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For decades, observations of Faraday rotation have provided unique insights into the
plasma density and magnetic field structure of the solar wind. Faraday rotation (FR) is the
rotation of the plane of polarization when linearly polarized radiation propagates through a
magnetized plasma, such as the solar corona, coronal mass ejection (CME), or stream
interaction region. FR measurements are very versatile: they provide a deeper
understanding of the large-scale coronal magnetic field over a range of heliocentric
distances (especially =~ 1.5 to 20R;) not typically accessible to in situ spacecraft
observations; detection of small-timescale variations in FR can provide information on
magnetic field fluctuations and magnetohydrodynamic wave activity; and measurement of
differential FR can be used to detect electric currents. FR depends on the integrated
product of the plasma density and the magnetic field component along the line of sight to
the observer; historically, models have been used to distinguish between their
contributions to FR. In the last two decades, though, new methods have been
developed to complement FR observations with independent measurements of the
plasma density based on the choice of background radio source: calculation of the
dispersion measure (pulsars), measurement of Thomson scattering brightness (radio
galaxies), and application of radio ranging and apparent-Doppler tracking (spacecraft).
New methods and new technology now make it possible for FR observations of solar wind
structures to return not only the magnitude of the magnetic field, but also the full vector
orientation. In the case of a CME, discerning the internal magnetic flux rope structure is
critical for space weather applications.

Keywords: Sun, solar corona, coronal mass ejection, coronal magnetic fields, radio astronomy, polarimetry

1 INTRODUCTION

Radio remote sensing methods have provided measurements of the coronal magnetic field for
decades (Mahrous et al., 2018), providing the most substantial contribution to magnetic field
measurements from = 1R, to 100s of R, (solar radius, Ry = 695,700 km). Over the years,
numerous radio-remote sensing methods have been developed to detect, in particular, the
magnetic field strength and structure of the solar wind and coronal mass ejections (CMEs); such
methods include: detecting gyrosynchrotron radio emission from the nonthermal particle
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distribution inside a CME and measuring the circular
polarization of moving type IV radio bursts (Gopalswamy
and Kundu, 1987; Bastian et al., 2001; Sasikumar Raja et al.,
2014; Mondal et al., 2020); calculating band splitting of Type II
radio bursts in the solar radio dynamic spectrum (Vrsnak et al.,
2004; Gopalswamy et al., 2012; Kumari et al., 2017; Mahrous
et al., 2018); measuring the shock standoff distance and radius
of curvature of CMEs (Gopalswamy and Yashiro, 2011;
Poomvises et al, 2012); using the reconnected magnetic
flux in the CME’s eruption source (Gopalswamy et al,
2018); and observing Faraday rotation (Bird et al., 1985;
Howard et al., 2016; Kooi et al., 2017; Jensen et al., 2018;
Kooi et al., 2021).

This review focuses on Faraday rotation (FR): the rotation of
the plane of polarization when linearly polarized radiation
propagates through a magnetized plasma, denoted by Ay. FR
depends on the line of sight (LOS) integration of the electron
plasma density, 7., and the LOS magnetic field, B), and scales
according to the squared wavelength, A, of the radiation. By is
usually represented as the dot product of the vector magnetic
field, B, and the vector spatial increment along the LOS, ds, in the
direction of the observer:

e’ 2 2
Ay = —————— B- = [RM 1
X [<8ﬂ260m§@)jmne ds]A RMI ()

given in SI units. The physical constants e, g, m,, and ¢ are the
fundamental charge, permittivity of free space, mass of an
electron, and speed of light, respectively. The constants in
parentheses are termed the FR constant: Cgg = 2.631 x
10 rad T™'. FR observations are typically reported in terms
of Ay (in units of degrees or radians) if the observations are
performed using one frequency; however, multi-frequency
observations are reported in terms of the Faraday rotation
measure, RM, reported in SI units of rad m™>. For large RM
magnitudes, the polarization angle can wrap through 7 radians
several times; consequently, the true Faraday rotation can be Ay +
nm, where n is an integer. This ambiguity can be resolved by
continuous tracking of the background radio source (e.g. if the
large FR signal results from dynamic events such as CMEs) or if
the background source emits over a broad range of frequencies
(e.g. radio galaxies or pulsars) and the receiving antenna has the
necessary frequency resolution.

As a signed integration, it is important to clarify the sign
convention used for FR. A positive FR contribution is made when
the magnetic field component parallel to the LOS is directed from
the background radio source to the observer. This is a direct
consequence of the right-handed gyromotion of electrons around
a magnetic field line. If By is aligned with the LOS (i.e. aligned with
the wave vector), then the right-hand circularly polarized
component, RCP, of the linearly polarized radiation is aligned
with the magnetic field and, consequently, has a faster phase
speed than the left-hand circularly polarized component, LCP,
which is anti-aligned. The result is therefore a “positive” rotation.
If By is directed from observer to source (anti-parallel), then the
LCP component has a faster wave speed, producing a “negative”
rotation.

FR to Probe the SW

Observations of FR require a background transmitter of at
least partially linearly polarized light. Coronal FR observations
have employed spacecraft transmitters as well as natural radio
sources. Previous observations of coronal FR using spacecraft
transmitters include Levy et al. (1969), Stelzried et al. (1970),
Volland et al. (1977), Bird, (1982), Pitzold et al. (1987), Bird et al.
(1992), Efimov et al. (1993), Andreev et al. (1997), Chashei et al.
(1999), Efimov et al. (2000), (Bird, 2007), Jensen et al. (2013),
Efimov et al. (2015a), Efimov et al. (2015b), Wexler et al. (2017),
Wexler et al. (2019b), Wexler et al. (2021a). Spacecraft FR studies
have several limitations, chief among these are the sporadic
nature of the observations (e.g. availability of concurrent
spacecraft and terrestrial radio telescope operations, and
suitable spacecraft positioning), high-frequency transmitters on
modern systems (limits how far out into the corona FR may be
detected) and uncertainties due to using a single LOS. Some of
these challenges could be resolved with a future multi-spacecraft
mission that will utilize linearly polarized radio transmissions at
multiple frequencies (Section 6.3).

The first attempts to detect coronal FR utilized the Crab
nebula as a background source, e.g. Golnev et al. (1964), Sofue
et al. (1972); Sofue et al. (1976), and Soboleva and Timofeeva
(1983). Since then, coronal FR observations of natural radio
sources have typically used either pulsars or extragalactic
sources such as radio galaxies. Previous observations using
pulsars as the background transmitter include Bird et al
(1980), Ord et al. (2007), You et al. (2012), and Howard et al.
(2016). Observations utilizing extragalactic radio sources include
Sakurai and Spangler (1994a), Sakurai and Spangler, (1994b);
Mancuso and Spangler, (1999), Mancuso and Spangler, (2000),
Spangler (2005), Ingleby et al. (2007), Mancuso and Garzelli
(2013), and Kooi et al. (2014), Kooi et al. (2017), Kooi et al.
(2021). The primary advantage of natural radio transmitters is
their ubiquitous nature: on any given day, there are hundreds of
linearly polarized sources in the sky. A secondary advantage of
natural sources is that they emit linearly polarized radiation over
a broad range of frequencies, providing a means to resolve nm
ambiguities in the position angle and determine the absolute FR.
The primary disadvantage is that natural transmitters provide
much weaker signals; consequently, many coronal FR
experiments performed using natural transmitters have been
done with the most sensitive telescopes in the world (e.g. the
Karl G. Jansky Very Large Array, VLA, and the Robert C. Byrd
Green Bank Telescope, GBT) to reduce the root-mean-square
(RMS) noise and, therefore, obtain an acceptable signal-to-noise
ratio (SNR).

FR can be measured in any state of solar activity (i.e. FR does
not depend on the presence of outburst events such as solar flares,
CMEs, or radio bursts). FR can also be used to probe a wide range
of coronal distances because the signal scales as wavelength
squared. At heliocentric distances <5Re, small wavelengths (a
few cm) are used because the corresponding antenna beam
response is less susceptible to solar interference (e.g. solar
flares, active regions, the Sun itself, etc.) and because the
plasma density and magnetic field strength are typically large
enough to make sensitive measurements. At larger heliocentric
distances, where solar interference is not necessarily an issue and
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the effective RM is smaller due to decreasing plasma density and
magnetic field strength, larger wavelengths (10s of cm) are used.
FR can be used to probe different coronal structures, from
streamers to CMEs to quiescent winds, and to provide large-
scale structural and magnetic field information that cannot be
deduced from in situ measurements from individual
spacecraft alone.

The rest of this article is laid out as follows. In Section 2, we
discuss modeling methods used to distinguish between n. and B
contributions to FR. In Section 3, we discuss novel methods
developed in the last 2 decades to derive the 7, contribution to FR
using independent data. We discuss recent advances in applying
FR methods to detecting magnetic field fluctuations and electric
currents in Section 4. Major contributions to understanding the
plasma structure of CMEs are reviewed in Section 5. We
conclude by discussing the future of coronal FR studies in
Section 6.

2 MODELING METHODS FOR CORONAL FR
ANALYSIS

Faraday rotation depends on two physical parameters of the
plasma: the plasma density, ., and magnetic field along the line
of sight, B). The product of these two parameters is integrated
along the LOS Eq. (1) to calculate FR; consequently, one of the
most important aspects of coronal FR studies is how one
distinguishes between the contributions to FR from these two
plasma parameters. In practice, this is done using 1) empirical
models for #. and the vector magnetic field, B, 2) independent
data for 1. (because FR contains data for By), or 3) a combination
of the two. The most common goal of coronal FR studies is to
understand the magnetic field structure; consequently, the
heuristics to modeling and interpreting FR observations is as
follows:

1. Either select an empirically-determined n. model or, if
independent #n. data is available, assume a power-law
dependence for n,. and calculate the fit parameters.

2. Insert the resulting n. structure into the FR equation and
assume a form for B.

3. Determine the best fit parameters for the B model using the
FR data.

While FR data can certainly be used to determine #, instead,
there are numerous ways to calculate the coronal plasma density
(e.g. see Bird and Edenhofer, 1990); however, there are far fewer
ways to measure the coronal magnetic field at distances of
= 1.5 -25R,. In this section, we discuss modeling methods to
distinguish between n. and B contributions to FR.

2.1 Power Law Models for Coronal Plasma
Density and Magnetic Field

At some level, all FR studies require a model structure for n, and B,
whether it is a model for the n. and B structure alone, with
parameters to be determined by fitting data from the current
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study or whether it is a full, empirically-determined model from
previous studies. In the case of the corona, the model structure for
n. and B typically takes a power law form, with coefficients and
power-law indices determined by fits to FR data. There are two
reasons for this. The first is solar wind plasma density and magnetic
field are well known to obey power law forms at distances
measured by spacecraft in situ (e.g. Parker Solar Probe FIELDS
measurements of the magnetic field strength from 0.13 to 0.8 AU
reported in Badman et al., 2021). The second reason is more
practical: power law forms for n. and B yield mathematically
tractable solutions when inserted into the FR equation.

Table 1 provides references for some of the n. models that
have been employed in FR studies over the years. There are two
classes of n. model: spherically-symmetric models and
asymmetric models that separate the corona into regions of
dense and tenuous plasma (i.e. coronal streamers and coronal
holes). Spherically symmetric power-law models only depend on
the heliocentric distance, r, taking the form:

n(m=y N,-<Rr> @

The heliocentric distance is usually scaled by solar radius, Re, to
make LOS-calculations unitless and because FR measurements
can cover a broad range that encompasses the middle and outer
corona (i.e. 1.5-25R,). Asymmetric power-law models can also
take the form of Eq. (2); however, the spherical symmetry is
broken by assuming the LOS pierces coronal regions of varying
densities. Mancuso and Spangler (2000) developed the
asymmetrical MS (2000) model (Table 1), which separates the
corona into sectors of tenuous coronal holes and dense coronal
streamers. This model is illustrated in Figure 7 of Kooi et al.
(2014) and further explored in Kooi and Kaplan (2020). Jensen
et al. (2013) used a modified Allen-Baumbach model (TAB
(1977) in Table 1, see Allen, 1947; Pottasch, 1960; Tyler et al.,
1977, and details therein) that is symmetric in longitude, but
decreases as heliographic latitude increases, allowing a more
gradual shift from dense regions near the equator to under-
dense regions near the poles.

If there is no independent data for . available, then the
power-law model is usually selected according to three qualitative
guidelines:

1. Heliocentric distances under consideration.
2. Morphology of the coronal structure(s) pierced by the LOS.
3. Phase of the solar cycle (e.g. solar minimum or maximum).

The range of heliocentric distances sampled by FR
observations is the most relevant to selecting a power-law
model with the appropriate number of terms and power
indices. A single-term power law may be used if the range of
heliocentric distances is narrow (e.g. 4.6-5.0 R, in Kooi et al.,
2014) or if the heliocentric distance is large (e.g. for LOS beyond
15 R, in Kooi et al., 2021). Multiple-term power laws are used
when the heliocentric range under consideration is large,
potentially featuring a term with a large power index («; > 6)
to represent the inner corona (i.e. below 1.5 R), a term with a
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TABLE 1 | Empirically-determined coronal plasma density models used in FR studies, their applicable range, and value at 1 AU. Heliocentric distance, r, is given in units of R,

Model Empirical formula [10'2m3]
SS (1994)2 1.83 2%
E (1977)° 30 r % 422
MH (2019)° 65 r°% 4+ 0.768 (r - 1)
LDB (1998)¢ 80r®+41r*+033r2
HCC (2010)° Coronal Hole

0.367 (r — 1)22®

Coronal Streamer

0.768 (r — 1)22®
MS (2000)" Coronal Hole

1.615 r*%° 4+ 0.9975 r*% + 0,1099 r2
Coronal Streamer
36.5r*3" +0.36 r2

TAB (1977)° [299 1 155 4 0384] 002 0 + Lisin? 6]

Heliocentric range [R;] ne (1 AU) [cm=2]

4-115 5.73
3-65 7.39
1.2 - 30 4.38

12-215 7.14
2-30 2.10
2-30 4.38

~1-215 2.38

~1-215 7.79

1.3-215 7.44

ASakurai and Spangler (1994a), derived from n, measurements from Fétzold et al. (1992) with Ulysses data.

PEdenhofer et al. (1977), derived from Helios data based on ranging time delays.

°Mercier-Hollweg formula in Wexler et al. (2019a, 2020), based on a combined fit of HCC (2010) and average equatorial n, determinations from Mercier and Chambe (2015).
9 eblanc et al. (1998), determined from Type lll radio bursts measured by the Wind WAVES instrument.

CHollweg et al. (2010), derived from results presented in Cranmer et al. (2007), streamer density is based on mid-latitude (28°) streamer data.

Mancuso and Spangler (2000), coronal hole and streamer models adapted from Guhathakurta et al. (1999) and Gibson et al. (1999), respectively.

9Tyler et al. (1977), modification of the Allen-Baumbach model (Allen, 1947; Pottasch, 1960), 8 is heliographic latitude, ne (1 AU) is calculated for 6 = 0.

modest power index (2 < &; < 6) to represent the middle corona
out to = 10 R, and/or a term to match the r 2 fall-off for solar
wind out to 1 AU.

The type and variety of coronal structures occulting the LOS is
important to selecting a model with the appropriate symmetry
and magnitude. If the LOS primarily samples coronal holes, then
a spherically-symmetric low-magnitude power law may be
sufficient. If the LOS primarily samples the heliospheric
current sheet, then a spherically-symmetric large-magnitude
power law model may be required. For LOS that pierce a
variety of regions (coronal holes, non-equatorial streamers,
etc.), asymmetric power-laws are required. The coronal
morphology is more important than the phase of solar cycle
in selecting an appropriate 1, model for the simple reason that
these models can always be re-scaled to conditions of the current
solar cycle. Also, modern FR studies typically use independent 7,
data to either determine the best empirical model or calculate the
best power-law fit to the independent data (see Section 3). For
further discussion of empirical models for coronal plasma
density, see Bird and Edenhofer (1990).

Table 2 provides references for four analytic-empirical
magnetic field strength models that have been used in
previous FR observations. Similar to #n., the magnetic field
structure is usually assumed to follow a power-law model,
with the number of terms and power indices typically
determined by the range in heliocentric distances being
investigated. While #n., may or may not be spherically
symmetric, the magnetic field is generally assumed to break
the symmetry of the corona. In simpler models, this is
generally done by assuming a split-monopole form for the
vector magnetic field (i.e. a neutral line separates the corona
into regions of positive and negative radial magnetic flux), then
using the power-law model to determine the magnetic field
strength:

TABLE 2 | Magnetic field strength models used in FR studies, their applicable
range, and value at 9 R,, (the approximate heliocentric distance Parker Solar
Probe will reach during its closest approach in 2024). Heliocentric distance, r, is
given in units of Re.

Model Empirical formula Heliocentric 1Bl (9Rs)
[100pT] range [Ro] [HT]

SS (1994) 1.01r2 >9 1.25

P (1987)° 6r3+118r7? 3-10 2.28

MS (2000)° 596 r3+1.43r72 3-215 2.58

pDQcs® Egs (5) and (6) ~1.5-215 1.38

ASakurai and Spangler (1994a), derived from FR measurements reported therein.
bpatzold et al. (1987), derived from FR measurements reported therein.

°Mancuso and Spangler (2000), adapted from Pétzold et al. (1987) to fit data from
Ulysses at 1 AU.

9Banaszkiewicz et al. (1998), Dipole + Quadrupole + Current Sheet model, |B] (9Rs) is
calculated for z = 0.

-5;
B(r) = Z&(I{) 3 3)

At heliocentric distances = 5R,, a common form used in FR
studies (see, e.g. Pitzold et al., 1987; Mancuso and Spangler, 20005
Kooi et al.,, 2014; Kooi and Kaplan, 2020) is a two-term power law
consisting of a dipole term (oc r°) and an interplanetary
magnetic field term (o< r2):

B(r) = [B(é) +Bz<Ri> ]e: (4)

The sign of the magnetic field depends on the polarity of the split-
monopole. The left image in Figure 1 illustrates such a model,
divided into symmetric magnetic sectors. The symmetry lines
(dashed and dotted in this figure) are determined by the location
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FIGURE 1 | lllustrations of coronal magnetic field geometries. In (A), the solid arrows give the orientation of magnetic flux on either side of the neutral line. Ry is the
impact parameter (i.e. where the LOS passes closest to the Sun) and f. is the location at which the LOS crosses the neutral line (with + f in the direction of the observer).
The sectors A, B, C, and D represent regions of symmetry defined by the position of .. For the Dipole + Quadrupole + Current Sheet (DQCS) model in (B), there is still a
neutral line defined by the current sheet with positive or negative flux on either side; however, the corona is no longer separated into symmetric sectors. The solid
arrow gives the z-axis orientation as defined in Banaszkiewicz et al. (1998). Leftimage appears as Figure 1in Kooi et al. (2014), ©AAS, reproduced with permission. Right
image appears as Figure 4 in Kooi and Kaplan (2020), ©Springer, reproduced with permission.
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at which the LOS crosses the neutral line. If the LOS is
parameterized in terms of the coordinate S, with the radio
source located at § = — 77/2 and the receiver at § = + 71/2, this
location is given by 3. At 3 = 0, the LOS passes closest to the Sun,
a distance defined as the impact parameter, Ry. In this example,
taken from Kooi et al. (2014), the magnetic flux sector A is
positive and the magnetic flux in sectors B, C, and D is negative.
Because the geometry of this magnetic field is radial, the
contribution to FR in sectors A, C, and D is negative and the
contribution to FR in sector B is positive. If n, is assumed to be
spherically symmetric, then the net FR in this configuration is
negative.

Below = 5 Ry, higher order terms are usually necessary (e.g. a
quadrupole term). More complex models may also replace the
split-monopole and neutral line structure with a physical current
sheet that separates the regions of positive and negative (non-
radial) magnetic flux, such as the Dipole + Quadrupole + Current
Sheet model (DQCS, see Banaszkiewicz et al., 1998). This is
illustrated in the right image of Figure 1. This model consists of a
dipole term (o< 7°), a weak quadrupole term (o< r°), and replaces
the “IMF” term in Eq. (4) with a current sheet term (again, o< ).
In cylindrical polar coordinates (p and z in solar radii), the DQCS
magnetic field model is given by

ﬁ:%+@ﬁ(422_3p2)+5 P (5)
M 8 17 r? a [(lz] +a) +p2]3/2
and
B. _22-p* 3Q (8z'+3p* - 24p’2%) . K lz| +a
Moo 8 r a [(lzl +a) +p2 "
(6)

where 7? = p2 + 2% is the heliocentric radial coordinate. Eqs (5) and
(6) appear as Eqgs (1), (2) of Banaszkiewicz et al. (1998). The first,
second, and third terms in Eqs (5), (6) are the dipole, quadrupole,
and current sheet terms, respectively. The model parameters M =

1789 uT, Q = 1.5, K = 1.0, and a = 1.538 were selected by
Banaszkiewicz et al. (1998) so that the last closed field line
intersected the Sun at 60° latitude and the magnitude of the
radial magnetic field would be B, = 3.1 nT at 1 AU. Similar limits
at 1 AU are used to scale the split-monopole power-law magnetic
fields (e.g. Eq. (4)).

For radially-asymmetric n. models (e.g. MS (2000) in Table 1),
the densest regions (associated with the heliospheric current
sheet) are mapped to the neutral line. For some models, such
as TAB (1977), the density dependence on heliographic latitude is
explicit; however, for models like MS (2000) that divide the
corona into dense and tenuous sectors, further assumptions
must be made regarding where the dense (i.e. streamer) region
ends and the tenuous (i.e. hole or quiet Sun) regions begin. This
was typically done either by assuming a streamer belt thickness
(e.g = 25 in Bird et al., 1996; Mancuso and Spangler, 2000; Kooi
etal., 2014) or determining a best fit, provided enough FR data is
obtained. More recently, Gopalswamy et al. (2021b)
demonstrated that the thickness can be determined using time
profiles of the polarized brightness in LASCO-C2 synoptic maps.

The complexity of the n. and B notwithstanding, the two most
important parameters necessary for modeling the resulting FR are
the impact parameter, R (i.e. where the LOS passes closest to the
Sun) and the location at which the LOS crosses the neutral line, ..
The importance of Ry and . is illuminated by calculating the FR
that results assuming a simple single-term, spherically symmetric
power law for #, and a single-term split-monopole power-law for
B (i = 1 in Eqs (2) and (3); the corresponding magnitude for the
Faraday rotation measure, |RM|, is given by Eq. (4) in Ingleby
et al. (2007):

2CrRoN, B,
(a + 8 — 1)RU+!

IRM]| = ™)

cos™ 1 (6,)

It is clear that the magnitude depends inversely on Ry; however,
|RM] also depends strongly on f3.. For large |8, the RM is effectively
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FIGURE 2 | Position of radio galaxy 3C 228 during coronal FR observations on 2011 August 17 reported in Kooi et al. (2014) (A) and the LOS to 3C 228 mapped

onto synoptic chart data to calculate 3¢ (B). Positions of 3C 228 near the beginning (“1”) and end (“2”) of the 8-h observations are plotted on a LASCO-C2 coronagraph
image, along with a white circle to represent the Sun’s position. The bright source north of the LOS is Venus. In the right panel, the solid line is the projected LOS to 3C
228 in heliographic latitude and Carrington longitude. Dotted line gives the location of the magnetic neutral line as determined by the WSO radial model with source
surface at 3.25 R,. The solid square is the heliographic projection of the observer (Earth, g =180°), the solid diamond gives the midpoint of the LOS (8 =0), and B is
measured where the LOS and neutral line intersect (-33°). Left image appears as Figure 3 in Kooi et al. (2014) and is publicly available at https://sohowww.nascom.nasa.
gov/. Right image appears as Figure 11 in Kooi and Kaplan (2020), ©Springer, reproduced with permission.

Carrington Longitude [deg]

Synoptic chart data for 3C 228

zero; consequently, even if the LOS passes close to the Sun, there is still
a chance of measuring a zero average contribution from the corona
(the corona is constantly fluctuating with, e.g. magnetohydrodynamic
(MHD) waves about the average background structure). This also
demonstrates that the FR is maximum for |8 = 0. In general, |3 = 0
occurs when the heliographic latitude of the LOS is similar to the
latitudinal position of the heliospheric current sheet (i.e. neutral line)
or during times of solar maximum conditions when the heliospheric
current sheet is strongly warped.

Ry is calculated using spherical trigonometry, given the sky
coordinates of the Sun and the background radio source. A
reliable method to determine f3. is to project the LOS onto a
potential-field source-surface (PFSS) synoptic chart for the
Carrington rotation corresponding to the FR observations.
Jensen (2007) found that the magnetic field values derived
from PFSS solutions only vary from Faraday rotation results
by a factor of 0.5-2. Synoptic charts can be obtained, for
instance, from the Wilcox Solar Observatory (WSO). WSO
provides three versions of these charts' for a given Carrington
rotation:

1. “classic” version assuming the photospheric field has a
meridional component and requiring an ad hoc polar field
correction, with the source surface located at 2.5 Rg;

2. “radial” version assuming a radial field and no polar field
correction, with the source surface located at 2.5 Rg;

3. “radial” version with the source surface located at 3.25 R,,.

Mancuso and Garzelli (2013) concluded that the radial
version with the source surface located at 2.5R; provides

'Details can be found at wso.stanford.edu

the best FR model fit during solar minimum conditions.
PESS model synoptic maps are also available’ from the
National Solar Observatory’s Global Oscillations Network
Group (GONG, Hill, 2018) magnetograms. Details
concerning this method are discussed in Mancuso and
Spangler (2000) and Ingleby et al. (2007).

Figure 2 demonstrates the calculation of 3, for observations
reported in Kooi et al. (2014). The left panel in Figure 2 shows the
sky position of the radio source, 3C 228, in relation to the Sun.
The right panel in Figure 2 demonstrates the output of an
algorithm to calculate f.. The original observations, reported
in Kooi et al. (2014), were made during solar maximum
conditions in 2011; consequently, the neutral line covers a
broad range in heliographic latitude. By contrast, the neutral
line typically covers a much smaller range during solar minimum
conditions. Here, 8. = — 33" can be read directly from the chart
where the neutral line (dotted line) crosses the LOS (solid black
line). B. = 0° gives the heliographic latitude and Carrington
longitude of the LOS position in the sky plane. Because this
process involves mapping the LOS onto a sphere, LOS
corresponding to large latitudes in the sky plane (i.e. the LOS
in Figure 2) show significant curvature; whereas LOS at near-
equatorial latitudes appear relatively flat (see, e.g., the Field 1 LOS
in Figure 5 of Kooi et al,, 2021).

Qualitatively, if the LOS depicted in Figure 2 was, instead,
located near the heliographic equator, 3, =~ 10° and the observed
FR would be much larger than the values of —20 to +30 rad m™>
reported in Kooi et al. (2014). Alternately, if these observations
were made during solar minimum conditions when the neutral
line is typically restricted to heliographic latitudes < 20°, then 3, >

*https://gong2.nso.edu/products/mainView/table php?configFile=configs/
mainView.cfg
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70" and, therefore, the magnitude of the FR would be dramatically
reduced (e.g. Eq. (7)).

Two issues can arise using synoptic charts similar to the one in
Figure 2 to calculate f.:

1. Synoptic-chart data from two separate Carrington rotations
will be available for a given set of observations.

2. The position of the neutral line (i.e. heliospheric current sheet)
evolves rapidly during a single Carrington rotation.

In both cases, the evolution of the neutral line can
dramatically change the value of . The first issue was
encountered during the aforementioned 2011 observations;
Kooi et al. (2014) used synoptic data from both Carrington
rotations 2,113 and 2,114 to provide a range for 3. (=—-33°to =
—42°), and noted that the true value likely lies somewhere
within this range. The second issue was encountered during
observations in 2015, reported in Kooi et al. (2021). Due to a
series of dramatic CME events, the heliospheric current sheet
evolved quickly over 24 h off the eastern limb of the Sun. To
model this effect, Kooi et al. (2021) dynamically evolved the
corresponding neutral line in synoptic chart data to match the
observed motion in coronagraph images from LASCO-C2 and
LASCO-C3. The maximum deviation of the neutral line
position from synoptic data as well as the rate at which to
evolve the neutral line were determined from coronagraph
images and, therefore, subject to projection effects; in
particular, there was an ambiguity in the Carrington
Longitude coordinates of the evolving heliospheric current
sheet. This ambiguity was resolved using the Faraday
rotation observations themselves (see Figure 5 in Kooi et al,,
2021, and discussion therein). Due to this position ambiguity,
this method would be difficult to implement in general cases
without Faraday rotation measurements or, e.g. stereoscopic
white-light imaging.

2.2 Flux Rope Models for CME Plasma
Density and Magnetic Field

In cases where coronal FR studies were fortunate enough to
detect FR through CMEs, the primary morphology used to
describe the CME structure is the flux rope. Helical flux rope
magnetic field configurations have been measured in situ over
generations of spacecraft missions (e.g. see discussions in
Burlaga et al., 1981; Burlaga, 1988; Lepping et al., 1990;
Marubashi et al., 2015; Nieves-Chinchilla et al., 2019); such
configurations also explain the white-light morphology seen in
space-borne coronagraphs (Chen, 1996; Gibson and Low,
1998; Gibson and Low, 2000; Gibson et al., 2006). Relative
to the classical three-part structure of CMEs, most models of
CME:s tend to associate the dim inner cavity with the flux rope
(e.g. Low, 2001).

CME FR has been modeled using both force-free (Vx B = aB)
and non-force-free (J x B = Vp) magnetic flux ropes (see for
instance, Hidalgo et al,, 2000; Nieves-Chinchilla et al., 2016,
Nieves-Chinchilla et al., 2018; Hu, 2017). As discussed in Liu
et al. (2007), both types can:

FR to Probe the SW

1. reproduce the signs and magnitudes of CME FR;

2. produce the same variety of CME FR profiles;

3. generate similar FR profiles for a given orientation with
respect to the LOS;

consequently, most CME FR observations have been interpreted
using the simpler force-free flux rope structure. Jensen and
Russell (2008) demonstrated that the basic profiles of previous
CMR FR observations (Levy et al., 1969; Cannon et al., 1973; Bird
et al., 1985) could be reproduced using a force-free flux rope. In
exploring these models, both Liu et al. (2007) and Jensen and
Russell (2008) came to an important conclusion: multiple LOS are
necessary for resolving ambiguities in the orientation and helicity
of the CME B, which we discuss further in Section 5.

The “standard” force-free flux rope used in observational FR
studies is composed of a cylindrically symmetric axial and
azimuthal field (e.g., see Gurnett and Bhattacharjee, 2006):

B = Bowe [ Jo (ap)e, + HJ1 (ap)éy] )

where B,,,. and H are the magnitude of the axial magnetic field
and helicity (H = +1, where + is right-handed and - is left-
handed). J, and J; are the zeroth- and first-order Bessel functions
of the first kind, respectively. Axis-centered cylindrical coordinates
are given as (&, &4, €,). For a flux rope with radius R, we define
AR e = 2.405, the first zero of J, to ensure that the axial field is zero
at the surface of the flux rope. While the LOS is typically assumed to
extend from source to observer for coronal FR modeling, the effective
LOS length used for CME FR analysis is simply the LOS length
contained within the CME flux rope structure itself. Jensen et al.
(2010) explored the wide variety of possible FR profiles for flux ropes
determined by their geometric orientation with respect to the LOS.
Figure 3 illustrates some of these profiles, from “U” shapes to “W”
shapes to “N” shapes. For more details, the coordinate system
definition, and more profiles, see Jensen et al. (2010).

Previous modeling efforts have assumed infinite flux rope
cylinders (Kooi et al., 2017) as well as finite-length cylinders (Liu
et al., 2007; Jensen and Russell, 2008; Jensen et al., 2010; Kooi
et al., 2021); however, all modeling efforts thus far have treated
CMEs as cylinders on the scale of the LOS that penetrates the
CME, no attempts have been made to account for the CME’s
curvature on global scales. This is a consequence of the sparse
sampling of LOS probing a CME. Observations of CME FR are rare
to begin with and only Kooi et al. (2021) have reported
observations of CME FR utilizing multiple LOS. In order to
measure the curvature and other fine scale attributes of CMEs,
coronal FR studies need to develop the capability to measure FR
simultaneously along hundreds or even thousands of lines of sight.

Liu et al. (2007) and Jensen et al. (2010) both simulated sky
maps of FR through CMEs to showcase the power of multiple
LOS. The left panels in Figure 4 show FR sky maps corresponding
to the four configurations of the axial magnetic field and helicity
that are possible for a given geometric orientation of the flux
rope position in space. This figure is equivalent to assuming an
FR measurement can be made for each pixel in the image (i.e.
100s or 1000s of FR measurements). If only a few LOS are
available over a relatively small patch of sky, this will narrow
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FIGURE 3 | Range of possible normalized FR profiles for a magnetic flux rope configuration with right-handed helicity. ¢ and 6 are spherical angles that give the
orientation of the axial magnetic field vector. ¢ is the clock angle, which increases from 0° along the y-axis to 90" along the z-axis. 6 is the cone angle, which is the offset
angle from the y-z plane. This appears as Figure 6 in Jensen et al. (2010), ©The Authors under the Creative Commons license (https://creativecommons.org/licenses/by/
2.0/), reproduced with permission.

down the possible orientations to two; e.g. if the LOS are located
near 6, = 1.5" and 6, = 0°, then it is impossible to distinguish
between the left-handed helicity with B, pointing in the positive
6, direction and the right-handed helicity with B, pointing in
the negative 6, direction. Jensen et al. (2010) simulated the FR
sky maps for CMEs as well as the potential interference of a
sheath as they would be seen by the Murchison Widefield Array
(MWA) using many LOS, at a 50-min cadence. One such
example for the “Halloween Event” on 2003 October 28, is
shown in the right panel of Figure 4.

Within the flux rope structure, n, is usually assumed to be
constant and is either fixed using assumptions about plasma f3 (e.g.
in modeling from Liu et al., 2007) or solved using independent
white-light data (Section 3.2 and Section 5.2). Because they
observed multiple LOS sampling different regions of the CME,
Kooi et al. (2021) compared three different models for n.: constant
density, thin shell, and thick shell models. The constant density and
thin shell models performed equally well and provided better fits to
the data than the thick shell model.

3 USING INDEPENDENT PLASMA DENSITY
DATA TO COMPLEMENT FR STUDIES

One of the greatest steps forward for modern coronal FR studies
has been to implement independent data for n. into FR

observations. We highlight here the most recent methods used
to extract information about the coronal 7, to complement FR
studies. Application of these methods depends primarily on the
background radio source: dispersion measurements for
background  pulsars; Thomson  scattering  brightness
measurements for background radio galaxies; and radio
ranging and apparent-Doppler tracking for background
spacecraft. Scintillation observations can also be used (Bisi
et al, 2021); however, we are focusing on direct LOS
measurement in this section.

3.1 Dispersion Measurements Using

Pulsars

A rather underutilized method in coronal FR studies to determine
ne along the LOS involves calculating the dispersion
measure, DM:

ne (s)ds 9)

DM = J
LOS

where the LOS is the full distance from a background pulsar to the
observer. Pulsars result from a highly magnetized, rapidly rotating
neutron star. In essence, the radio emission is beamed out along the
axis of the magnetic field and every time the star rotates, this beam
passes Earth’s LOS (provided the magnetic field is not aligned with
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(B) shows the expected FR for a CME on 2003 October 28 as seen by the MWA. Both simulations demonstrate the powerful potential for FR observations to probe the
magnetic structure of CMEs given many LOS are available. Left image appears as Figure 6 in Liu et al. (2007), ©AAS, reproduced with permission. Right image
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the rotational axis). Pulsars were first suggested as a background
source for coronal investigations by Hollweg (1968) and
Counselman et al. (1968). An important advantage to using
pulsars as the background emission source is that the interval
between pulses (the “off” phase of the pulsar) can be used to
calibrate the background emission, including solar interference in
the side lobes of the antenna (see, e.g. Bird et al., 1980).

The key feature of pulsars (and millisecond pulsars, MSPs, in
particular) is that the RM and DM can be simultaneously
measured. Because the DM is simply proportional to the LOS
integral over plasma density, it provides the independent data
necessary to disentangle the effects of n. and Bj in FR
observations. At distances of 5-20 R, the coronal DM can be
a factor of 10°~10* times smaller than the interstellar DM (e.g.
You et al,, 2012; Howard et al., 2016); consequently, MSPs make
ideal candidates because they can be timed with a precision on the
order of 100 ns (Manchester et al., 2013). For example, Madison
etal. (2019) used observations of solar wind perturbations to DM
toward a large number of MSPs to characterize the large-scale
density structure of the solar wind (see also Tiburzi et al., 2021).

However, results for coronal FR studies using pulsars and
MSPs have only been reported in three papers over the last couple
decades: Ord et al. (2007), You et al. (2012), and Howard et al.
(2016). In particular, You et al. (2012) exploited observations of
PSR J1022 + 1001 made as part of the Parkes Pulsar Timing
Array (PPTA) project to measure RM and DM at source
elongations ranging from 6.2-19 R,. These were used to
estimate the coronal magnetic field within the context of
existing coronal and solar wind models. Importantly, You

et al. (2012) showed that the availability of simultaneous
measurements of the DM provided strong constraints on the
coronal and solar wind density models and that errors
introduced by assumptions made in the absence of DM
measurements were significantly greater (=50%) and
dominated the error budget.

3.2 Simultaneous Thomson Scattering
Brightness Measurements From
Space-Borne Coronagraphs

Observations of radio galaxies at offsets sufficiently close to the
Sun can take advantage of space-borne coronagraphs that observe
radiation from the photosphere that has been Thomson-scattered
by electrons in the coronal plasma. Thomson scattering
brightness, TSB, is directly related to n. by a LOS integral
weighted by a geometric function, G(r), whose form is
determined by assumptions about solar limb darkening and
heliocentric distance:

TSB = J e (1)G (r)dr (10)
LOS

where r is vector heliocentric distance. The full form of G(r)
(given as Eq. (17) in van de Hulst, 1950) is

2 2
G(r)= <ZO'TR0B®>|:<2_%)A(r)"'%B(r)] (11)

r
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where o, Re, and B, are the Thomson scattering cross-section,
solar radius, and mean surface brightness of the Sun. r is the
heliocentric distance to a given point along the LOS at which
scattering occurs and R is the impact parameter for the LOS as
before (both given here in units of Ry). A(r) and B(r) are
geometric factors and discussed in detail in van de Hulst
(1950).

A(r) and B(r) rapidly approach the limits A(r) — 1/2r72
and B(r) — 0 as r — 5 R,. Redefining Eqs (10), (11) in terms of
the 8 angle defined in Section 2.1 gives

/2

55 = (MR ) [ 1 st Bl (R (12
16R,
-n/2
Eq. (12) assumes the LOS length is the full distance from a given
background radio galaxy to the observer at Earth; any
contributions to the optical brightness of coronagraph images
from sources other than the electron corona are either removed
using model-subtraction methods (e.g. for local stars that may
intersect the LOS) or negligible (e.g. from the background radio
galaxy itself). If n. has a power-law form given by Eq. (2), the
corresponding TSB is
I+ 3)

198 = Z(3UTR§BONi)R5ai_I(1fa ) 2+%)
' ; +%

i

(13)

which is equivalent to Eq. (7) in Kooi et al. (2017). Eq. (13) can
then be fitted to TSB coronagraph data for a given LOS to
determine the coefficients N; and power indices «;.

van de Hulst (1950) developed the original method of deriving
coronal n. by inverting polarized brightness measurements.
Hayes et al. (2001) then extended this method to total
brightness observations. This has provided the ability to
determine n, contributions to FR using white-light
coronagraphs such as the Large Angle and Spectrometric
Coronagraph (LASCO; Brueckner et al, 1995) on board the
Solar and Heliospheric Observatory (SOHO; Domingo et al,
1995) and the Sun-Earth Connection Coronal and
Heliospheric Investigation (SECCHI; Howard et al., 2008)
instrument suites on board the twin Solar TErrestrial
RElations Observatory (STEREO; Kaiser et al., 2008) spacecraft.
However, because the K corona (coronal electron plasma) and F
corona (scattering off interplanetary dust) both contribute to the
total brightness, the accuracy of deriving #,. from total brightness
observations depends strongly on the accuracy of the removal of
the brightness contributions from the F corona. For discussion of
how this is done for coronal FR studies, see Kooi et al. (2017) and
references therein.

This method has worked well in previous observations of
coronal FR (e.g. Howard et al.,, 2016; Kooi et al., 2017, Kooi
et al, 2021), but relies primarily on the SOHO LASCO
coronagraphs because SOHO orbits the Sun-Earth L1 point,
its observational perspective is essentially the same as a radio
receiver’s on Earth; therefore, it is straightforward to map radio
LOS through the LASCO coronagraph field-of-view. SOHO
currently has two operational coronagraphs, C2 and C3, with a
field-of-view of 1.5-6.0R, and 3.7-30R,, respectively

FR to Probe the SW

(Brueckner et al., 1995). As a result, FR observations of the
middle and outer corona tend to use LASCO-C2 and C3,
respectively.

However, care should be taken if the LOS is near the inner
or outer boundary of the field-of-view. Near the inner
boundary, where the K corona is brightest, most F corona
subtraction methods can lead to subtraction of a portion of the
K corona as well. This can be especially true if the K corona is
quasi-static as is often the case during solar minimum
conditions. Near the outer boundary, the TSB signal
becomes noise-dominated. Most observations in the outer
corona are made at heliocentric distances <20R, and are
not noise-dominated unless the LOS is located in a particularly
white-light dim coronal hole. For observations near the outer
boundary of the middle corona (= 6Ry), it is usually best to
calculate a radial power-law model for s, across the C2 field-
of-view similar to Hayes et al. (2001), instead of fitting the TSB
data along the LOS.

3.3 Radio Ranging and Apparent-Doppler
Tracking Methods

For spacecraft, radio ranging and apparent-Doppler tracking
methods can be employed. These two methods provide a
measure of the Total Electron Content, TEC, of the coronal
plasma:

TEC =

J 1 (s)ds (14)

LOS

While similar in form to the DM in Eq. (9), the TEC specifically
refers to the column density of electrons in the corona, whereas
the DM includes not only the corona, but also the interstellar
medium.

Radio ranging (also known as Differenced Ranging Versus
Integrated Doppler, DRVID), measures the group delay time
required to send a wave packet from the spacecraft to the
observer. The group delay time, At, for a signal with angular
frequency w is directly related to the TEC by
S, a

At=2

+——=—TEC
¢ 2w?ceym,

(15)
where ¢, 4., €0, and m, are the physical constants representing the
speed of light, electron charge, permittivity of free space, and
electron mass, respectively. S E_[Losds is the effective length of the
LOS; consequently, the time delay added to the signal due the
dispersive coronal plasma is represented by the second term. This
appears as Eq. (7) in Jensen et al. (2016). Beyond providing a
direct measurement of the TEC, radio ranging can also be used to
study fractional electron density fluctuations (see, e.g. Woo et al.,
1995).

The apparent-Doppler tracking method relies on measuring
the frequency, independent of Doppler motion that results
from the spacecraft traveling dS/dt, of a transmitted
signal through a gradient in n.. For a given frequency, f, the
frequency shift, Af, is effectively given by the time derivative of
Eq. (15):
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2
Af—fz 145 4 dope

2w?ceym, dt

This appears as Eq. (11) in Jensen et al. (2016). This technique
works best when there are multiple frequencies available. For two
or more frequencies, the spacecraft Doppler motion can be
removed via subtraction because it contributes equally to all
frequencies. The remaining frequency-dependent fluctuations
are therefore a result of the plasma. Simultaneously measuring
the absolute TEC with ranging also provides a more accurate
measure of the TEC within the exact Fresnel space as the signal
when tracking the changes in TEC with these frequency
fluctuations. If only one frequency is available, though, JPL/
NAIF SPICE ephemeris® calculations can be used to eliminate
the expected spacecraft motion, with much less accuracy.

Jensen et al. (2016) explored both methods for measuring TEC
as a function of time using the Cassini spacecraft as the
background radio source. In this case, the uplink frequency
was a monochromatic sinusoidal signal at 7.2 GHz and Cassini
broadcast at two, phase-locked sinusoidal signals of 8.4 and
32 GHz. Having successfully demonstrated the efficacy of these
methods for measuring TEC, Jensen et al. (2018) later applied
these techniques to FR observations of a CME observed on 2013
May 10 using the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft (see
Section 5.1). Ranging and apparent-Doppler methods will also
be used to measure the TEC coinciding with FR measurements
made by the Faraday Effect Tracker of Coronal and Heliospheric
structures (FETCH) instrument as part of the Multiview
Observatory for Solar Terrestrial science (MOST: Gopalswamy
et al.,, 2021a) mission concept discussed in Section 6.3.

c dt (16)

4 MODERN CONTRIBUTIONS TO
UNDERSTANDING THE CORONA

While numerous FR experiments over the last few decades have
continued to return estimates for the large-scale magnetic field,
we focus our discussion here on two truly novel methods that
have been developed to use FR to probe coronal magnetic field
fluctuations and electric currents.

4.1 FRF and Faraday Screen Depolarization
Implications for Wave-Turbulence Heating

One of the most active areas of research in modern solar physics is
identifying the mechanism(s) responsible for heating the corona
to temperatures over a million kelvin. FR observations can
provide unique insights into models for coronal heating
mechanisms and, in particular, can provide constraints on
models of wave-dissipation heating. Wave-dissipation models
usually assume that wavelike oscillations within the corona
(e.g. Alfvén waves) are damped out, typically by invoking
turbulence, and the wave power is translated into energy that

*https://naif.jpl.nasa.gov/naif/spiceconcept.html
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can heat the corona and drive solar wind acceleration. In wave-
dissipation models, the wave flux density required is around
200-500 W m™ (Hollweg et al., 2010).

Measurement of FR fluctuations (FRF) is one of the few
methods available for detecting and providing estimates for
the wave power within the corona. Perturbations in n. or
magnetic field structure can, in principle, produce wavelike
structures detectable in the variance of FR measurements.
Simultaneous observations of FRF and electron content
variations (Hollweg et al., 1982), as well as comparisons of
experimental results with theoretical models (Chashei and
Shishov, 1983; Chashei and Shishov, 1984; Chashei and
Shishov, 1986) indicate that magnetic field fluctuations
dominate the variance. Consequently, the term that dominates
the variance in RM is given by:

(ORM?) = CFRJ 2 (8B ) Lg,ds (17)
10s
where ((SBﬁ) is the variance in B amplitude and Lg, is the auto-
correlation scale length (see Hollweg et al., 1982, for details).

Eq. (17) is the basis for estimating the amplitude and form of
the RMS magnetic field fluctuations, (SBﬁ)m, using direct
measurements of FRF. While Eq. (17) may appear simple in
form, the exact forms for n,, ((SBﬁ), and Lp, are unknown. As
mentioned in Section 2, models for these values are assumed if
independent information is not available. Typically, the corona is
assumed to be spherically symmetric and the quantities are
assumed to vary as power laws in heliocentric distance.

The auto-correlation scale length for the magnetic field, Lg,, is
one of the most difficult quantities to estimate in Eq. (17). Hollweg
et al. (1982) assumed that the Alfvén waves were generated by
perturbing magnetic flux tubes at the photosphere. As such, they
approximate Lp, as the mean spacing between flux tubes (e.g. see
Spruit, 1981), which is a function of the background magnetic field.
Mancuso and Spangler (1999) used the same assumption as
Hollweg et al. (1982), as well as estimating Lp, based on their
measured auto-correlation time and a range of values for the solar
wind. They suggested that L, might be underestimated by a factor
of 5-10, which implies that they (along with Hollweg et al., 1982)
may have overestimated (cSBﬁ)” 2 by the same factor. Wexler et al.
(2020) used a correlation length of 10,000 km in middle-corona
studies of radio frequency fluctuations, and 5,000 km in an earlier
study of FRF below 2 R, (Wexler et al., 2017). The matter needs
further study.

Once estimates for the amplitude dBj = (6Bﬁ)1/ ? and the
correlation length have been determined, the wave flux density
for Alfvén waves can be calculated as

1
Fy = —aBﬁVA (18)
I

0
in W m ™2, where y is the permeability of free space and V, is the
Alfvén wave speed. After demonstrating that FRF were associated
primarily with fluctuations in the magnetic field, Hollweg et al.
(1982) concluded that the wave flux density associated with their
FRF measurements was large enough to drive coronal heating
through turbulent dissipation. Efimov et al. (1993), Andreev et al.
(1997), Jensen and Russell (2008), and Hollweg et al. (2010)
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similarly concluded that the FRF detected using Helios as the
background radio source were consistent with coronal magnetic
field fluctuations of sufficient amplitudes to power the solar wind.
Limited FRF data over the 1.63-1.89 R, range (Wexler et al,
2017) suggested an Alfvén wave energy flux of only 7 W m™,
while similar analysis in stronger magnetic field regions at similar
coronal heights revealed energy fluxes in the 35-49 W m™ range
(Wexler, 2020). When comparing such FRF studies, the spectral
range under study needs to be considered. Since the FRF power
spectrum has a negative power law index, extension far into the
sub-mHz range will produce a much larger RMS 6B and thus
higher wave energy flux, but at the risk of detecting slowly-
evolving large-scale structure rather than MHD oscillations.

FRF measurements using natural radio sources (i.e. radio
galaxies), have only provided upper limits for turbulent wave-
dissipation models. Sakurai and Spangler (1994a) calculated the
wave flux at the coronal base to be <160 W m™* and Mancuso
and Spangler (1999) inferred a wave flux that ranges from 24 to
230 W m™>. These observations place restrictions on the low
frequency Alfvén waves (of order a few mHz) seen in the
corona, but these waves may or may not be directly correlated
with the high frequency (= 1 — 100s of Hz) Alfvén waves thought
to be associated with heating the corona. Spangler and Mancuso
(2000) developed a possible method for examining these high
frequency waves through the observation of Faraday screen
depolarization. The basic idea is that the antenna beam used to
observe an extended radio source through the corona (or any
medium) has a finite footprint on this region roughly proportional
to the product of the beam’s half-width and the distance to the
region. A high level of high frequency Alfvén waves in the corona
could produce many regions of uncorrelated FRF within the
beam’s footprint, reducing the net polarization detected at the
receiver. Spangler and Mancuso (2000) argued that depending on
the exact properties of the high frequency wave dissipation models
employed, a detectable depolarization of = 5 — 20% should result;
however, they found no detectable depolarization.

More recent observations also showed no detectable
depolarization of extended radio sources (e.g. see Spangler and
Spitler, 2005; Spangler and Whiting, 2009). These observations
were primarily focused on constraining the amplitude and outer
scales of turbulent dissipation processes: turbulence with an
amplitude of §B/B = 0.2-0.3 should have an outer scale on the
order of the beam footprint (1000 — 2000 km) and turbulence with
a larger amplitude of 6B/B = 0.5 should have an outer scale much
smaller than the beam footprint (<200 km). While restrictive,
these values agree well with limits suggested by some turbulent
wave-dissipation models (e.g. see Hollweg et al., 2010).

4.2 DFR Measurements of Coronal Electric

Currents

Electric currents are ubiquitous in the corona, from the large
scales of the heliospheric current sheet (HCS, see, e.g., Wilcox and
Ness, 1965; Gleeson and Axford, 1976; Koskela et al., 2018) to the
smaller scales of current filaments and turbulent current sheets
generated by reconnection events (see, e.g., Vaiana et al,
1973; Habbal and Withbroe, 1981; Biichner, 2006; Spangler,
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FIGURE 5 | Differential Faraday-rotation measurement geometry for a
background radio source that provides two LOS (solid arrows): Hotspot A and
Hotspot B. The dashed arrows represent the two LOS (with negligible RM)
necessary to complete the “rotation-measure Amperian loop.” The

curved line enclosed by the loop represents a coronal current detected with
this measurement. This appears as Figure 1 in Kooi and Kaplan (2020),
©Springer, reproduced with permission.

2007). The dissipation of electric currents has also been
suggested as a possible mechanism for coronal heating
(see, e.g., Heyvaerts and Priest, 1984). Spangler (2007)
adapted a method of measuring the magnitudes of coronal
currents using differential Faraday rotation (DFR). This
method had been previously employed by Brower et al.
(2002) and Ding et al. (2003) to measure the internal
currents in a laboratory plasma (the Madison symmetric
torus, MST, reversed-field pinch, RFP, at the University of
Wisconsin, see Prager, 1999) without perturbing the plasma
with a physical probe.

DEFR is defined as the difference between FR along two or
more closely spaced LOS. If the background radio source
provides two LOS, e.g. a radio double with Hotspot A and
Hotspot B, then the differential Faraday-rotation measure,
ARM, is defined by

ARM = RM, - RM; (19)

If a “rotation-measure Amperian loop” is set up as in Figure 5,
then ARM can be well approximated by the sum of all four
contributions because the contributions from RM, and RM, are
negligible:

1. the path length of integration for RM, and RM, is very small
because the two LOS are, by definition, closely spaced;

2. the integration paths for RM, and RM, are considered to be far
from the Sun and, consequently, the coronal contribution to 7,
and magnetic field will be inconsequential.

Therefore ARM can be computed as a closed-loop integration:
ARM = RM,; + RM, + RM; + RM, = CFR4) nB-ds (20)
10S

If the region where the measured ARM is dominated by a relatively
uniform #. (given by #.), then Ampere’s law gives the relation
between DFR and the current, I, enclosed by the “rotation-
measure Amperian loop” in Figure 5 (Spangler, 2007). In SI units:

B. ds = CFRﬁe‘uOIenc (21)

ARM = CFRﬁe#
LOS

where p is the permeability of free space and Cpr = 2.631 X
102 rad T
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DEFR results using the radio galaxy 3C 228 as a background
radio source were reported by Spangler (2007) and Kooi et al.
(2014). 3C 228 is a double radio source with strongly polarized
northern and southern hotspots (see Figure 2 in Kooi et al., 2014),
permitting DFR measurements along two LOS separated by 46"
on the sky (with a corresponding physical distance of
=~ 33,000km in the corona). Spangler (2007) detected ARM
corresponding to current magnitudes of 0.23-2.5GA at
heliocentric distances of 5.2-6.7R,. Kooi et al. (2014)
measured slightly larger values of 2.6-4.1 GA at heliocentric
distances of 4.6-5.0 Re. Spangler (2007) and Kooi et al. (2014)
both concluded that the magnitude of the currents detected were
insufficent for coronal heating unless the true resistivity in the
corona exceeds the Spitzer value by several orders of magnitude.

Spangler (2007) also modeled the expected DFR due to
coronal current filaments with a Z-pinch structure (Gurnett
and Bhattacharjee, 2006), which is a solution to the
mechanical equilibrium requirement that

JxB-Vp=0 (22)

where J and B are the vector current density and magnetic field
and p is the plasma pressure. The Z-pinch structure is an
unstable equilibrium solution, so it is entirely possible for these
filaments to form in turbulent plasmas like the corona and
propagate along with the solar wind, then disappearing only to
reform further upstream or downstream in the solar wind. In
particular, Spangler (2007) found that the error between the true
value for the magnitude of the current filament and the value
estimated from Eq. (21) was only 37%, supporting the credibility of
this remote-sensing method.

More recently, Kooi and Kaplan (2020) investigated the
expected DFR associated with the large-scale HCS and found
that the HCS DFR depended strongly on the impact parameter,
Ry, and the location where the LOS intercepts the HCS, S, but
was rather insensitive to the small offset between the two LOS.
Kooi and Kaplan (2020) also showed that the HCS accounted
for up to 10-20% of the observed ARM reported by Spangler
(2007) and that the small bias in DFR measurements detected
on all three days reported in Spangler (2007) and Kooi et al.
(2014) was fully consistent with the expected contribution
from the HCS. The most important conclusion reported in
Kooi and Kaplan (2020), though, was that DFR measurements
can provide a more accurate probe of the difference between
coronal magnetic field models compared to single LOS
measurements of FR alone, especially at heliocentric
distances <5R,. Consequently, future observations of DFR
could provide a deeper understanding of the inner- and
middle-corona magnetic-field structure.

5 MODERN CONTRIBUTIONS TO
UNDERSTANDING CMES

One of the greatest achievements of modern FR studies has been
the measurement of the magnetic field strength and structure of
CMEs. The orientation of the magnetic field is crucial to

FR to Probe the SW

determining the strength and duration of geomagnetic storms
when a CME impacts the Earth. The two radio remote-sensing
methods that have been most successful in measuring the internal
magnetic field of CMEs are measurements of gyrosynchrotron
radio emission from the nonthermal particle distribution inside a
CME (Bastian et al., 2001; Mondal et al., 2020) and measurements
of FR through a CME. The primary restriction to measurement of
gyrosynchrotron radio emission is that it becomes weak and,
therefore, difficult to detect at heliocentric distances = 5 R,. FR
measurements of CMEs, by contrast, have been made over a
much larger range: 4.3-19.5 R,. Table 3 summarizes important
results from published FR studies of CMEs.

5.1 Inferring CME Magnetic Field Strength

From FR Observations

Most historical observations of CME FR utilized spacecraft as the
background linearly polarized radio source because spacecraft
provide strong, reliable signals with known properties;
consequently, it was straightforward to rule out systematic
effects that might appear as a “transient” signal in early coronal
FR experiments. These early experiments (e.g. Levy et al., 1969;
Cannon et al., 1973; Bird et al., 1985) are discussed in Pitzold and
Bird (1998), Jensen and Russell (2008), and Kooi et al. (2017), Kooi
et al. (2021). As Table 3 demonstrates, there was a sizeable gap
between the 1979 observations reported in Bird et al. (1985) and
the next suspected observation of CME FR in 2005. During this
period, there were major developments in ground-based radio
interferometry (e.g. creation and development of the VLA),
improvements to computational techniques for modeling CMEs
and their flux rope structure, and new generations of white-light
coronagraph imagers (e.g. onboard SOHO and STEREO
spacecraft). However, during this period, there was an
increasingly heavy reliance on circularly polarized transmitters
for communications with spacecraft; consequently, the 2000s not
only marked a new era in understanding CMEs and detecting FR,
but also marked the beginning of an era relying heavily on natural
radio sources as the background linearly polarized pilot light.

The first CME FR observation using a natural radio source was
serendipitous in nature: while performing a coronal FR observing
campaign with the VLA at dual frequencies of 1465 and
1665 MHz, the outer loop of a CME approached LOS to two
extragalactic radio sources (J2335-015 and J2337-025: Ingleby
et al., 2007; Spangler and Whiting, 2009). Coronagraph images
from LASCO-C2 suggested that the outer loop did not quite cross
these LOS; however, the FR for one of the two sources (J2337-
025) monotonically increased with time near the end of the
observing session: increasing by =26° (RM = 10.9 rad m™?).
Spangler and Whiting (2009) concluded there must be an
MHD precursor associated with the CME ahead of the outer
loop (e.g. shock or sheath region).

The first successful campaign to definitively detect CME FR
using natural radio sources was reported in Kooi et al. (2017).
This was the first observational campaign to use the recently
upgraded VLA to hunt for CME FR. Kooi et al. (2017) used a
constellation of radio galaxies surrounding the Sun, hoping to
improve the likelihood that at least one LOS would probe an
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TABLE 3 | Results from FR studies of coronal mass ejections. S/C, RG, and PSR are spacecraft, radio galaxy, and pulsar background radio sources, respectively.

Year Source Receiver Frequency [GHz]
1968 November 4% S/C DSN 2.292
1968 November 8% S/C DSN 2.292
1968 November 122 S/C DSN 2.292
1970 December 11° S/C DSN 2.292
1970 December 26° S/C DSN 2.292
1979 October 23° S/C DSN 2.295
1979 October 24° S/C DSN 2.295
2005 March 12¢ RG VLA 1.465 & 1.665
2012 August 2° RG VLA 1-2
2012 August 2' RG VLA 1-2
2013 May 10° S/C GBT 8.4
2015 July 31" RG VLA 1-2
2015 August 21' PSR LWA 0.0645

Ro[R:] Peak |ARM]| [rad m™2] |B] [mT] Orientation
10.9 ~30 - -
8.6 =50 - -
6.2 ~ 40 - -
59 ~ 40 - -
6.2 ~10 - -

71-75 ~ 60 04-23 -

48-5.1 ~ 60 0.1-1.1 -

6.6 10.9 - -
9.9 -105 10 1.13 £ 0.04 Absolute
9.6 -10.6 4 1.04 + 0.04 Absolute
43-49 137 0.0012 - 0.0038 Relative
82-195 20 3.482 + 0.063 Absolute

18 <215 <0.08 -

ALevy et al. (1969); events referred to as “coronal transients” because CMEs had not yet been discovered in white-light imaging.

bCannon et al. (1973).

°Bird et al. (1985); five events were detected, but only two events provided enough data to analyze. This was the first paper to connect large coronal FR transients to white-light CME
events. |B| computed as the mean longitudinal (LOS) component of the CME magnetic field strength.

9ngleby et al. (2007); Spangler and Whiting (2009); one LOS is suspected to have probed a CME near the end of observations.

®Kooi et al. (2017); Wood et al. (2020); |B| corresponds to the axial magnetic field strength. Absolute orientation is determined from FR measurements and white-light modeling.
'Kooi et al. (2017); Wood et al. (2020); |B| corresponds to the axial magnetic field strength determined by Kooi et al. (2017). Absolute orientation is determined from FR measurements,

white-light modeling, and in situ observations with STEREO-A.
9Jensen et al. (2018); |B| corresponds to the axial magnetic field strength.

hKooiet al. (2021); multiple radio galaxies were observed, providing 13 LOS total through one CME. |B| correspondss to the axial magnetic field strength. Event was too weak to reconstruct
using white-light methods; however the absolute orientation could be determined because multiple LOS were used to probe the CME structure.
'Howard et al. (2016); only the 64.5 MHz, frequency was used due to severe RFI; upper limit only due to uncertainties associated with the ionosphere; using the plasma density determined

from the pulsar dispersion measure, DM.

emerging CME. On 2012 August 2, three LOS were occulted by
CMEs erupting in quick succession from the Sun; two of the
CMEs produced well-defined FR profiles, ranging in values of +3
to —10 rad m 2 at a heliocentric distance of = 10 R,. Kooi et al.
(2017) modeled these two events using a constant density force-
free magnetic flux rope model and, using simultaneous white-
light coronagraph measurements of TSB (see Section 3.2),
calculated plasma densities of 6.9 — 21.4 x 10° m™ and axial
magnetic field strengths of = 1 yT.

Figure 6 shows the TSB and FR time series for a radio double
that provided two closely-spaced LOS (Hot Spots 1 and 2). Near
the start of the observations, the only contribution to the TSB and
FR was the quiescent corona, then the leading edge of a CME (LE-
1) crossed the LOS at 15:42 UT. Kooi et al. (2017) modeled the
TSB and FR assuming that two CMEs occulted the source, with
the leading edge of the second CME’s flux rope (LE-2) crossing
the LOS near 18:30 UT. The dotted, dashed, and dash-dotted lines
represent the coronal contribution, the first CME’s contribution,
and the second CME’s contribution, respectively. While Kooi
et al. (2017) could infer n, and the axial field strength, they could
only determine the CME’s helicity relative to the axial field
direction; they could not determine the absolute geometric
orientation. This was done later by Wood et al. (2020) and
will be discussed further in the next section.

The only modern observation of CME FR using a spacecraft as
the background transmitter was reported in Jensen et al. (2018):
the LOS to the MESSENGER spacecraft was occulted by a CME
on 2013 May 10. These observations were unique for three
reasons. First, the downlink signal from MESSENGER is
strongly circularly polarized; panel A in Figure 7 shows the

fractional circular polarization prior to occultation by the CME is
> 99%; consequently, unlike the era of the Pioneer and Helios
missions, detecting this spacecraft’s signal is like detecting a
=~ 10% linearly polarized natural radio source. As panel B
shows, though, the GBT was sensitive enough to accurately
measure the relatively small linear polarized signal. The
second important aspect of this study is that it was the first to
use the apparent-Doppler tracking method in Jensen et al. (2016)
to determine the change in total electron content (ATEC,
Figure 7D) to estimate 7, inside the CME.

Finally, while these observations did detect a characteristic flux
rope profile associated with the dark inner core of the CME and
infer a magnetic field strength for the axial field, they also detected
a complex radio response coinciding with the trailing structure
behind the flux rope. The circular polarization decreases during
this period, with a corresponding increase in linear polarization
that suggests mode conversion between the two was occurring.
The polarization angle also experienced significant rotation
during this period, similar in scale to the FR due to the flux
rope structure. After eliminating receiving system bias due to
spontaneous events (e.g radio bursts), Jensen et al. (2018)
demonstrated that a reconnection region could reproduce
these effects through an increase of the energy of the
propagating LCP wave mode and, therefore, concluded that
this never before seen behavior was likely due to plasma mode
conversion as a result of reconnection behind the CME.

Currently, there is only one published detection of CME FR
using pulsars as a background radio source. Howard et al.
(2016) detected a relatively weak CME FR signal, observing
pulsar PSR B0950 + 08 with the Long Wavelength Array
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FIGURE 6 | Thomson-scattering brightness (TSB, (A)) and Faraday rotation measure (RM, (B)) through CMEs using a radio galaxy as the background radio source,

as reported in Kooi et al. (2017). The 2012 August 2 event was modeled assuming occultation by two CMEs; LE-1 is the leading edge of the first CME and LE-2 is the
leading edge of the second. LE-1 at 15:42 UT and 20:06 UT mark the beginning and ending of occultation by the first CME, respectively. The dotted, dashed, and dash-
dotted lines represent the coronal contribution, the first CME’s contribution, and the second CME’s contribution, respectively. The solid black line gives the
combined effect. The radio source provided two closely-spaced LOS labeled as Hot Spots 1 and 2. These data correspond to values reported for 2012 Aug. 2% in
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18 19 20 21

(LWA-1: Taylor et al., 2012). They derived values for the CME
n. using both the DM and TSB (the top and middle panels of
Figure 8, respectively); the cadence of white-light
measurements is greater (four per hour instead of one), but
the DM provides a much more sensitive measurement of the
CME’s n, structure. Unfortunately, as much as = 50% of the FR
signal was ionospheric in origin; therefore, Howard et al.
(2016) only calculated upper limits for the magnetic field
strength along the LOS and did not attempt to model the
CME plasma structure. The value reported in Table 3 (2015
August 21') corresponds to the upper limit for |B| inferred
using the n, determined with the DM.

5.2 FR Measurements of CME Magnetic

Field Orientation

A critical step towards using FR studies to enhance our
understanding of space weather and, eventually, improve
space weather forecasting is determining the absolute geometric
orientation of CMEs (in particular, its orientation with respect to
Earth’s magnetic field). It has only been within the last few years
that CME FR experiments have been able to achieve this. Wood
etal. (2020) was the first study to use FR to determine the absolute
orientation of CMEs. Wood et al. (2020) used white-light

coronagraph data from SOHO, STEREO-A, and STEREO-B to
reconstruct the three-dimensional structure for two CME events
discussed in Kooi et al. (2017). The left panel of Figure 9 shows the
reconstruction of the two CMEs on 2012 August 2 and their
positions in relation to LOS to background radio sources
represented by the red and orange arrows. The blue arrow
shows the line from the Sun to STEREO-A which was impacted
by the northernmost CME, providing the first-ever event in which
a CME’s properties could be constrained by white-light
coronagraph observations, in situ spacecraft measurements, and
radio FR observations.

The southern CME was constrained using only the
stereoscopic imaging and FR data. The stereoscopic imaging
provided the necessary orientation information for this CME.
Applying the elliptic-cylindrical analytical flux rope model from
Nieves-Chinchilla et al. (2018), Wood et al. (2020) narrowed
down the magnetic field orientation to four possibilities (i.e. two
potential orientations for each of the axial and azimuthal field
components). The FR data reported in Kooi et al. (2017) was
then used to identify the correct magnetic orientation and
magnitude. The right panel in Figure 9 shows the four
potential orientations given the white-light geometry of this
CME, similar to Figure 4. In this case, orientation (D) provides
the best match to the FR data. The n. and magnetic field
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FIGURE 7 | Observations of CME FR using a spacecraft as the background radio source. Panels (A) and (B) are the fractional circular and linear polarizations of the
MESSENGER signal, respectively; panel (C) is the polarization angle showing the FR, with force-free magnetic flux rope fits to the “Dark Core” are overlaid in color; panel
(D) is the change in TEC as determined from the apparent-Doppler tracking method (Section 3.3). White-light images from SOHO LASCO-C2 at the time periods shown
are provided. Range in Ry is shown at the top. These data correspond to values reported for 2013 May 109 in Table 3. This appears as Figure 2 in Jensen et al.
(2018), ©AAS, reproduced with permission.

strength determined from this white-light reconstruction was
within a factor of 2-3 of the values reported by Kooi et al.
(2017).

Kooi et al. (2021) presented the first study to determine the
CME magnetic field strength and orientation using multiple LOS.
These were also the first observations to utilize the VLA’s
“triggered” observing mode to remotely probe CMEs. The
advantage of the triggered observing mode is that one can
observe a constellation of natural radio sources with LOS
certain to probe the triggering CME event. Triggering
observations at the sudden appearance of a CME is the only
way to guarantee there are multiple LOS probing different
regions of the CME.

Applying the frozen-in flux theorem, Kooi et al. (2021) scaled
the n, and axial magnetic field strength and performed a fit to the
TSB and FR data across all LOS simultaneously. Figure 10 shows
the TSB (A) and FR (B) for one of the sources occulted by two legs
of the CME, along with the model fits. This CME was very weak in
white-light images and, therefore, it was impossible to generate a
reliable white-light reconstruction for this event. The CME’s
boundaries (i.e. leading edges) could be determined through
white-light difference imaging, though, and so the relative
positions of the LOS with respect to the CME’s structure
could still be determined. Kooi et al. (2021) tested three .
models for the CME: constant density, thin shell, and thick
shell (the black solid, red solid, and red dashed lines,
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FIGURE 8 | Observations of CME FR using a pulsar. Top, middle, and bottom panels give the dispersion measure (DM), radiance (i.e. TSB), and FR, respectively,

due strictly to the corona and CME. At these heliocentric distances (= 18 R,), the coronal DM is a factor of ~ 10* smaller than the interstellar DM and the coronal RM is
comparable to the ionospheric RM. These data correspond to values reported for 2015 August 21'in Table 3. This appears as Figure 7 in Howard et al. (2016), ©AAS,
reproduced with permission.
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White light reconstruction of CMEs Model (black) vs. Observed (red) CME FR

FIGURE 9 | Reconstructed 3D magnetic flux rope structures of two CMEs that erupted off the western limb of the Sun given in heliocentric Earth ecliptic (HEE)
coordinates (A) and the model FR (black data) for the four possible magnetic field orientations corresponding to the southern CME in panels (B-E). The blue arrow points
from the Sun in the direction of STEREO-A, which was impacted by the northern CME. The red and orange arrows point from the Earth in the direction of background
radio sources used in FR observations reported in Kooi et al. (2017). The axes are color-coded to match the HEE coordinate axes in the bottom-left corner. In
panels (B-E), the FR measurements (red data) clearly favor the magnetic field orientation in (D). The left panel and right panels appear as Figures 4, 10, respectively, in
Wood et al. (2020), ©AAS, reproduced with permission.
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FIGURE 10 | Thomson-scattering brightness (TSB, (A)) and Faraday rotation measure (RM, (B)) through a CME using a radio galaxy as the background radio
source, as reported in Kooi et al. (2021). These data correspond to one of the thirteen LOS used to probe this CME. The 2015 July 31 event was modeled assuming one
CME: LE-1 corresponds to the leading edge of the CME’s northern (in heliographic latitude) leg and LE-2 corresponds to the leading edge of the southern leg. The black
dashed line corresponds to the coronal contribution. The black solid, red solid, and red dashed lines correspond to the constant density, thin shell, and thick shell
CME n, models. These data correspond to values reported for 2015 July 31" in Table 3. This appears as Figure 9 in Kooi et al. (2021), ©Springer, reproduced with

UT (Hours)

respectively, in Figure 10). The constant density and thin shell
models performed equally well and provided better fits to the data
than the thick shell model, which tended to underpredict the
magnitude of the FR response.

Kooi et al. (2021) is a good example of the power of multiple
LOS and is indicative of the potential for multi-LOS observations
using current and future observatories that can image large
regions of the sky. In just under a decade, CME FR observations
have gone from one LOS to 10+; future ground-based
instruments will soon open up the ability to image 10s, 100s,
and eventually, 1000s of LOS. Even with one LOS, Kooi et al.
(2017) and Wood et al. (2020) together showcase the promise of
combining white-light reconstructions of CME morphology
with radio FR observations.

These studies of CMEs erupting on or near the solar limb also
set the stage for future observations of Earth-directed CMEs. The
next major step towards using Faraday rotation as a space
weather forecasting method is demonstrating that Faraday
rotation can retrieve the magnetic field orientation of these
Earth-directed CMEs. Modern radio interferometers such as
the VLA can reach the necessary sensitivities (typically a few
10s pJy beam " for radio galaxies with linear polarization
intensities P > 5 mJy beam™', e.g. see Kooi et al, 2021)
within minutes; consequently, future facilities could
potentially generate sky maps similar to those simulated in
Figure 4 every few minutes or faster, especially with further
development of automated polarization calibration data
reduction pipelines.

6 THE FUTURE OF CORONAL FARADAY
ROTATION STUDIES

Taken together, the studies presented in this review provide a
promising look ahead at what might soon be accomplished with
the next generation of FR experiments. In this section, we discuss

current and future instruments and methods that will benefit and,
in turn, be enhanced by FR studies.

6.1 Opportunities for Improvement in

Ground-Based FR Observations

6.1.1 The Potential for New Radio Transmitters
Fundamentally, there are two means of improving ground-based
FR experiments: using better background radio sources and
developing better receivers to detect radio sources. Here, we
discuss the former, delineating between spacecraft and natural
sources. Improving spacecraft signals to, in turn, improve
prospects for future FR observations is simple: equip
spacecraft with linearly polarized radio communication
systems. As discussed in previous sections (e.g. Section 5.1),
recent space missions have chosen circularly polarized radio
transmitters to communicate with Earth. While the most
sensitive telescopes can still detect residual linear polarization
within these signals (e.g. the GBT, as discussed in Jensen et al.,
2018), it is imperative that the next generation of spacecraft - in
particular, spacecraft that will regularly be in conjunction with
the Earth-Sun line - be equipped with linear transmitters if we are
ever to repeat and improve upon the FR successes of, e.g., the
Pioneer or Helios missions.

Further, the two biggest flaws of using spacecraft transmitters
must be redressed: one or two downlink frequencies and one LOS.
The former is simple to improve: equip spacecraft with multi-
frequency downlink antennas, ideally broadcasting over the range
of 2-12 GHz. While the frequencies could remain discrete in
nature, they should be phase-locked similar to Cassini to remove
systematic effects (e.g. see Jensen et al., 2016). With a range of
frequencies available, such spacecraft could easily be tracked and
provide sensitive FR measurements over a broad range of
heliocentric distances: S-band (2-4 GHz) could be used to
probe the outer corona (>6Rgy), C- and X-bands (4-8 and
8-12 GHz, respectively) could be used to probe the middle

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

April 2022 | Volume 9 | Article 841866


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

Kooi et al.

corona (1.5 < r < 6 Ry), and Ku-band and higher (> 12 GHz)
could be used to probe the inner corona (< 1.5Rp).

The second flaw in spacecraft transmitters is that one
spacecraft provides one LOS. The remedy is similarly
straightforward, though more expensive to implement: future
missions should be flown using multiple spacecraft flying in
formation. Monitoring these satellite constellations during
conjunctions would provide the same benefits of FR
observations of extended radio galaxies:

1. FR could be observed over multiple (downlink) frequencies;

2. satellite constellations would provide multiple LOS, but with
the added benefit of each LOS providing a much stronger
signal than those typical for radio galaxies extended on the sky;

3. satellite constellations would provide multiple, closely-spaced
LOS to detect electric currents using DFR methods
(Section 4.2).

Constellations of multi-frequency satellites with linearly
polarized transmitters could also be tracked by simpler radio
telescopes or telescope networks like the NASA Deep Space
Network (DSN) on a regular basis. As Table 3 demonstrates,
most modern observations of, e.g., CME FR have to be done with
extremely  powerful, specialized radio telescopes or
interferometers, such as the VLA or GBT. These are very
competitive, PI-driven instruments and are, therefore, best
used to test new methods for FR observations; they are not
designed to be solar observatories. Satellite clusters such as
this would allow us to move towards ground-based tracking of
coronal FR on a daily or near-daily basis, similar to what was done
during the Helios mission decades ago.

Daily FR observations using a satellite swarm combined with
rapid white-light reconstruction methods could be used in a
similar fashion to Wood et al. (2020), returning the absolute
orientation of CMEs bound for Earth; this would be an important
step forward for space weather forecasting. Similarly, the sensitive
measurements of reconnection behind the CME observed by
Jensen et al. (2018) offer a tantalizing preview of the new science
that could be explored combining FR campaigns with satellites
transmitting at multiple frequencies.

Satellite swarms would not entirely replace the role of natural
radio sources. A number of current and future radio telescopes
are designed to image large regions of the sky (e.g. the MWA, a
precursor instrument to the Square Kilometre Array, SKA, has a
field of view of hundreds of square degrees). While there are
important challenges to overcome, chief among them
understanding the instrument’s polarization properties and
mitigating ionospheric effects on these scales, these instruments
will likely be able to take full advantage of the natural linearly
polarized emitters on the sky. There are hundreds of suitable
natural radio sources within, e.g., 20 R, of the Sun on any given
day; consequently, these instruments should one day be able to
generate FR maps of the corona or CMEs, using sparse tomography
methods perhaps, similar to the MWA maps simulated by Jensen
etal. (2010). Once FR tomography methods can be realized, more
advanced methods to distinguish between . and By contributions
will be required. There are already new methods being developed to
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provide time-dependent, three-dimensional reconstructions of the
solar wind using observations of coronal Thomson scattering or
interplanetary scintillation (see Jackson et al., 2020, and references
therein).

Soon, there will likely be even more natural radio sources
deemed suitable for coronal FR experiments. Natural radio
sources are identified and selected based on their known
polarization properties, which are usually determined from
data collected during sky surveys. For instance, most of the
radio galaxies used in coronal FR experiments with the VLA
are sources studied as part of the NRAO VLA Sky Survey (NVSS:
Condon et al., 1998), performed at 1.4 GHz and covering the sky
north of a declination of —40°. The recently upgraded VLA is
currently performing a new survey, the VLA Sky Survey (VLASS:
Lacy et al., 2020), at frequencies of 2-4 GHz, again covering the
whole sky visible to the VLA. The survey is being performed
across three epochs; the first observations began in September
2017, and the last observations will finish in 2024. Further, the
VLA Low-band Ionosphere and Transient Experiment (VLITE:
Polisensky et al., 2016; Helmboldt et al., 2019) is operating as a
commensal system on 18 of the 27 VLA antennas, providing
simultaneous observations at 320-384 MHz as part of the VLA
Commensal Sky Survey (VCSS). Both VLASS and VCSS will
provide a wealth of new data and, potentially, a wealth of new
sources at these frequencies.

6.1.2 Improvements in Ground-Based Receivers

In the past two decades, the hardware for older radio telescopes
have been significantly upgraded. The VLA, which was formally
dedicated in 1980, was recently upgraded through the Expanded
VLA (EVLA) project and renamed the Karl G. Jansky Very Large
Array in 2012. As a result, the maximum instantaneous
bandwidth and the continuum sensitivity have improved by
factors of 80 and 10, respectively. Most solar FR observations
with the VLA have been made using the L-, S-, and C-band
receivers. Historical VLA observations (i.e. prior to 2012) were
restricted to two simultaneous observing frequencies; however,
since the upgrade, the VLA is now capable of providing the full
1-2 GHz at L-band, the full 2-4 GHz at S-band, and the full
4-8 GHz at C-band.

Within the next two decades, two new major radio telescopes
are expected to become operational: the Square Kilometre Array
and the Next Generation Very Large Array. The Square Kilometre
Array* (SKA), will eventually use thousands of dishes and up to a
million low-frequency antennas, co-hosted across two continents:
South Africa’s Karoo region will host the core of the high and mid
frequency dishes (SKA-mid) and Australia’s Murchison Shire will
host the low-frequency antennas (SKA-low). The system will be
built across two phases. At the end of phase 1, the low-frequency
SKA1-low will cover frequencies of 50 — 350 MHz using =131,000
antennas spread across 512 stations and the mid-frequency
SKAI-mid will cover frequencies of 350 MHz to 15.3 GHz

*https://www.skatelescope.org/
*https://ngvla.nrao.edu/
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using 197 dishes. Together, SKA-low and SKA-mid will provide
an unprecedented view of the southern radio sky.

The Next Generation Very Large Array” (ngVLA) is a similarly
ambitious project to deploy radio dishes across the United States of
America, Puerto Rico, the U.S. Virgin Islands, Canada, and northern
Mexico, observing at frequencies of = 1.2 — 116 GHz. Unlike the
current VLA, the ngVLA will not be reconfigurable; instead, the
ngVLA will consist of three fundamental subarrays: the Main
Interferometric Array consisting of 214 antennas 18 m in
diameter, the Short Baseline Array (SBA) consisting of 19
antennas 6 m in diameter, and the Long Baseline Array (LBA)
consisting of 30 antennas, again, 18 m in diameter. In principle, the
ngVLA can be operated in combinations of these subarrays or
subsets of these subarrays depending on the science goals. The SKA
and ngVLA are scheduled to begin routine science operations in the
late 2020s and mid-2030s, respectively. While neither instrument is
designed to be a solar telescope, they will be crucial to developing the
future generation of radio remote-sensing methods (e.g. see Bastian,
2018), much as the GBT and VLA have been used in recent years to
develop and test methods such as apparent-Doppler tracking
and DFR.

6.2 Coordinating FR Campaigns With

Current and Future Missions

As an integrated LOS measurement that depends on the product
of n. and By along the LOS, improvements in our ability to assess
the n,. contribution will similarly provide improvements in our
ability to infer magnetic field structure from FR observations.
While future implementation of satellite swarms with multi-
frequency linearly polarized transmitters for solar missions will
no doubt improve our understanding of the n, for satellite-based
FR programs (e.g. using ranging and apparent-Doppler tracking
methods, Section 3.3), future studies using natural background
sources will require alternative methods. Section 3.2 discussed
the application of white-light coronagraph TSB data from the
SOHO LASCO and STEREO SECCHI instruments to previous FR
studies. Newer spacecraft-borne suites such as the Wide-field
Imager for Solar PRobe (WISPR: Vourlidas et al., 2016) onboard
the Parker Solar Probe (PSP: Fox et al., 2016) and the upcoming
Polarimeter to Unify the Corona and Heliosphere® (PUNCH, PI:
Craig DeForest) mission have the potential to advance current
techniques to determine 7, in FR studies.

WISPR provides a unique opportunity for enhanced
understanding of coronal plasma in FR studies. By itself,
WISPR’s inner telescope could provide insights into the
morphology of the plasma structures upstream from radio
LOS probing the coronal plasma. Future FR studies, though,
should strive to develop methods of running LOS through the
WISPR field-of-view in order to gain more detailed information
about the specific density enhancements along the LOS. WISPR
has so far provided an unparalleled view of coronal phenomena
such as CMEs, substreamers, or even magnetic islands (Howard
et al., 2019); using WISPR to understand the density variations

°https://punch.spaceops.swri.org/
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these structures introduce to complementary FR observations will
dramatically improve FR studies of magnetic field fluctuations.

PSP’s rapid orbital speed, particularly near each perihelion,
creates the potential for a novel science capability: detailed
tomographic reconstruction of the corona in the vicinity of
the spacecraft. In consecutive WISPR images near perihelion,
the relative motion of the spacecraft (with respect to the coronal
features that WISPR images) produce perspective changes which
dominate scene changes. If WISPR tomography research
progresses to the point that near-perihelion datasets can yield
inversions of the K corona, then we can leverage these coronal
reconstructions to obtain detailed information on density
enhancements local to PSP and gain insight on plasma
structures that occulted the LOS. For these reasons, we
recommend future observing campaigns using, e.g., the GBT
or VLA should be coordinated with PSP perihelion events.
WISPR can provide contextual data for ground-based FR
observations of the solar wind and, in turn, FR observations
can provide contextual data on the large-scale magnetic
structures that are measured in situ by the FIELDS instrument
onboard PSP (Bale et al., 2016).

The upcoming NASA small explorer mission PUNCH,
scheduled to launch in 2023, will observe both visible light
and its linear polarization using four satellites whose single
coronagraph and three wide-field imagers will remain in Sun-
synchronous, low-Earth orbit. PUNCH seeks to understand the
evolution of coronal structures into solar wind and the evolution
of young, transient solar wind features themselves. The sensitivity
of the imagers to polarized brightness will enable 3D localization
of solar wind features. Future FR experiments should leverage this
3D information on heliospheric structures to gain a deeper
understanding of the features probed by the LOS. PUNCH is
designed to image the corona-to-wind transition region, 6-80 R,
every 4 minutes and will provide mosaic images of the corona out
to 180 R, three times per orbit. This is a factor of three
improvement in cadence over, e.g., LASCO, which has been
used in recent FR studies discussed in this paper. Observations
such as Howard et al. (2016) and Kooi et al. (2017, 2021) have laid
a foundation for implementing coronagraph data into FR studies;
expanding these methods to include data from the PUNCH
mission will likely revolutionize the white-light component of
coronal FR investigations using extragalactic radio sources.

6.3 Implementing FR Capabilities in Future

Space Missions
The concept of building FR capabilities into future space missions
has been around for at least a few decades. Pitzold et al. (1995)
proposed the Solar Corona Sounders (SCS) mission consisting of
two spacecraft located near Lagrange point L3, transmitting at 2.3
GHz and 8.4 GHz for continuous radio sounding of the corona.
The orbits they proposed would provide two LOS with solar
impact parameters 3-5 R, and 10-13 R,. However, coronal FR
missions that rely on ground-based receivers will always be
severely limited by the Earth’s ionosphere.

The ionosphere is another magnetized medium through which
the radio signal propagates en route to ground-based receiving
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telescopes. As a result, the ionosphere introduces direction- and
time-dependent effects over a range of physical (< 100 km to >
1000 km) and temporal (< min to > hour) scales. These effects
produce, among other things, an ionospheric phase delay (oc ")
and ionospheric FR, which is typically within the range of
2-6rad m2at mid-latitudes (Oberoi and Lonsdale, 2012);
consequently, at heliocentric distances = 20 R, the magnitude
of ionospheric FR becomes comparable, if not larger than typical
values of coronal FR. Further complicating matters are the
fluctuations in ionospheric FR, which can be misinterpreted as
coronal fluctuations. For these reasons, accurate ionospheric
mitigation techniques are critical to coronal FR observations.
While there are many methods for modeling or mitigating
ionospheric effects, the simplest way to remove this restriction
is to observe coronal FR using receivers located on spacecraft well
outside the Earth’s ionosphere.

An instructive example is the Multiview Observatory for
Solar Terestrial science mission concept (MOST: Gopalswamy
et al., 2021a). The primary goal of MOST is to understand the
magnetic coupling between the solar interior and the
heliosphere. The mission concept includes four spacecraft:
two large spacecraft deployed at Sun-Earth Lagrange points
L4 and L5 and two smaller spacecraft, one ahead of L4 and the
other behind L5. These large spacecraft will host a suite of ten
instruments, seven remote-sensing and three iz situ instruments, to
provide wide-ranging imagery and time series data to improve
understanding of the solar drivers and the heliospheric responses
as a system, as well as identify and track 3D magnetic field
structures (both transient and quiescent) in the inner
heliosphere  (Gopalswamy al, 2021a). The suite of
instruments will include:

et

1. Magnetic and Doppler Imager (MaDI) to investigate surface
and subsurface magnetism by exploiting the combination of
helioseismic and magnetic-field measurements in the
photosphere;

2. Inner Coronal Imager in EUV (ICIE) to study large-scale
structures such as active regions, coronal holes and eruptive
structures by capturing the magnetic connection between the
photosphere and the corona to = 3 R;

3. Hard X-ray Imager (HXI) to image the non-thermal flare
structure;

4. White-light Coronagraph (WCOR) to seamlessly study
transient and quiescent large-scale coronal structures
extending from the ICIE field of view;

5. Faraday Effect Tracker of Coronal and Heliospheric
structures (FETCH), hosted on all four spacecraft, is a
novel radio package to determine the magnetic field
structure and plasma column density, and their evolution
within 0.5 AU;

6. Heliospheric Imager with Polarization (HIP) to track solar
features beyond the WCOR field of view, study their
impact on Earth, and provide important context for
FETCH;

7. Radio and Plasma Wave instrument (M/WAVES) to study
electron beams and shocks propagating into the heliosphere
via passive radio emission;
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8. Solar High-energy Ion Velocity Analyzer (SHIVA) to
determine spectra of electrons, and ions from H to Fe at
multiple spatial locations and use energetic particles as
tracers of magnetic connectivity;

9. Solar Wind Magnetometer (MAG) to characterize magnetic

structures at 1 AU;

Solar Wind Plasma Instrument (SWPI) to characterize

plasma structures at 1 AU.

10.

Of these instruments, FETCH will, for the first time, perform
spacecraft-to-spacecraft FR measurements of the solar wind.
FETCH will consist of four transmitter/receiver instruments
onboard the four MOST spacecraft. The four LOS provided by
the four spacecraft will enable space-based FR studies to probe
magnetic field structure and CME evolution at solar impact
parameters <0.5AU. Cummer et al. (2001, 2003), Zhai and
Cummer (2006), and Zhai et al. (2011) successfully
demonstrated the first spacecraft-to-spacecraft FR using the
Radio Plasma Imager instrument (RPIL; Reinisch et al., 2000)
onboard the Imager for Magnetopause-to-Aurora Global
Exploration (IMAGE; Burch, 2000) as the transmitter and the
WAVES instrument (Bougeret et al., 1995) onboard Wind as the
receiver. They measured FR through the Earth’s magnetosphere
over distances of <15Rg (95,700 km). The distance between
MOST spacecraft will be = 2 AU (= 300 million km), which is
three orders of magnitude greater than the IMAGE-Wind
experiment LOS.

Because FETCH will return FR data for solar wind plasma
upstream from both the Earth and satellites orbiting L1, FETCH
has the potential to enhance space weather forecasting capabilities
(Jensen et al., 2021). FETCH will also provide unique insights into
solar wind phenomena such as stream interaction regions or co-
rotating interaction regions (Wexler et al., 2021b). 2D FR analysis
will be possible with the FETCH configuration: plasma parcels
sampled on any particular path are discretely different from each
other; consequently, signals sent to/from the same spacecraft
simultaneously, due to light time delay (e.g., =~ 12 minutes
between L4 and L5), pass through different plasma structures.
Wood et al. (2020) showcases the power of combining white light
morphological imaging, in situ measurements, and FR
observations to better understand CME structures with even
one radio LOS. FETCH’s four LOS combined with imagers
such as HIP and WCOR will likely revolutionize our
understanding of the solar wind plasma upstream from Earth.

6.4 Enhancing FR Observations Through

Machine Learning

Machine learning (ML) algorithms provide a method for training
computers to detect patterns, classify data, make predictions, or
simulate new data (Fluke and Jacobs, 2020). The two main
categories of ML are supervised learning and unsupervised
learning. Supervised ML algorithms determine a mapping
between input (e.g. a set of features) and output (e.g. a target
variable) using training examples (Baron, 2019). The supervisor
providing the input-output example oversees the learning process
by providing “labels” for the data, but not an a priori model for
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the data; model generation is the task of the ML algorithm.
Unsupervised algorithms learn complex relationships without the
need for labels or examples and, thus, without any guidance from
a supervisor.

Within solar astronomy, ML has been used to classify solar
flares, CME productivity, and photospheric features as well as
CME arrival time prediction (e.g. the supervised Support Vector
Machine, SVM, Algorithm: Liu et al., 2018). ML constitutes a vast
and deep reservoir of tools to detect inconspicuous relationships in
data sets, provide new insights, generate and adapt models, and
predict and forecast outcomes for new observational data.
Supervised ML algorithms would greatly enhance FR studies of
CMEs. As Figure 3 demonstrates, different orientations of the
CME flux rope produce a wide variety of FR profiles; consequently,
one of the most challenging aspects of interpreting CME FR
profiles is determining the correct orientation.

Two subdivisions within supervised learning - classification and
regression - should be explored to determine which is best suited to
determining CME orientation. Classification learning assigns discrete
labels or classes to objects in the data using a training set; the
algorithm identifies correlation between the objects and classes
and then assigns new data to the most likely category. In this
case, different classes would represent different flux rope
orientations. Regression learning exhibits many similar traits to
classification; the difference lies in the assignment. While
classification sorts objects into classes, regression assigns
continuous numerical values to each object (Baron, 2019). In this
case, regression methods could be trained to assign cone and clock
angles (see Jensen et al., 2010, for details) based on FR profiles. For
future missions like MOST, a combination of white light morphology
and ML enhanced FR analysis could potentially rapidly determine the
orientation of CMEs upstream from Earth, before impact. This would
be a powerful new tool for space weather forecasting,

7 SUMMARY

Faraday rotation is a proven method for characterizing the
magnetic field strength and structure of the corona and, over
the last decade, has developed into a powerful tool for probing
the plasma structure of CMEs. FR observations are versatile:
they can be used to understand the large-scale coronal
magnetic field, measure magnetic field fluctuations, and
detect electric currents. In the last twodecades, the
sensitivity of magnetic field measurements using FR have
been enhanced by the development of new methods to
provide independent information for n.: application of the
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