Fν are still expressed in the laboratory frame but
α0ν and j0ν are expressed in the comoving frame, these equations
are often called mixed frame radiation moments equations. We
can also Lorentz-transform the radiation moments from the
laboratory frame to the comoving frame, which gives, to first
order in (v/c)

E0ν = Eν −
2

c
Fν ·

v

c
, (46)

F0ν = Fν − Eνv− P v. (47)

Injecting these relations only in the right-hand side of the
moments equations and neglecting all (v/c) terms gives the
simpler form

∂

∂t
Eν +∇ · Fν =

(

4π j0ν − α
0
νcE

0
ν

)

− α0νF
0
ν ·

v

c
, (48)

1

c

∂

∂t
Fν + c∇ · Pν = −α0νF

0
ν +

(

4π j0ν − α
0
νcE

0
ν

) v

c
, (49)

where all right-hand side terms are now expressed in the
comoving frame. In practice, after the radiation transport step,
encoded in the left-hand side, one then converts the laboratory
frame radiation variables into the comoving frame and solve
the thermo-chemistry encoded in the right-hand side in the
comoving frame. Local thermodynamical equilibrium conditions
can then be reached in the comoving frame, eventually reaching
the diffusion limit (see below). At the end of the thermo-
chemistry step, one finally converts back the radiation variables
into the laboratory frame before entering the next transport step
(see Rosdahl and Teyssier, 2015, for a detailed implementation).

These equations are quite handy because of their simplicity:
We have no angular dependence anymore. There is a catch
however, since everything depends on the Eddington tensor,
for which we have no equation at this order of the moment’s
hierarchy. At this point, two different strategies have been
explored in the star formation literature: (1) compute an accurate
Eddington tensor by solving exactly the stationary radiative
transfer equation using one of the methods presented above
(short or long characteristics, ray-tracing or Monte Carlo), (2)
compute an approximate form of the Eddington tensor based on
a particular closure of the moment’s hierarchy.

The first approach is often referred to a the Variable
Eddington Tensor (VET) method. In Gnedin and Abel (2001),
the authors developed a moment-based solver coupled to a
cosmological hydrodynamics code, calledOptically Thin Variable
Eddington Tensor or OTVET. A similar technique has also
been implemented for the SPH code GADGET (Petkova and
Springel, 2011). The idea is to solve the stationary radiative
transfer equation in the full domain assuming an optically thin
medium, so that the problem boils down to a collection of 1/r2

sources combined together. This can be achieved efficiently using
any gravity solver. Once the corresponding Eddington tensor
is computed, the moments equations are solved using a finite
difference scheme. In Jiang et al. (2012), on the other hand,
the authors developed a moment-based solver for the ATHENA
MHD code, using VET together with the short characteristic

method of Davis et al. (2012) to compute the Eddington tensor.
Obviously, this leads to significantly more accurate results in
optically thicker environments. An intermediate solution has
been implemented in the TreeCol code (Clark et al., 2012), for
which a gravity tree code is used to collect column densities
between particles.

The second approach relies on simple but approximatemodels
for the Eddington tensor. The simplest one, called M0, assumes
the Eddington tensor is isotropic, with

M0 closure : D =

1

3
I, (50)

as it is the case for example in the diffusion limit (see below). A
slightly more elaborate model is called the M1 closure (Dubroca
and Feugeas, 1999; Ripoll et al., 2001). It assumes that the
radiation intensity can be fitted by a Lorentz-boosted Planckian
distribution, in other words an ellipse in angular space. The
parameters of this distribution are determined by matching the
radiation energy and the radiation flux. This leads to

M1 closure : D =

1− χ

2
I+

3χ − 1

2
n⊗ n. (51)

This closure captures the optically thick regime, but also optically
thin conditions, in case there is one dominant source of radiation.
Indeed, in this case, one gets the free-streaming regime for
radiation with D ≃ n ⊗ n. The unit vector n and the parameter
χ are determined using the radiation energy and the radiation
flux as

n =

Fν

|Fν |
, χ(f ) =

3+ 4f 2

5+ 2
√

4− 3f 2
, f =

|Fν |

cEν
(52)

A particularly interesting property of the M1 model is that
it leads to a system of hyperbolic conservation laws, that can
be numerically integrated using Godunov schemes. The M1
model has also some major caveats, such as radiation shocks, in
case multiple strong sources are present, or incorrect radiation
geometry, in case of sharp shadows. This model was introduced
for the first time in astrophysics by González et al. (2007) in the
HERACLES code. It was then adapted to cosmic reionization by
Aubert and Teyssier (2008) in the ATON code, and ported to
GPU into the RAMSES-CUDATON code (Aubert and Teyssier,
2010), used now routinely for simulations of the Epoch of
Reionization (EoR) (e.g., Ocvirk et al., 2016). Later on, the M1
method has been ported to the AMR code RAMSES, leading
to the design of the RAMSES-RT solver (Rosdahl et al., 2013;
Rosdahl and Teyssier, 2015). The M1 method has also been
ported to ATHENA by Skinner and Ostriker (2013) and recently
to AREPO by Kannan et al. (2018), the latter based on a new
higher-order implementation of the M1 closure.

4.5. Flux-Limited Diffusion Methods
A definitive advantage of moment-based radiative transfer
methods is the possibility to model both optically thin and
optically thick regimes. For optically thick conditions, the
radiation field follows the diffusion limit of the radiative transfer
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equation. In that limit, the radiation field in the comoving frame
is quasi-isotropic, so that D ≃

1
3 I and the radiation flux can be

approximated by

F0ν ≃ −

c

3α0ν
∇E0ν . (53)

Since now the flux in the comoving frame is a direct function of
the energy density in the comoving frame, we do not need the
radiation flux equation anymore and we are left with only the
radiation energy equation. The Lorentz transform can be written
to leading order as

Eν ≃ E0ν (54)

Fν ≃ −

c

3α0ν
∇E0ν +

4

3
E0νv. (55)

Injecting these into the radiation energy equation leads to a fully
covariant formulation in the diffusion limit

∂

∂t
E0ν +∇ ·

(

4

3
E0νv

)

−∇ ·

(

c

3α0ν
∇E0ν

)

=

(

4π j0ν − α
0
νcE

0
ν

)

+

1

3
∇E0ν · v, (56)

which can be written in the familiar form

∂

∂t
E0ν+∇·

(

E0νv
)

+

1

3
E0ν∇·v = ∇·

(

c

3α0ν
∇E0ν

)

+

(

4π j0ν − α
0
νcE

0
ν

)

.

(57)
This is the radiation energy equation in the diffusion limit using
only comoving radiation variables. If one wants to extend this
equation outside its validity range (high optical depth), then one
can use Flux Limited Diffusion (FLD), for which the flux function
is modified as

F0ν ≃ −

cλ(R)

α0ν
∇E0ν and R =

∣

∣

∇E0ν
∣

∣

α0νE
0
ν

, (58)

where λ(R) is the flux limiter, a function that has to connect the
diffusion limit with λ ≃ 1/3 for R ≃ 0 to the free-streaming
regime where λ ≃ 1/R for R → +∞. A possible form for the
flux limiter has been proposed by Minerbo (1978) and reads

λ =

2

3+
√

9+ 12R2
for 0 ≤ R ≤

3

2
, (59)

λ =

1

1+ R+

√

1+ 2R2
for

3

2
≤ R ≤ +∞. (60)

while the Levermore (1984) flux limiter reads

λ =

1

R

(

cothR−

1

R

)

(61)

Historically, FLD has been the first method implemented in
radiation hydrodynamics codes. Here again, the ZEUS 2D code
was a precursor (Stone et al., 1992a). For AMR, the ORION
code was developed specifically for FLD in collapsing star
forming core by Krumholz et al. (2007b), using the mixed frame
formulation outlined above or in Mihalas and Klein (1982). A

version of the RAMSES code with FLD was developed later
by Commerçon et al. (2011), with a particular emphasis on
adaptive time stepping together with implicit time integration
described in Commercon et al. (2014). Because of its simplicity,
FLD has been used for many detailed studies of gravitational
collapse with the effect of radiation included. The current
frontier for FLD is probably the multigroup treatment of
radiation, allowing for more accurate models of the full spectral
energy distribution (Shestakov and Offner, 2008; Zhang et al.,
2013; González et al., 2015). In the context of multifrequency
radiative transfer, hybrid solutions have also been proposed, with
ray-tracing techniques dedicated to the high-energy radiation
field, and FLD for the infrared, dust-absorbed radiation field
(Kuiper et al., 2010b; Klassen et al., 2014).

FLD has also been developed for SPH by Whitehouse and
Bate (2004), Whitehouse et al. (2005), and Mayer et al. (2007),
where most of the difference with the many grid-based versions
lies in the radiation energy gradient that uses the SPH kernel. A
simplified version based on a local estimate of the column density
has also been proposed by Stamatellos et al. (2007) which avoids
entirely the need for an implicit radiation solver. Thismethod can
be considered as an intermediate solution between the polytropic
equation of state that we introduced at the beginning of this
section and FLD. The main caveat here is the complete lack
of any proper transport mechanism for radiation. In a similar
spirit, Dale et al. (2007) also developed an approximate method
for ionizing radiation, with Stromgren sphere iteratively grown
around each star to locate photo-ionized, photo-heated gas.

5. SECOND COLLAPSE

From first principles, the ultimate goal of star formation is the
formation of the protostar itself. The major difficulty sits in the
huge dynamical range in physical and temporal scales that have
to be described: protostars with radii of about 1 R

⊙
form within

dense cores of sizes ≃ 0.1 pc. So there are two ways to deal
with protostars in star formation. The first one is to try to follow
the collapse down to the stellar scales with the best numerical
model accounting for the complex physical processes at stack
combined with a very high numerical resolution at a cost of very
short horizon of predictability. The second is the opposite: the
physics and numerical resolutions are degraded, but the models
are integrated over longer dynamical timescales to study the
impact of protostellar feedback on the ISM dynamics. In the next
three sections, we review the work that has been done using these
two approaches, as well as attempts to account for protostellar
evolution in large-scale models.

5.1. Historical Work and 1D Studies
Contemporary numerical star formation studies started in the
late 60s with the outstanding pioneering work of Larson
(1969) who first computed numerically the collapse of a dense
core down to the formation of the protostar. He used a
1D spherically symmetric model, accounting for coupled gas
dynamics and radiative transfer in a modified Eulerian scheme.
Larson identified two distinct stages during the protostellar
collapse, called the first and the second collapse. Each of these
two stages are followed by the formation of a hydrostatic object,
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commonly referred to as the first and second Larson cores in post
(Larson, 1969) studies. Larson’s work established an empirical
evolutionary sequence as follows. Dense cores first collapse
isothermally because dust thermal emission is very efficient at
radiating away the gas compression energy (dust and gas are
thermally coupled within dense cores, see for instance Galli et al.,
2002). The first collapse stops at densities of the order of ≃
10−13 g cm−3 at which dust grains become opaque to their own
radiation so that the gas begins to heat up quasi-adiabatically.
This is the formation of the first Larson core. The first collapse
lasts roughly a free-fall time. The first core accretes matter and
its temperature increases up about 2000K where H2 dissociation
starts. This endothermic reaction enables the gas to behave as a
fluid with an effective polytropic index smaller than the critical
value 4/3 for collapse. The second collapse thus starts at typical
densities of ≃ 10−8 g cm−3 until stellar densities are reached
within ≃ 100 yr to form the second core, i.e., the protostar. The
typical properties of first Larson cores at the start of the second
collapse are a size ≃ 10 AU, a mass ≃ 0.01 M

⊙
, and a lifetime

≃ 1000 yr. We note that first Larson cores are predicted by
theoretical and numerical studies, but there is no observational
confirmation of such objects even though a few sources are
considered as good candidates (Tsitali et al., 2013; Gerin et al.,
2015; Maureira et al., 2017).

Since Larson’s work numerous 1D calculations using spherical
symmetry have been conducted. We note the work in the
80s by Stahler et al. (1980) and Winkler and Newman (1980)
in which Larson predictions were confirmed to establish the
current empirical evolution sequence of collapsing low-mass
dense cores. This evolutionary picture is still currently the
commonly admitted scenario for low-mass star formation. For
massive star formation, recent work indicates that first cores
may not have time to form because of the large accretion rates
(Bhandare et al., 2018). Note that in the reminder of the section
dedicated to second collapse, we mention only the work which
is consistent with the Larson evolutionary picture, i.e., where
the gas thermal and chemical budgets are taken into account,
and we do not mention the work that has been done using an
isothermal approximation.

Modern studies began with the calculations performed in
Masunaga and Inutsuka (2000) who incorporated a more
accurate radiation transport scheme as well as a realistic gas
equation of state which accounts for H2 dissociation. Masunaga
and Inutsuka (2000) integrated theirmodels throughout the Class
0 and Class I phases up to an age of 1.3 × 105 yr. Nowadays,
1D models are still used either as a first step toward describing
more accurately the physics of the protostellar collapse, e.g., with
multigroup radiative transfer (Vaytet et al., 2013, 2014) or with a
view to provide quantitative predictions for the first and second
Larson core properties (Vaytet and Haugbølle, 2017; Bhandare
et al., 2018). These models are not pushed in time as far as the
ones by Masunaga and Inutsuka (2000).

5.2. From 1D to 3D
Pioneered studies acknowledged up front that 1D spherical
models were limited because the effect of rotation, turbulence,
and magnetic fields cannot be taken into account. Three decades

after Larson work, the first 3D numerical simulation able to
describe the formation of the protostar was performed by Bate
(1998) using SPH. The model accounted for initial rotation,
but magnetic fields were neglected and radiative transfer was
crudely mimicked by a piecewise polytropic equation of state. It
is worth to notice at this point that grid-based codes took some
time to reproduce (Bate, 1998) results for almost one decade.
SPH is indeed naturally well-suited to collapse problems thanks
to its Lagrangian nature while innovative techniques, such as
AMR and nested grids, were not mature enough to capture the
entire dynamical range and to cover eight orders of magnitude in
physical length given the computer capabilities at that time. As
mentioned in the section 2, ideal MHD was introduced early in
protostellar collapse models using grid-based codes (e.g., Dorfi,
1982; Phillips and Monaghan, 1985). The first calculations of
second collapse incorporating magnetic fields were thus done
on a grid-based code by Tomisaka (2002) using a nested grid
with cylindrical coordinates assuming axisymmetry (Tomisaka
and Bregman, 1993). Tomisaka (2002) code solved the ideal
MHD equations using a second-order “monotonic scheme” (van
Leer, 1977; Winkler and Norman, 1986), a constrained transport
scheme for the induction equation (Evans and Hawley, 1988), as
well as an angular momentum preserving scheme. To capture
the huge range in spatial scales, Tomisaka (2002) used up to
16 levels of refinement. He found that two different types of
outflows were launched at the first and second cores scales.
He suggested that the second core outflow corresponds to the
optical jets observed in young stellar objects (YSOs), while the
first core outflow corresponds to the molecular bipolar outflow.
The first full 3D MHD models were presented in Machida et al.
(2006) using nested grid with Cartesian coordinates and 21
levels of refinement. They compared the results obtained with
resistive (Ohmic diffusion) and ideal MHD. They confirmed the
results of Tomisaka (2002) even with non-ideal MHD included.
After Machida et al. (2006) work, the numerical challenge of
forming a protostar in 3D with MHD was faced, but the
horizon of predictability remained very short since they had
to stop their calculations 20 days after the protostar formation
because of extremely small timesteps resulting from the high
velocity of the jet propagating from the finest level. Banerjee
and Pudritz (2006) also performed 3D collapse calculations
down to stellar scales, using ideal MHD as well as molecular
cooling, and they confirmed the results of Tomisaka (2002) and
Machida et al. (2006).

All the multidimensional studies we mentioned so far
were done assuming a piecewise polytropic equation of state
to mimic the thermal behavior of the gas throughout the
evolutionary sequence. Such barotropic equation of states are
parameterized using the results of 1D spherical symmetry
simulations previously mentioned, so that they cannot account
for multidimensional effects such as the optical depth drop in
the vertical direction that allows efficient cooling of the nascent
protostellar disks and thus leads to incorrect results for the
fragmentation (e.g., Boss et al., 2000; Commerçon et al., 2010;
Tomida et al., 2010). The next level of complexity is to add a
more accurate model for the thermal balance of the gas and
dust mixture, i.e., to model radiative transfer (see section 4). The
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addition of a more accurate model for radiation transport can
be crudely resumed to an additional heating/cooling term in the
gas internal energy equation due tomatter/radiation interactions.
For the models which are restricted to the first collapse and first
core formation, i.e., for temperatures less than ≃ 2000 K, the
addition is conceptually straightforward for the gas evolution
equations. An usual ideal gas equation of state can be used,
with the only modification on the adiabatic index γ which
varies with the temperature. At low temperature (T . 150 K),
the H2 molecule behaves like a monoatomic gas (γ = 5/3)
because only the vibrational degrees of freedom are excited. At
higher temperature, the rotational degrees start to be excited
and the adiabatic index decreases to γ = 7/5. Accounting
for this non-constant adiabatic index is important regarding
the fragmentation properties (Commerçon et al., 2010) and the
first core properties (Tomida et al., 2010; Lee and Hennebelle,
2018b). The driver of the second collapse is the endothermic
dissociation of the H2 molecule, which modifies considerably
the gas equation of state. Currently, there are two ways to
integrate non-ideal EOS in second collapse calculations. The
first one is to compute on-the-fly the thermodynamic quantities
from equilibrium chemical abundances and to use an ideal
gas equation of state, including the effects of dissociation and
ionization, to compute the gas pressure and the internal energy
(Black and Bodenheimer, 1975). Most of the second-collapse
including RHD are done with this approximation (Masunaga and
Inutsuka, 2000; Whitehouse and Bate, 2006; Stamatellos et al.,
2007; Forgan et al., 2009; Tomida et al., 2013; Bhandare et al.,
2018). The second one consists in using tabulated EOS table
coming from detailed studies to account for non-ideal effects
(e.g., ionization by pressure, interaction between particles) which
are important at high density/pressure (Saumon et al., 1995).
Saumon et al. (1995) EOS is used in the work by Vaytet et al.
(2013), Vaytet et al. (2014), Vaytet and Haugbølle (2017), and
Vaytet et al. (2018), and also in the SPH public code PHANTOM
(Price et al., 2017). We note that these developments imply that
the dependency of the specific heat capacity as a function of
the physical conditions has to be taken into account. Caution
should thus be taken within the radiation solvers which are
often integrated using implicit schemes. The most common
and simple way to deal with it is to compute a heat capacity-
like factor, ˜CV ≡ e/T where e is the gas internal energy
density, which is kept constant in the radiation solve. Readers
can refer to Tomida et al. (2013) for a detailed implementation.
Unfortunately, details on the numerical implementations are
usually not reported in the literature. The first full 3D RHD
calculations of the second collapse of an initial 1 M

⊙
dense core

were performed by Whitehouse and Bate (2006) using the FLD
approximation in a SPH code, followed by Stamatellos et al.
(2007) who used a local radiative cooling approximation and
SPH. Bate (2010) extended the work of Whitehouse and Bate
(2006) beyond the formation of the stellar core for about 50 yr,
using 3 × 106 equal-mass SPH particles to satisfy the Bate and
Burkert (1997) mass resolution criterion throughout the entire
collapse. Interestingly, there is to date no 3D RHD calculations of
the second collapse, i.e., without magnetic field, performed with
a grid-based code.

Last but not least, it has been demonstrated in Commerçon
et al. (2010) that the interplay between magnetic fields and
radiative transfer is of primary importance for the thermal
budget of the collapsing gas and of the first and second core
accretion shocks (Commerçon et al., 2011a; Vaytet et al., 2012;
Vaytet et al., 2013, 2018). The infall velocity is indeed greatly
modified in the presence of magnetic fields which tends to
focus the collapsing gas on a smaller area compared to the
case without magnetic fields (Commerçon et al., 2011b; Myers
et al., 2013). Themagnetic brakingmechanism transports angular
momentum from the inner parts of the collapsing cloud to the
envelop. As a consequence, the infall velocity increases along
with the incident kinetic energy, which then modifies the thermal
budget through the accretion shocks. The next step in the
increasing complexity is to perform full 3D RMHD calculations.
The first SPH RMHD calculations of protostellar core formation
were performed in Bate et al. (2014), extending their previous
work to idealMHD. Tomida et al. (2013) and Tomida et al. (2015)
performed the first 3D full RMHD calculations using a grid-based
code, extending the work of Machida et al. (2006) to account
for radiative transfer with the FLD approximation, as well as
the Ohmic dissipation and the ambipolar diffusion. They used a
finite-volume nested-grid code with standard MUSCL predictor-
corrector scheme to achieve second-order accuracy.More details
on Tomida et al. (2015) implementation for non-ideal MHD
are given in section 3. For the implicit radiation update, they
used a linear system solver with a combination of the BiCGStab
solver and the incomplete LU decomposition preconditionner.
Tomida et al. (2013) used a nested-grid constructed to ensure
that the Jeans length is always resolved by at least 16 cells, with
typical spatial resolution at the maximum level of refinement
of 1x ≃ 6.6 × 10−5 AU (23 levels). When this resolution
condition cannot be satisfied, they stopped the calculations. This
is particularly the case when discs form and grow with time
to spread over different level of refinements. As a consequence,
they cannot follow the second collapse in their model with
ambipolar diffusion since a large disc is formed. More flexible
refinement techniques, such as AMR or SPH are thus required to
continue the calculations with a reasonable numerical resolution.
Currently, the state-of-the-art includes 3D RMHD calculations
with resistive effects, done with both SPH (Tsukamoto et al.,
2015b; Wurster et al., 2018) and AMR (Vaytet et al., 2018). The
typical resolution in SPH calculations currently achievable with
limited CPU resources is of 3× 106 equal-mass particles per M

⊙
.

In AMR, Vaytet et al. (2018) used a coarse grid of 643 with 21
additional levels of refinement, and a refinement criterion of 32
points per Jeans length. While the SPH calculations are able to
integrate the three non-ideal effects (Wurster et al., 2018) down to
stellar scales, there is no AMR work describing the Hall effect in
second collapse calculations (Vaytet et al., 2018 accounts for the
ambipolar diffusion and the Ohmic diffusion). The calculations
by Wurster et al. (2018) were integrated 17 yr after the stellar
core formation, while Vaytet et al. (2018) could only integrate
for 24 days. Beside the major achievement which represents the
formation of a protostar on a computer, we must admit that these
kind of studies are not yet capable to give long term predictability.
In addition, the CPU time required to integrate full 3D RMHD
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models is relatively big. Clearly, second collapse study cannot be
done on a frame covering a large parameter space. In addition,
even at the first core scale, the integration timestep becomes
so short in the adiabatic fragments that long time evolution
calculations becomes prohibitive. In that view, the sink particles
are a good alternative to reach a long horizon of predictability
and to cover a wide parameter space.

6. SINK PARTICLES

Sink particles are Lagrangian particles, and can accrete matter
as well as angular momentum in order to ensure mass and
angular momentum conservation. Sink particles should not be
confounded with sink cells which are usually introduced in grid-
based codes which use a spherical grid to deal with the singularity
in the center (e.g., Boss and Black, 1982; Kuiper et al., 2010a; Li
et al., 2011). The differences between sink particles and sink cells
are discussed in section 6.4. Sink particles are often erroneously
referred as protostars or stars in the literature whereas the
resolution at which they are introduced is generally much larger
than the stellar scales, typically 1−10AU for collapse calculations,
and a few 100 AU for cluster formation and ISM evolution
calculations. Multiple systems (small clusters, binaries), as well
as systems made of a disk around a star can thus be encompassed
within a single sink particle depending on the resolution.

6.1. Standard Implementations
Sink particles were introduced in star formation calculations
by Bate et al. (1995) to enable long time integration to study
the fragmentation of collapsing clouds. Sink particles were
introduced to mimic the second collapse and the protostars
at scales that could not be reached in numerical simulations.
They are treated as accreting non-collisional point masses and
enable one to follow the evolution through the main accretion
phase, with a view to compare with observations of clusters
in which most of the gas has been accreted. Their original
implementation was done in a SPH code, with three main parts
in the algorithm: (i) sink particle creation, (ii) sink particle
accretion, (iii) boundary conditions for sink particles. A SPH
gaseous particle is tagged for sink particle creation if its density
exceeds a specific density threshold (defined by the user) and
satisfied a number of tests. First, the smoothing length of the
SPH particle that is a candidate for sink particle creation has
to be less than half the accretion radius racc of the sink particle.
This ensures that the sink particle is formed from at least Nneigh.
racc is defined before the calculations start and remains fixed. Its
value is chosen by the user depending on the required level of
resolution. It sets the smallest scale that can be resolved in the
calculations. The knowledge of the flow within racc is lost and the
gas is assumed to collapse beyond this scale to form protostars.
Then, a series of tests is performed on the system composed of
the particle and its neighbors to decide if it should create a sink
particle. The tests ensure that the gas particles would continue to
collapse if the sink particle was not created. First, the ratios α and
β of the thermal energy and rotational energy to the gravitational

energy must satisfy

α ≤ 1/2;α + β ≤ 1. (62)

Additionally, the total energy must be negative, and finally, the
system must be contracting (∇ · Ev < 0). If all the tests are
passed, a sink particle is formed from the system at the center
of mass. Initially, the sink particle has thus a mass of ∼ Nneigh

times the standard SPH particle mass. Afterwards, sink particles
interact only with the gas particles via gravity. The sink particle
is allowed to accrete mass at each integration timestep if a gas
particle enters racc and passes several criteria: the particle must
be the most bound to the sink particle (and not to another
more distant but more massive sink particle), and the particle
must have a moderate specific angular momentum. When a gas
particle is accreted, its mass and linear momentum are added
to the sink particle, as well as the angular momentum which
modifies the spin of the sink particle. The sink particle is moved
to the center of mass of the sink and the accreted gas particle.
Sink particles also contribute to the computation of the total
gravitational potential in the same way as standard gaseous
particles. Bate et al. (1995) pointed out that the introduction of
sink particles in SPH calculations may affect the gas outside the
accretion radius, in particular because there is a discontinuity
in the number of particles across the accretion radius. They
proposed different types of boundary conditions to account for
missing neighbors. Note that the use of boundary conditions
in modern sink particles implementation is not used anymore
thanks to the improvements that have been made, in particular
in the case of optically thick flows (e.g., Hubber et al., 2013).

Sink particles were introduced in Eulerian calculations for star
formation purposes by Krumholz et al. (2004) in the AMR code
ORION. They introduce a Jeans length criterion for sink creation,
based on the resolution study of Truelove et al. (1997). A sink
is created within a cell at the maximum level of refinement if
the density ρ exceeds the maximum Jeans density ρJ that can
be resolved

ρJ < J2
πc2s

G1x2min

, (63)

where J < 0.25 is the Jeans length resolution criterion, cs the gas
sound speed, and 1xmin the minimum cell size. The initial mass
of the sink is msink = (ρ − ρJ)1x3min. In Krumholz et al. (2004),
no additional checks are performed to validate the sink creation.
Their algorithm is coupled to a sink merging scheme based on
a friends-of-friends (FOF) algorithm to handle situations where
a block of contiguous cells create sink particles in a single time
step. The FOF is performed after each time step to group all
the sink particles (old and new), with a linking length equal
to racc. All the groups of sink particles found by the FOF are
then merged and replaced by a single particle at the center of
mass of the group. All the merged sink particles quantities (mass,
momentum, angular momentum) are also added conservatively
to the new sink particle. Krumholz et al. (2004) sink accretion
scheme was designed to handle situations where the flow onto
the sink particle is subsonic (which is analogous to the case
where boundary conditions have to be introduced in standard
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SPH implementation). They set the accretion rate using an
approximate formula from Bondi-Hoyle accretion which handles
also the regime where the flow is supersonic. The accretion rate
is estimated using average properties in the region within racc.
An important point in Krumholz et al. (2004) implementation is
the description of the accretion zone. The mass accreted by the
sink particle comes from all the cells in this accretion zone. Based
on their experiments, Krumholz et al. (2004) use a value of racc =
41x. In the case where the Bondi-Hoyle radius is smaller than the
accretion zone, it is incorrect to estimate the accretion rate from
all the cells in the entire accretion zone. Krumholz et al. (2004)
thus use an accretion kernel where each cell within racc is assigned
a weight from a Gaussian-like function. The kernel is used to
compute the average quantities to determine the mass accretion
rate. The mass to be accreted is redistributed within the accretion
zone onto virtual cloud particles (each cell in the accretion zone
is divided into 83 cloud particles). Additional checks can be then
performed to avoid to accrete gas that has for instance too much
angularmomentum to be gravitationally bound.When a parcel of
gas is accreted, it also transfers its linear and angular momentum
to the sink. An absolute mass cap is also used to limit to 25%
the amount of mass accreted from a unique cell in a single time
step. After accretion, the position of the sink particle is changed
in two steps according to its momentum after gas accretion and
through gravity. First the momentum is updated to account for
the gravitational interaction with the gas. The total force on a
sink particle is computed by a direct summation over all the cells
in the computational domain, except the ones in the accretion
zone. This method remains practicable as long as the number of
sink particles created remains limited. For the accretion zone, the
interaction is computed between the sink and the cloud particles
created during the accretion step. A Plummer law is used to
soften the gravitational interaction at short distance, i.e., Fgrav ∼

1/(r2 + ǫ2) where ǫ = 21xmin is the softening length. Second,
the acceleration due to particle-particle interaction is added to
the sink particle momentum using a Bulirsch-Stoer algorithm
with adaptive time step and error control. Note that the stability
of the temporal discretisation scheme required that the sink
particle velocity satisfies a CFL-like condition (vsink1t < C1x,
with C < 1).

Sink particles algorithms have been complemented in the
past 10 years to improve their versatility, in particular in
the transition between the sub- and super-sonic regimes.
All newer implementations have been built upon these two
pioneering works.

6.2. Contemporary Implementations
In all current implementations, the sink creation and accretion
are the most sensitive algorithms. Of course, the sink particles
can be introduced in the initial conditions. Otherwise, they are
created after the creation checks.

Each of the commonly used codes in star formation has its
own implementation of sink particles. For the grid-based codes,
we note the work of Wang et al. (2010) in the ENZO code, which
is very similar to Krumholz et al. (2004) but with a different
merging scheme which involves a maximum mass sink mass for
merging. Federrath et al. (2010) presented an implementation in

the AMR code FLASH, where the creation checks were similar to
the ones by Bate et al. (1995) for SPH with two additional checks:
the cell tagged for sink creation should be at the maximum
level of refinement, and it should sit in a local gravitational
potential minimum. They also account for magnetic energy in
the energy budget done in the check algorithm. The checks
are performed on a spherical region of radius racc around the
cell candidate for sink creation. Their scheme for accretion is
also different from the previous grid-based works. If a cell i
within racc exceeds the density threshold ρres for sink creation,
the mass increment 1M = (ρi − ρres)1x3i is considered for
accretion onto the sink particle. The mass increment has to be
gravitationally bound to the sink, and in the case of overlapping
sink particles, it is accreted to the most gravitationally bound
sink particle, the latter being moved to the center of mass of
the particle-gas configuration before the accretion step. They also
improve the treatment of the gas-sink gravitational interaction.
Similarly to Krumholz et al. (2004), the sink-sink interaction
is done by direct summation over all the sink particles. The
gravitational acceleration of the sink due to the gas is estimated
from the gravitational potential of the gas which is handled by
the Poisson solver of FLASH to handle the gas-gas interaction.
The acceleration is interpolated using a first-order cloud-in-cell
method for each sink particle. Last, the acceleration of the gas
due to the sink is done by a direct summation. Each sink particle
contributes to the acceleration of each cell in the computational
domain. The direct summations for the sink-sink and sink-gas
interactions requires a gravitational softening. Federrath et al.
(2010) use a cubic spline softening similar to what is used in
SPH, which is less aggressive within the softening length than a
simple Plummer profile. Federrath et al. (2011a) updated their
first implementation to ensure exact momentum conservation
using a direct summation between all cells and sink particles for
the gas-sink interaction as well.

In addition, Federrath et al. (2010) performed a quantitative
comparison between their implementation and the one by Bate
et al. (1995) by comparing the results of two star formation
calculations performed with FLASH and with a SPH code. They
find a good quantitative agreement which was quite encouraging
given the fundamental differences between SPH and AMR
sink implementations.

Hubber et al. (2013) presented an improved algorithm for
the sink particles in SPH, which can handle situations where
sinks are introduced after the gas has become adiabatic. They
propose a different combination of creation criteria which are
based on the studies we just mentioned: (i) density threshold,
(ii) no overlapping with another sink accretion volume, (iii) the
gaseous particle flagged for sink creation sits in a minimum of
gravitational potential (on a volume defined by its neighbors),
(iv) the gaseous particle is outside the Hill sphere of fragments
harboring another already formed sink.

Last, Bleuler and Teyssier (2014) presented an innovative sink
creation scheme based on a clump finder algorithm used on-the-
fly in the RAMSES code. The clump finder is performed in a
first step to identify peaks and their associated regions. Second,
the peaks are considered for sink creation. A virial theorem
type analysis is performed on the clumps, accounting for surface

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 18 July 2019 | Volume 6 | Article 51205

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Teyssier and Commerçon Numerical Methods in Star Formation

pressure as well as tidal forces. The virial check is passed if
the second derivative of the moment of inertia in the center
of mass frame is negative. Then a collapse check is performed,
which corresponds to the contraction check of Krumholz et al.
(2004) and Federrath et al. (2010), but adapted according to
the virial analysis. Last, the final check is a proximity check.
We also note that Bleuler and Teyssier (2014) offer also the
possibility to use the alternative sink creation and accretion
schemes reported in the literature. They provided an excellent
review of the different creation checks, accretion, sink merging
and trajectories schemes. In particular, they tested different
schemes to perform sink accretion: Bondi-Hoyle accretion, flux
accretion, and density threshold accretion. They show that all
methods give good results for spherical Bondi accretion (i.e.,
when the flow is supersonic). In the subsonic regime, only the
Bondi formula gives a correct accretion rate. They recommend
to automatically adapt the accretion scheme depending on the
surrounding flow properties.

A number of other sink particle implementations have been
reported in the literature that we cannot detail in this review.
We give in the following a non-exhaustive list, restricted to
the field of star formation. In SPH, sink particles have been
implemented in the codes GADGET (Jappsen et al., 2005),
DRAGON (Goodwin et al., 2004), and SEREN (Hubber et al.,
2011). For grid-based codes, sink particle are used in the uniform
grid code ATHENA by Gong and Ostriker (2013), in RAMSES
by Padoan and Nordlund (2011), and in the ORION2 code by
Lee et al. (2014). Last, Greif et al. (2011) also proposed a sink
particle algorithm within the AREPO moving-mesh code. Their
implementation is very similar to the one used in SPH codes. We
also note that sink particle merging is now widely used in most of
the implementations.

Twenty years after their introduction, sink particles remain a
sensible subject in the community. It is commonly accepted that
an accreting sink particle should have a minimal impact on the
collapsing gas around it. The easiest way to deal with it is to
create the sink particle during the (quasi-) isothermal phases of
the collapse (either the first or the second collapse), when the
gas velocity is supersonic. The perturbation created by the sink
particles on the gas dynamics cannot propagate since the CFL
timestep is limited by the supersonic motions. An example of
bad behaviors observed in protostellar collapse SPH calculations
using sink particles introduced in the vicinity of the first cores
can be found in appendix D of Commerçon et al. (2008). When
a barotropic law is used to mimic the gas thermal budget, a
simple method used to introduce sink particles in the vicinity
of hydrostatic object can be found in Price and Bate (2008).
They artificially change the gas equation of state to isothermal
at an arbitrary density (e.g., 10−11 g cm−3) and set the density
threshold for sink creation to a value of more than two orders of
magnitudes larger.

6.3. Sink Particles and Magnetic Fields
In the previous section, we did not discuss the sink particle
algorithms in the presence of magnetic fields. We try to describe
here some attempts done to provide a good description of MHD
flows for sink creation and accretion. Sink particles can of course

be introduced in MHD calculations, but the implementation is
not as straightforward as in the hydrodynamical case. While it
is relatively easy to accrete gas and momentum, magnetic flux
accretion cannot bypass the solenoidal constraint ∇ ·

EB = 0.
Price and Bate (2008) and Wang et al. (2010) performed star

formation calculations in turbulent and magnetized clouds, but
do not account for any contribution of the magnetic fields in
their sink algorithms. Federrath et al. (2010) have introduced
the magnetic energy in their negative total energy check for
sink creation, but not in the accretion scheme. Lee et al. (2014)
have extended the work of Krumholz et al. (2004) to deal with
magnetized flows. For sink creation, they follow the work of
Myers et al. (2013) who derived a magnetic Truelove criterion.
They derive simple steady state accretion rates as a function of
the plasma beta β and the Mach numberM.

In all implementations, gas is accreted by the sink particles
but not magnetic flux. It stays the gas in the surrounding of the
sink particles, and magnetic flux accumulates as collapse goes on.
While at scales of a few 10-100s AU this flux accumulation is
not problematic (Federrath and Klessen, 2012; Li et al., 2018),
it eventually leads to a magnetic explosion and magnetic flux
redistribution in the surrounding of the sink (Zhao et al., 2011)
due to the development of an interchange instability (Spruit and
Taam, 1990; Spruit et al., 1995; Li and McKee, 1996), which is
also observed in high resolution models without sink particles
and ideal MHD (Li et al., 2014; Masson et al., 2016). In addition,
since density stays roughly constant while magnetic intensity
increases in the sink accretion zone, the Alfvén speed increases
significantly, leading to non-physical accretion rates, as well
as short integration time steps. Lee et al. (2014) proposes to
cap the accretion rate at a maximum value corresponding to a
constant Alfvén speed after mass accretion. This trick tempers
the accumulation of magnetic flux as well.

In the recent years, resistive MHD calculations have shown
that all non-ideal effects leads to a decrease of the magnetic flux at
the first core scale.Magnetic fields decouple from the gas and dust
mixture dynamics. The magnetic flux does not accumulate at the
first core border, but rather at a larger distance which corresponds
to the radius at which non-ideal effects start to dominate
(Hennebelle et al., 2016; Masson et al., 2016). Matter is accreted
but leaves its associated magnetic flux outside the decoupling
region. Adding sink particles in restive MHD calculations with
resolution capable of resolving the decoupling region has not yet
been investigated in detail (Machida et al., 2009;Matsumoto et al.,
2017; Tomida et al., 2017), but one can foresee that introducing a
sink within the decoupling region should prevent magnetic flux
accumulation. It is expected that non-ideal MHD can alleviate
the conditions of interchange instability, but is then necessary
to resolve the decoupling scale, i.e., the disk. To date, the most
detailed study of sink particles introduction inMHD calculations
can be found in Machida et al. (2014).

6.4. Sink Particles vs. Sink Cells
A fundamental difference between sink cells and sink particles is
that sink cells are fixed in position and have physical boundaries.
There are pros and cons for the two methods, which we briefly
summarize in the following.
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First, the sink cell can be considered as a boundary in codes
using a spherical grid. In collapse calculations, a sink cell is most
often introduced as a passive boundary with zero gradients, or
also called outflow (Yorke et al., 2002; Kuiper et al., 2010a; Li
et al., 2011). The mass flux across the boundary is added to
the central point mass of the sink cell and used to compute
the gravitational acceleration. The sink cell enables one to make
more detailed models for the magnetic field configuration at
the boundary, as for instance in star-disk interaction studies
(e.g., Mellon and Li, 2008; Takasao et al., 2018). In principle, this
is a quite powerful numerical set-up to overstep the issue of time
integration after the second core formation. The current state-of-
the-art is not yet mature to design such numerical studies, but
this should certainly be the purpose of future works.

On the other hand, a major inconvenience of sink cells
resides in their fixed position in time, which forces the center
of mass to be equal to the geometrical center of the disk. As a
consequence, the development of non-axisymmetric azimuthal
low wave-number modes may be artificially damped, which alters
the development of eccentric gravitational instabilities (Adams
et al., 1989; Shu et al., 1990). This effect can be particularly
problematic in the case of young stellar objects with disks of mass
comparable to the stellar mass, Mdisk/Mstar > 1/3 (Krumholz
et al., 2007a; Kuiper et al., 2011; Sigalotti et al., 2018).

Last, the use of “outflow” boundary conditions for the mass
accretion on the sink cell is very different from the algorithms
we just presented for the sink particles. Machida et al. (2014)
have shown that applying similar criteria for the sink accretion
than the ones employed in studies with a sink cell (Li et al.,
2011) may lead to very different results, i.e., no disk formation,
compared to the same calculations done with a classical sink
particle algorithm, i.e., formation of a disk.

7. SUB-GRID MODELS FOR SINK
PARTICLES

Beyond the practical advantage of saving computational time,
the sink particle has been shown to be very useful in
works where (proto-)stellar feedback is considered. Similar to
cosmological and galactic evolution studies, the sub-grid models
can be associated to the sink particle evolution. We distinguish
two types of sub-grid physics, depending on the feedback
origin: radiative (luminosity, accretion shock, ionization), and
dynamical (jets/outflow, winds). In any case, the source terms
introduced by sub-grid physics are treated using operator
splitting schemes.

7.1. Radiative Feedback
The first class of sub-grid models were designed to account
for the radiative feedback of the nascent protostars. The
radiative feedback term includes the accretion, the internal,
and the ionization luminosities. When integrating over discrete
timesteps, the luminosity is an energy or radiative flux input.
Radiative feedback was introduced early in 2D models (e.g.,
Bodenheimer et al., 1990). They used a 2D axisymmetric
hydrodynamical code (Rozyczka, 1985), which was primarily

designed for stellar winds. Bodenheimer et al. (1990) used
the gray FLD approximation for the radiation transport.
They combined the evolution of their central zone, or sink
cell, with a pre-main sequence evolution model based on
Maclaurin spheroids in hydrostatic equilibrium. They computed
the structure of the protostar according to the central (ρ,T)
path tracks reported by Winkler and Newman (1980) from 1D
spherical calculations. The protostar mass M⋆ and equatorial
radius R⋆ were then used to compute the accretion luminosity
Lacc = 0.5GM⋆ ˙M/R⋆, where ˙M is the mass flux crossing the
inner boundary. Bodenheimer et al. (1990) further assumed that
the radiative energy input L1t was only due to the accretion
luminosity and that all the infall kinetic energy was converted
into radiation at the stellar core accretion shock. They found that
most of the energy that went for heating in the envelope comes
from this protostellar luminosity. Yorke and Bodenheimer (1999)
and Yorke et al. (2002) used a more sophisticated protostellar
evolution model which accounts for the intrinsic luminosity
of the protostar Lint. They realized that the central luminosity
evolution sets the thermal budget within the envelop, but could
not resolve the innermost regions of the star-disk system.
They designed a protostellar accretion luminosity model which
accounts for the luminosity coming fromKeplerianmotion of the
disk being converted into heat and radiated away at the disk-core
boundary layer following (Adams and Shu, 1986)

Ltot = Lint +
3GM⋆ ˙M

4R⋆
, (64)

where they assume that a fourth of the total potential energy
of the accreted material is released into heat within the disk,
the remaining being radiated away within the unresolved inner
disk region and at the accretion shock. In addition, Yorke
and Bodenheimer (1999) and Yorke et al. (2002) followed
radiation transport using a frequency dependent ray-tracing
algorithm (with 64 frequency bins). In particular, Yorke et al.
(2002) demonstrated the importance to handle the protostellar
irradiation using a frequency dependent irradiation scheme in
the context of massive star formation. The flashlight effect,
i.e., radiation escapes in the vertical direction and the radiative
acceleration is reduced within the disk to allow accretion,
is enhanced compared to a simple gray model. In addition,
Krumholz et al. (2005) showed how protostellar outflows
allow radiation to escape in the outflow cavities to allow a
continued accretion onto the central massive stars. These results
have been further confirmed by 3D dynamical simulations
of Krumholz et al. (2007a), Kuiper et al. (2011, 2016), and
Rosen et al. (2016).

Currently, most 3D numerical RHD calculations include
stellar radiative feedback sub-grid models attached to sink
particles/cells evolution. Most of the implementations account
for both the internal and the accretion luminosities, with some
modulation factors on the amount of potential energy radiated
away and on the efficiency of the mass transfer for the sink
accretion radius to the protostar. The simpler sub-grid models
use a gray FLD model for the radiation transport where the
protostellar luminosity is simply a source term in the radiative
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energy equation (Krumholz et al., 2007a; Offner et al., 2009;
Stamatellos et al., 2011; Fontani et al., 2018; Jones and Bate, 2018).
Frequency dependent protostellar irradiation modules have been
developed using ray-tracing to compute the radiation fields,
combined with moment models for radiation hydrodynamics
(Kuiper et al., 2010a; Wise and Abel, 2011; Klassen et al., 2014;
Ramsey and Dullemond, 2015; Buntemeyer et al., 2016; Rosen
et al., 2017). These frequency dependent modules have been used
primarily in the context of massive star formation (Klassen et al.,
2016; Rosen et al., 2016).

Last, we note the developments made to capture ionizing
radiation feedback from massive stars: Dale et al. (2007) used
a Strömgren volume method in SPH, Peters et al. (2010) ray
tracing in the FLASH code, Kuiper and Hosokawa (2018) an
hybrid ray-tracing and FLD irradiation module in the PLUTO
code, Geen et al. (2015) the M1 moment method in the RAMSES
code, and Harries (2015) Monte Carlo radiative transfer in the
AMR code TORUS. These schemes are applied first in isolated
collapse calculations (Kuiper and Hosokawa, 2018) and, mostly,
in cluster formation studies (Dale and Bonnell, 2011; Peters et al.,
2011; Dale et al., 2012; Geen et al., 2015, 2018; Ali et al., 2018).

7.2. Dynamical Feedback
The most advanced MHD collapse calculations have shown
that outflows and jets naturally develop at different scales
during the collapse (Tomisaka, 2002; Banerjee and Pudritz,
2006; Machida et al., 2006; Hennebelle and Fromang, 2008;
Ciardi and Hennebelle, 2010; Commerçon et al., 2010; Tomida
et al., 2010; Price et al., 2012). In addition, outflows and jets
are commonly observed in YSO’s (it is for instance a selection
criterion for Class 0 sources, Andre et al., 1993) and they
are considered as possible sources of turbulence driving in
star forming clouds and participate in the regulation of the
star formation rate (Matzner, 2007; Nakamura and Li, 2007;
Krumholz, 2014; Federrath, 2015). Outflows and jets launching
scales are nevertheless not captured in most studies because it
requires a very high numerical resolution to reach sub-AU scales.
Besides, studies neglecting magnetic fields cannot generate MHD
winds driven centrifugally or by toroidal magnetic pressure.
Consequently, very few numerical calculations have been able
to launch self-consistently MHD outflows (e.g., Hennebelle
et al., 2011). Sub-grid models have thus been developed to
account for outflows/jets in numerical works with unresolved
launching scales and missing physics, similarly to what has
just been presented for the radiative feedback. The numerical
implementation are based on analytical works dedicated to
MHD wind launching (Blandford and Payne, 1982; Pelletier
and Pudritz, 1992; Shu et al., 1994; Ferreira, 1997; Matzner and
McKee, 1999).

The first works on sub-grid models have been reported
in Li and Nakamura (2006) and Nakamura and Li (2007)
who employed ideal MHD and self-gravity. They attached a
protostellar outflow model on sink particles following (Matzner
and McKee, 2000) because they were unable to describe the self-
consistent launch of outflows with the crude resolution they use
(1283 for a≈ 2 pc box). Each star injects in the ambient medium
a momentum that is proportional to the stellar mass M⋆ with a

two-component outflow model. The volume of injection is given
by the sink accretion volume (which they refer to as “supercell”).
A fraction η of the total outflow momentum is put in a conical
collimated jet component to facilitate the transport of energy and
momentum at large distances. The rest of the momentum is put
into a spherical component around the protostar. The direction
of the jet is given by the orientation of the magnetic field in
the central cell, and they assume an opening angle of 30◦ about
this direction.

Most of the implementation of outflows and jets have a
similar construction, with flavors depending on the sink particle
algorithm. Wang et al. (2010) implemented in the MHD ENZO
code a simplified version for protostellar outflows where they
only account for the collimated jet component. They adopt a
continuous momentum injection 1P = P⋆1M where P⋆ is
a proportionality constant which depends on the stellar mass

∼ M
1/2
⋆ ). If the momentum injection occurs in a cell with a

too low density, they take 10% of 1M out of the sink particle
and redistribute it evenly between the injection cells in order
to avoid too large outflow speeds (and too small integration
timestep). Along the same line, Cunningham et al. (2011),
Hansen et al. (2012) extended the work of Krumholz et al. (2005)
and Krumholz et al. (2007a) and presented for the first time a
combined sub-grid model which includes protostellar outflows
(Matzner and McKee, 1999) and protostellar radiative heating
(Offner et al., 2009), ignoring magnetic fields though. Their
sub-grid model accounts for pre-main sequence evolution as in
Offner et al. (2009) and the calculated protostellar radius is used
in the outflow and radiative heating models. They parameterized
their outflow model with dimensionless parameters which, for
instance, sets the fraction of mass accreted by the protostar or
launched in the outflow, and the ejection velocity as a function of
the Kepler speed at the surface. Contrary to the case of radiative
heating where energy is put within the accretion volume, they
inject outflows at a distance comprised between 41x and 81x
from the sink particle, and used angular dependency from
Matzner and McKee (1999). We note that they not only inject
momentum, but also mass and thermal energy. They set the
wind temperature to 104 K, which is appropriate for an ionized
wind. Using the same tool, Myers et al. (2014) added magnetic
field in their simulations with ORION, but because of the low
resolution they used (> 20 AU), they where not able to launch
self-consistent outflows and used the sub-grid model we just
mentioned. The outflows they produce may form strong shocks
at very high temperature, higher than the dust sublimation
temperature so that the dust opacity drops. Their radiative
transfer scheme, primarily designed for dust thermal emission
does not allow the gas to cool efficiently. They thus needed to
add a line cooling function for the thermal budget of the gas.

Federrath et al. (2014b) implemented a sub-grid-scale outflow
model upon the sink particles algorithm they implemented
in FLASH (Federrath et al., 2010) for MHD collapse. Their
model combines different features of the Li and Nakamura
(2006), Nakamura and Li (2007), and Cunningham et al. (2011)
implementations. They used a normalized velocity profile for
momentum injection, which reproduces the two components
outflow/jet with opening angles of 30◦ and 5◦, respectively.
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FIGURE 3 | Volume rendering from collapsing 1 M
⊙

dense cores at the protostellar core scale. The left panel shows the results of an ideal MHD 3D simulations, and

the right panel the comparison with non-ideal MHD including ambipolar diffusion and Ohmic diffusion. The color lines indicate the 3D magnetic field lines, and the

color coding the magnetic field amplitude. Figure reproduced from Vaytet et al. (2018) with permission of A&A.

They also improved the algorithm for the outflow orientation
by recording the angular momentum transfer from the accreted
gas to the sink particle. Their algorithm also conserves mass
and momentum exactly in the sink accretion step. Murray et al.
(2018) proposed a similar implementation in RAMSES. They
follow (Offner et al., 2009; Cunningham et al., 2011; Federrath
et al., 2014b; Myers et al., 2014) for the outflow injection as well
as the protostellar evolution. Outflows are there injected within
a conical volume about the spin axis of the sink particle in a
radial extent comprised between 4 and 8 cells (at the highest
refinement level) away from the sink particle. Federrath et al.
(2014b) performed a parameter study on the number of cells for
the radial outflow direction and found that convergence on the
maximum outflow velocity requires 16 cells per outflow radius.
Convergence on the mass, linear and angular momentum of the
outflow is achieved though with 8 cells.

All these protostellar outflow sub-grid models are currently
widely used in the community for astrophysical applications on
the star formation rate/efficiency (e.g., Federrath, 2015; Kuiper
et al., 2016; Offner and Chaban, 2017; Murray et al., 2018),
stellar initial mass function (Krumholz et al., 2012), origin of
turbulence driving (Nakamura and Li, 2011; Offner and Liu,
2018), as well as cluster and massive star formation (Wang et al.,
2010; Cunningham et al., 2011; Kuiper et al., 2015; Li et al., 2018).

In the context of massive star formation, another class of
outflowsmodels are based on the luminosity and ionization. Sub-
grids models of outflows generated by massive star luminosity
have been developed (e.g., Krumholz et al., 2005; Peters et al.,
2014), but the physical mechanisms driving this type of outflows
are not yet well understood. No work in the context of massive
star formation has accounted for the combined effects of
magnetic fields and radiative force with a resolution sufficient
to resolve the magnetic outflow launch. There is certainly a
combination of magneto-centrifugal process and from radiative
pressure, depending on the mass of the forming protostar.

7.3. Second Collapse and Pre-main
Sequences
Ideally, the sub-grid models should be designed to reproduce the
results of high resolution studies, which resolve the protostar
scales. The short time integration after stellar core formation,
dominated by the adiabatic evolution, does not allow to design
sub-grid models for protostellar feedback from full 3D RMHD
calculations with a high level of confidence. For these reason,
all recent works mostly rely on the results of 1D spherical
symmetry results to set their protostellar core evolution models.
For instance, Kuiper and Yorke (2013) use the pre-main sequence
evolution code STELLAR (Bodenheimer et al., 2007; Beuther
et al., 2008) to determine the protostellar luminosity of the
non-resolved protostars. Pelupessy et al. (2013) developed the
open source Astrophysical Multi-purpose Software Environment
(AMUSE), a component library of simulations involving different
physical domains and scales. For instance, it enables one to
couple hydrodynamical codes (GADGET, ATHENA, AMRVAC)
with pre-main sequence and binary evolution codes such as
MESA (Paxton et al., 2011). Recently, Wall et al. (2019) used
AMUSE to perform a star cluster formation model that includes
individual star formation from self-gravitating, magnetized gas,
coupled to collisional stellar dynamics. It couples different tools:
the AMR code FLASH (Fryxell et al., 2000), the N-body code ph4
(Capuzzo-Dolcetta et al., 2012), and the stellar evolution code
SeBa (Portegies Zwart and Verbunt, 1996). We anticipate to see
more works using this strategy of coupling tools and scales in the
near future.

Recent work fromVaytet et al. (2018) have managed to resolve
the second core formation with non-ideal MHD (Ohm diffusion
and ambiploar diffusion) from collapse 1 M

⊙
dense core (see

Figure 3). Interestingly, they show that the magnetic field lines
topology is very different at the first and second core scales.
Ambipolar diffusion is dominating at the first core scale. The
magnetic fields direction is essentially vertical and the magnetic
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fields and the gas evolution are decoupled. At the second core
scale, the ionization rises due to high temperature and the
system is back to ideal MHD, but with a high plasma beta β =

Ptherm/Pmag. The weak magnetic field is efficiently wrapped up
by the gas rotation and the resulting fields direction is essentially
toroidal. On the opposite, when ideal MHD is preserved all the
way from the dense core to the stellar core, the magnetic fields
lines are strongly pinched and the field remains poloidal at the
second core scale. The energy balance at the first and second
core accretion shocks is also different. While the accretion shock
at the first core has been classified as a radiative supercritical
shock, with all the incident kinetic energy radiated away (or often
referred to as cold accretion), in 1D spherical core collapse studies
(Commerçon et al., 2011a; Vaytet et al., 2012), recent 3D works
have shown that the first core accretion experiences both cold
and hot accretion at the same time at its surface, depending on
the accretion flows morphology. On the surface of the stellar
core, the accretion shock has been found to be subcritical (Vaytet
et al., 2012; Vaytet et al., 2018; Tomida et al., 2013) with a
significant part of the incident kinetic energy transferred to the
protostars. Although these results have been investigated only
for the very first stages of the protostar evolution (only 1 month
in Vaytet et al., 2018), they indicate that it is not easy to derive
general properties of small scales phenomena to design robust
sub-grid models. In particular, Wurster et al. (2018) show that
the magnetic fields evolution of the protostars they formed in
their SPH models is largely affected by numerical diffusion. Last,
the radiative efficiency of the stellar accretion shock has been
shown to be a key process for the pre-main sequence evolution
and sets the radius of the young protostars (Baraffe et al., 2012).
We recall that the sub-grids models designed for the radiative and
dynamical feedback take the protostellar radius as an input. The
launching speed of the protostellar jets as well as the accretion
luminosity depends on R−1

⋆ .

8. DISCUSSION

We have described almost all the numerical methods that are
required tomodel the star formation process within the turbulent
interstellar medium. These discretised equations must now be
solved for a given set of initial and boundary conditions, over
some prescribed time. This defines the numerical set up and
the overall simulation strategy. Obviously, given the wide range
of spatial and temporal scales involved, one cannot realistically
model an entire galaxy all the way down to the formation of
brown dwarves and proto-planetary disks. Unfortunately, given
the complexity of the star formation process, and the fact that
large and small scales are strongly coupled, this is required by
the physics of the problem. Indeed, supersonic turbulence is
seeded on large scales, where kinetic energy is injected through
shearing or colliding flows induced by galactic rotation, spiral
waves and extra-galactic accretion flows. Moreover, turbulence
and gas ejection can be triggered by stellar feedback processes
occurring on very small scales, such as radiation driven flows, jets
and ultimately supernovae explosions.

Modeling star formation is therefore fundamentally a multi-
scale, multi-physics problem, and a very difficult one. Past or
present day simulations always rely on some compromises.

We can decompose them into several categories, corresponding
roughly to the adopted box size and initial conditions. First, full
galaxy simulations, where spiral waves and spiral shocks are used
as the seed for turbulence. The box size must be of several tens
of kiloparsecs to contain the entire rotating disk and possibly
the galactic corona. The gas is compressed through the spiral
shocks or various colliding flows. Thermal and gravitational
instabilities fragment the gas into small molecular clouds. The
spatial resolution never really drops below 0.1 or 1 pc in these
simulations, so that stars cannot be modeled individually, at
least for massive galaxies like the Milky Way (see Figure 4

for illustration). Simulators rely on simplified, sub-grid star
formation recipes based on stochastically spawning star cluster
particles of the same mass, or on the sink particle technique
where in this case sink particles represent a star cluster, rather
than a single star. Bournaud et al. (2010) studied the properties
the ISM substructure and turbulence in galaxy simulations with
resolutions up to 0.8 pc and 5 × 103 M

⊙
with RAMSES. Renaud

et al. (2013) and Kraljic et al. (2014) were able to capture the
transition from turbulence-supported to self-gravitating gas with
resolution up to 0.05 pc in simulations ofMilkyWay-like galaxies
using RAMSES. Hopkins et al. (2012) presented SPH simulations
dwarfs galaxies and Milky Way (MW) analogs to massive star-
forming galactic discs with pc-scale resolution. Later, Hopkins
et al. (2014) wrapped their implementation of feedback in the
FIRE (Feedback In Realistic Environments) simulations suite,
aiming, among others objectives, at resolving the formation of
giant molecular clouds and the multi-phase interstellar medium
(ISM). More recently, Hopkins et al. (2018) updated the FIRE
implementation in the GIZMO code and performed sub-parsec
resolution simulations of galactic discs. We also refer readers
to the work of Dobbs et al. (2018) using SPH, Tasker (2011)
using ENZO, and Smith et al. (2018) using AREPO. In addition,
we note that for dwarf galaxies, it becomes possible to model
much smaller scales so that at least massive stars can be modeled
individually: Hu et al. (2016), Hu (2019) using SPH and a
resolution of 1 − 5 M

⊙
by gas particle, Emerick et al. (2018) and

Emerick et al. (2019) using ENZO with a maximum resolution
of 1.8 pc.

The second approach relies on simulating only a small portion
of vertically stratified galactic disks. The box size is usually
around 1 kilo-parsec, with periodic boundary conditions in the
direction of the disk plane and outflow conditions in the direction
perpendicular to the disk plane. The geometry is clearly heavily
constrained by this elongated, vertical and stratified layer of
gas but it captures most of the phenomenon at work locally in
the disk. Using the shearing box technique, one can also add
more realistic shearing conditions, so that turbulence can be
maintained both by stellar feedback and a large scale galactic
shearing flow (Kim et al., 2002). In this case, the resolution
can drop significantly below 0.1 parsec, may be 0.01 parsec or
even less for the highest resolution simulations. Unfortunately,
it is still impossible to model individual stars at this resolution
so that here again most papers are based on the sink particle
techniques for representing star clusters. It is however almost
possible to resolve massive molecular cores (and their associated
sink particles) individually, so that individual supernovae and
HII regions can be resolved. These simulations are probably the

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 23 July 2019 | Volume 6 | Article 51210

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Teyssier and Commerçon Numerical Methods in Star Formation

FIGURE 4 | Simulation of the Milky Way: column density of the gas disc in a sub-parsec resolution simulation. The color table only applies to the main panel: the table

has been changed in each zoom-in view to enhance contrast. Figure adapted from Renaud et al. (2013) with permission from the authors.

most realistic models of the interstellar medium of the Galaxy,
although still far from resolving the entire stellar population. In
standard setups, the models account for the thermal instability
and feedback (mechanical by SN and radiative by massive stars).
First grid-based models were presented in Korpi et al. (1999)
and included magnetic fields, SN heating and radiative cooling.
3D MHD AMR models of a kpc-scale ISM driven by SNe were
presented in de Avillez and Breitschwerdt (2005) and Joung and
Mac Low (2006). Currently, numerous studies and projects are
based on a similar setup, with increasing physics put on over
several years (SNe, radiative feedback, cosmic-rays, shear, etc.):
the series of papers by Hennebelle and Iffrig (2014), Iffrig and
Hennebelle (2017), and Colling et al. (2018) as well as the work
of Martizzi et al. (2016) and Butler et al. (2015, 2017) using
RAMSES, by Kim et al. (2011), Kim et al. (2013), Kim and
Ostriker (2015), Kim and Ostriker (2017), and Kim and Ostriker
(2018) using ATHENA, the SILCC project papers using FLASH

(Walch et al., 2015; Girichidis et al., 2016, 2018; Gatto et al., 2017;
Peters et al., 2017).

The third approach aims at simulating individual molecular
cores. The box size ranges from 100 parsec down to 0.1 parsec
for the highest resolution simulations. The mass typically ranges
from 50 to a few 103 M

⊙
. Boundary conditions are either

periodic or isolated. In the latter case, the cloud as a whole
can collapse, while the former set of simulations represents a
more uniform background with collapsing regions only at very
small scales. The smallest box sizes represents internal regions
of larger clouds and are the only simulations for which the
entire star population, down to the brown dwarf limit, can be
modeled. These simulations are directly tackling the origin of
the stellar IMF, and the formation of proto-planetary disks. We
mention in the following a non-exhaustive list of the work done
in this intense field of research. The series of papers by Bate &
collaborators have investigated the collapse of molecular clouds
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of mass ranging from 50 to 500 M
⊙

with increasing physics
and numerical resolution since their pioneer work (Bate et al.,
2003) using SPH. In particular, they have investigated the effect
of radiative transfer (Bate, 2009, 2012) and magnetic fields (Price
and Bate, 2008; Price and Bate, 2009). The work of Dale et al.
(2007), Dale and Bonnell (2011), and Dale et al. (2012) have also
used SPH simulations to study the effect of ionizing radiation
from the formingmassive stars. AMR codes have also been widely
used in this context, accounting for a lot of physics and initial
and boundary conditions. We note the work of Girichidis et al.
(2011), Girichidis et al. (2012b), and Girichidis et al. (2012a)
using FLASH who studied the importance of isolated initial
conditions in isothermal cloud core collapse (without stellar
feedback). Federrath et al. (2014b) also used FLASH to perform
simulations of isolated cores with protostellar feedback (jets).
Krumholz et al. (2007a), Krumholz et al. (2012), Hansen et al.
(2012), Myers et al. (2013), Myers et al. (2014), Cunningham
et al. (2011), Li et al. (2018), and Offner and Chaban (2017)
presented 3D collapse models using ORION with radiative
transfer and/or ideal MHD, as well as protostellar feedback
(luminosity, outflows). RAMSES has also been extensively used

in this approach: Hennebelle et al. (2011) and Commerçon et al.
(2011b) for 100 M

⊙
isolated core collapse models with (R)MHD,

Lee and Hennebelle (2018a), Lee and Hennebelle (2018b), and
Lee and Hennebelle (2018c) focused on the peak of the IMF
using (M)HD 1000 M

⊙
isolated core collapse models, Geen et al.

(2015), Geen et al. (2016), and Gavagnin et al. (2017) studied the
effect of ionizing radiation using the M1 moment method for
radiative transfer. Last, we note the work of Wang et al. (2010)
using ENZO with isolated boundary conditions, ideal MHD and
protostellar jets. This non-exhaustive list of works done using this
approach demonstrates the importance and the utility of such
models. These simulations, however, rarely follow the formation
of the second Larson core. They still rely on the sink particle
technique, and on sub-grid models as well, when it comes to
modeling proto-stellar jet launching, energy budget at accretion
shocks and their associated radiation.

The last category of simulations deals with isolated collapsing
low-mass dense cores, with the goal of following the formation
of protostellar disks and ultimately the entire second collapse
without relying on any sub-grid model. This ambitious strategy
has already been discussed at length in the previous sections,

FIGURE 5 | Simulation of protostellar disk formation within molecular clouds. The column density maps show the entire molecular (upper left panel) and successive

zoom within a star-forming dense core. Figure adapted from Zhang et al. (2018) with permission from the authors.
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so we will not describe it here again. We also refer the reader
to the review by Wurster and Li (2018) on the formation of
protostellar disks.

An interesting intermediate strategy has been developed
recently with the zoom-in technique. This method is used now
routinely in galaxy formation simulations, for which only a single
dark matter halo can be re-simulated at much higher resolution,
keeping the entire cosmological environment alive but at a
coarser resolution. Here, the idea is to model the turbulent
molecular cloud on large scales, say with a box of size 100 parsecs,
to identify a single collapsing core, and to zoom-in on the core
with much higher resolution and follow the first and possibly
the second collapse and the formation of the proto-planetary
disk. For instance, Kuffmeier et al. (2017) and Kuffmeier et al.
(2018) presented RAMSES AMR zoom-in calculations from an
outer scale of 40 pc down to cell sizes of 2 au to study the
effect of the environment on the formation and the evolution
of protoplanetary disks. Zhang et al. (2018) performed high
resolution calculations of the formation and evolution of a star-
forming core, obtained by running larger scale calculations of
molecular cloud formation (Zamora-Avilés et al., 2018). They
used FLASH with a maximum resolution of 25 AU and were able
to cover scales from 256 pc to 25 AU (see Figure 5). Mocz et al.
(2017) performed moving mesh AREPO calculations from a box
size of about 5 pc down to a maximum resolution of ≃ 4 AU
(≃ 5 × 10−5 pc) to study the magnetic fields morphology from
large to dense core scales. At larger scale, Padoan et al. (2017)
performed a simulation of supernova-driven turbulence using
RAMSES, with a box size of 250 pc and a maximum resolution of
0.0076 pc. At kpc scales, Hennebelle (2018) (FRIGG project with
RAMSES, simulation of the formation of self-gravitating cores)
and Seifried et al. (2017) (SLICC-Zoom project with FLASH,
simulations of the formation of molecular clouds) presented
zoom calculations of stratified Galactic disks down to resolution
of 10−2

− 10−3 pc. Thanks to the steady increase in CPU
power, we expect to see more and more work using the zoom-in
technique in the coming years.

These different strategies are all in different ways very
ambitious and address different problems in the theory of star
formation. In addition, a compromise needs to be found between
physical realism and computational efficiency. On one hand, we
need to include magnetic fields, radiation fields and complex
chemistry, but on the other hand, we need many small resolution
elements and many time steps. Moreover, in the context of
high performance computing, modern supercomputers are very
hard to use at full efficiency when complex grid geometries is
used in conjunction with expensive and demanding algorithms.
There is a clear tendency for simulation projects deployed on

the largest supercomputers in the world to use simple grid
geometry, like Cartesian meshes and periodic boxes, with a
highly simplified physical model. These large scale simulations
are however very interesting to explore statistical aspects and
large inertial range for turbulent flows. For example, Federrath
(2013) performed 40963 hydrodynamic isothermal turbulence
simulations using FLASH with periodic boundary condition
for more than 40,000 time-steps on 32,768 CPU cores. In
the framework of the magnetorotational turbulence, Fromang
(2010), Ryan et al. (2017) performed high resolution simulations
of isothermal shearing boxes using, respectively, ZEUS and a
GPU version of RAMSES.

In conclusion, all simulations of star formation published in
the literature, many of which have been discussed here, explore
various corners of the numerical parameter space: resolution
vs. box size, statistics vs. internal structure, physical realism vs.
computational speed. It is interesting that at the smallest scales of
interest here, a “first principle” approach is in principle possible
and pursued by several groups. At larger scales, however, star
formation simulations share the same kind of limitations as
galaxy formation simulations, or climate models and weather
forecasting simulations, namely a strong dependence of the
results on small, unresolved scales. Although bigger computers
with more efficient, higher order codes and more realistic
models will certainly help shed light of the mysteries of star
formation, a robust methodology to implement sub-grid models
and couple them properly to the fluid equations still needs to
be invented in our field. Various attempts have been proposed
in the context of unresolved turbulence and star formation
from analytical works (Krumholz and McKee, 2005; Hennebelle
and Chabrier, 2011; Padoan and Nordlund, 2011; Federrath
and Klessen, 2012) but the methodology, in the context of
the full spectrum of required physical processes, is still at
its infancy.
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