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This review comes at the timewhen ALMA successfully obtained the first regular

observations of both a prominence and a filament. These observations have a

spatial resolution of 1-2 arcsec, far better than previous prominence

observations in the mm/sub-mm radio domain. The achieved resolution is

compatible with the cotemporal ground-based coronagraphic observations in

the hydrogen Hα line that accompany the ALMA Band 3 prominence

observations. A core part of this review is the description and analysis of

these pioneering ALMA observations of a quiescent prominence, focusing

on various physical and geometrical properties of the observed prominence

fine structures. We also summarize the basic physical processes behind the

formation of mm/sub-mm continua under prominence conditions and

describe the plasma diagnostics potential of ALMA solar observations. Finally,

we discuss future prospects of ALMA prominence observations and the value of

coordinated optical and UV spectra and images.
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1 Introduction

The Atacama Large Millimeter/submillimeter Array (ALMA) currently offers an

unprecedented spatial resolution for solar observations in the radio domain. These ALMA

capabilities will be further improved and exploited for the study of extended sources in the

solar atmosphere including cool coronal structures like prominences. One of the primary

interests of the solar physics community in ALMA observations is the ability to diagnose

the kinetic temperature of the observed plasma from the measurements of the brightness

temperature provided by ALMA. As is described, for example, inWedemeyer et al. (2016),

under specific conditions the plasma kinetic temperature can be directly derived from the

measured brightness temperature. However, in the general case, the derivation of the

kinetic temperature is not straightforward because the studied solar plasma is typically in

the non-LTE state, i.e. departing from the Local Thermodynamic Equilibrium (Labrosse

et al., 2010; Heinzel, 2015). This means that even though the free-free emission processes

have a Planckian source function, the opacity depends on the ionisation state of the

plasma which strongly departs from LTE and may be even time-dependent. In the special
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case of prominences, which we focus on here, there are not only

observational difficulties related to ALMA observations

performed above the solar limb but also increased non-LTE

effects due to the critical importance of the spectral line scattering

in optical and ultraviolet (UV) domains. The latter affects the

ionisation in the multilevel hydrogen which in the case of

prominences is dominated by Lyman and Balmer continuum

photoionisation. However, the free-free opacity, which is

proportional to the emission measure (see below), can be

independently derived from the hydrogen Hα line intensity

obtained simultaneously with the ALMA observations in a

single band, or from spectral radio measurements themselves

once ALMA will be able to provide near-simultaneous

observations in more than one band.

Thanks to the advent of specific ALMA observations of

prominences and filaments, we can review here not only the

procedures leading to ALMA prominence observations and the

diagnostic potential of ALMA data, but also the results of the first

analyses of a quiescent prominence (Heinzel et al., 2022; Labrosse

et al., 2022) and filament (da Silva Santos et al., 2022)

observations. The first prominence observations were obtained

only in Band 3 but, thanks to a dedicated coordinated observing

campaign, are accompanied by Hα and Mg II h&k spectra. The

first observations of an (active region) filament were also

obtained in a single ALMA band (Band 6), accompanied by

simultaneous Mg II h&k spectral observations. In the frame of

this review, we address in detail the difficulties encountered in the

ALMA observations of prominences and discuss various aspects

of ALMA data interpretation. Of particular interest is the

development of relevant multi-spectral inversion techniques.

The paper is organized as follows. In Section 2, we present a

historical overview of prominence observations in mm/sub-mm

domain. In Section 3 we provide a brief description of ALMA

with the emphasis on solar observations. Section 4 describes the

formation mechanisms of the ALMA continua under the

conditions of solar prominences. The issues of the visibility of

quiescent prominences in the ALMA bands are addressed in

Section 5. Section 6 is devoted to a thorough discussion of the

plasma diagnostic capabilities of ALMA. In Section 7 we present

the set-up of the current ALMA prominence observations,

together with a discussion of the complexity of the data

reduction of ALMA off-limb observations and the results of

the analysis of these first ALMA prominence observations. Our

conclusions and the future prospects of ALMA prominence

observations are addressed in Section 8.

2 Historical overview of mm
prominence observations

Up to now, observations of prominences and filaments in the

mm-continuum have been limited by low spatial resolution,

making it difficult to accurately infer their temperatures or

densities due to constrained information about the size of the

observed structures and the filling factor (Heinzel et al., 2015;

Rodger, 2019). Depending on the exact wavelength, filaments

were found to be generally nearly invisible or slightly dark against

the disk at 1.3 mm while becoming much darker at 3 mm (Hiei

et al., 1986; Lindsey et al., 1992). Vrsnak et al. (1992) analysed

maps of the solar disk at wavelengths between 4 and 26 mm using

a beam size of 2.4 arcmin (at λ = 8 mm). They looked for

correlations between low temperature regions and various

structures including disk filaments. They did not find an

obvious relationship, as many filaments did not present a

discernable reduction in the mm-continuum temperature

maps. Bastian et al. (1993) conducted a study of prominences

using the Caltech submillimeter observatory. The resolution was

between 20 and 30 arcsec for observations at 0.85 and 1.25 mm.

They concluded that filaments and prominences were optically

thin at 0.85 mm. Hα filaments were found to have a brightness

temperature comparable to or below that of the disk centre.

Harrison et al. (1993) caught a large erupting prominence with

the James ClerkMaxwell Telescope onMauna Kea, Hawaii, at the

wavelength of 1.3 mm during the total solar eclipse of 11 July

1991. The lack of complementary observations did not allow the

authors to make an accurate diagnostic, though they found that

assuming a 33% filling factor, a density of 1010 cm−3 and a

temperature of 6000 K was consistent with their observations.

Limitation to a single band was not the case in the observations of

Irimajiri et al. (1995) who presented the first simultaneous

measurements of an eruptive prominence at multiple

millimetre wavelengths of 2.7 mm (110 GHz), 3.4 mm

(89 GHz), and 8.3 mm (36 GHz) with spatial resolutions of

15, 19, and 46 arcsec respectively. This allowed the authors to

measure the spectral index for the prominence, and thus its

optical thickness in each observing band. The optical thickness

was of the order of unity up to about 6 at 8.3 mm. Clearly, all

these observations did not reach a spatial resolution capable of

revealing prominence fine structures, which are found from the

optical observations down to sub-arcsecond scales (Engvold,

2015). As demonstrated in this review, ALMA enables us to

address this issue.

3 ALMA

Because of the diffraction law, it may seem an illogical idea to

use an interferometer in mm (and even submm) wavelengths in

order to reach an excellent spatial resolution on an extended

object such as the Sun. But because of the large-scale

interferometer arms possible on the ground, on one hand, and

because of the properties of the emitted radiation in these bands,

on the other hand, solar physicists have been very interested in

the brand new instrument ALMA. Of course, radio observations

of the quiet chromosphere are not a new fact and interferometers

working from a few mm to a few cm (WSRT, BIMA, VLA) have
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paved the way to ALMA. But neither interferometers nor single

dish telescopes could catch up with the permanently increasing

spatial resolution of UV and optical instruments. The challenge is

now to match the expected DKIST resolution of 0.15 arcsec (Rast

et al., 2021).

The 66 antennas of ALMA are organized as follows: The 12-

m array (50 movable antennas with 12 m diameter) and the

Acatama Compact Array (ACA) which combines 12 antennas

with 7 m diameter for interferometry. The set-up is completed

with 4 antennas with 12 m diameter for single dish observations

referred to as the ACA Total Power (TP) Array. As seen later, this

set-up is necessary for having a large field of view (FOV) from

which it is possible to derive the background emission. Current

estimates based on numerical simulations of ALMA’s imaging

capabilities (e.g., Wedemeyer and Parmer, 2015) imply a spatial

resolution of (0.3–0.4) × λ/1 mm [arcsec]. In principle, every

antenna will eventually be equipped with receivers covering ten

frequency bands in the range from 35 to 950 GHz, corresponding

to wavelengths from 8.6 to 0.3 mm, according to Wedemeyer

et al. (2016). Presently, ALMA is working in 8 bands centered

from 3.1 to 0.35 mm, but not all are yet available for solar

observations.

4 Formation of ALMA continua in
solar prominences and filaments

In this section, we describe the formation mechanisms of the

ALMA continua with a focus on prominence observations. More

details can be found in Heinzel et al. (2015).

In solar prominences the principal source of opacity is the

hydrogen free-free continuum. Other emission processes in the

mm-continuum such as gyrosynchrotron emission can be safely

neglected in the absence of strong-enough magnetic fields and of

particles accelerated to relativistic speeds. Thus, the absorption

coefficient at frequency ] is

κ] H( ) � 3.7 × 108T−1/2nenp]−3gff , (1)

where ne and np are the electron and proton densities,

respectively, T the kinetic temperature, and gff ≈ 1 is the

Gaunt factor which is of the order of unity but depends

generally on the kinetic temperature and frequency (see, e.g.,

Rodger, 2019). Note that we use the cgs units throughout this

section. At low temperatures, H− free-free opacity is

κ] H−( ) � nenHI

]
x, (2)

with nHI being the neutral hydrogen density and x takes the form

x � 1.3727 × 10−25 + 4.3748 × 10−10 − 2.5993 × 10−7/T( )/]( ).
(3)

The total free–free absorption coefficient, corrected for

stimulated emission, is then

κ] � κ] H( ) + κ] H−( )[ ] 1 − e−h]/kT( ), (4)

where h and k are the Planck and Boltzmann constants,

respectively. Contrary to UV, the stimulated emission is non-

negligible in the ALMA domain.

At low temperatures the hydrogen is much less ionized and

the ionization degree i = np/nH goes to zero (here nH is the total

hydrogen number density). Let’s express the ratio r = κ](H
−)/

κ](H) as

r � 2.7 × 10−9]2T1/2x 1 − i( )/i. (5)

Gouttebroze et al. (1993) computed a set of low-temperature

isothermal-isobaric models with T = 4300 K, which may

correspond to the radiative-equilibrium conditions (Heinzel

et al., 2014). At this extremely low temperature, i decreases

with increasing gas pressure and for the highest considered

pressure p = 1 dyn cm−2, i = 2.3 × 10–2. But even under such

extreme conditions, r is of the order of 10–4 in the wavelength

range 1–9 mm and therefore we can neglect the H− free-free

opacity in prominences, contrary to solar temperature minimum

where the density is very high.

In the literature some authors use the form

κ] H( ) � αnenpT
−3/2]−2 (6)

where α = 0.018gff. In the radio domain where h]/kT ≪ 1, the

stimulated emission term can be written as h]/kT. This then gives
the above alternative form which already includes the stimulated

emission.

The synthetic intensity I], emergent from the prominence on

the limb, is in general obtained as

I] � ∫B] T( )e−t]dt] � ∫ η]e
−t]dl η] � κ]B] dt] � κ]dl, (7)

where B](T) is the source function, η] the emission coefficient, t]
the optical depth, and l is the geometrical path length along the

LOS. The free-free processes are collisional processes and

therefore the source function is Planckian, whereas ne and np
result from the non-LTE ionization equilibria mainly in

hydrogen and helium continua where the photoionizations

and spontaneous recombinations dominate.

Using the Rayleigh–Jeans law, I] and B] are directly

proportional to the brightness temperature Tb and to the

kinetic temperature T, respectively

I] � 2]2k
c2

Tb B] � 2]2k
c2

T, (8)

where c is the speed of light. Then we get from Eq. 7

Tb � ∫Te−t]dt] � ∫Te−t]κ]dl. (9)

Assuming an isothermal prominence we have

Tb � T 1 − e−τ]( ), (10)
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where τ] = κ] L is the total optical thickness and L is the effective

geometrical thickness of the prominence along the LOS

representing the absorbing path. In the optically-thin case

Tb = Tτ(]), or equivalently

Tb � α]−2T−1/2EM, (11)

where EM � n2eL is called here the emission measure. The

brightness temperature of a prominence thus depends on the

kinetic temperature and optical thickness. The latter is directly

proportional to the emission measure, provided that ne = np (this

applies to a pure hydrogen plasma).

5 Visibility of quiescent prominences
in ALMA bands

Based on the calculations described in Section 4, the ideal

brightness temperature (Tb) maps at mm wavelengths can be

inferred from the Hα integrated intensity, see e.g. the study by

Heinzel et al. (2015). Such maps played an important role in the

period of 2015–2017 prior to the actual solar ALMA observations

when prominences were evaluated as a prospective science case

for ALMA. However, for accurate prediction of the visibility of

prominences in ALMA, the non-ideal effects introduced by the

instrument and Earth’s atmosphere have to be included and

applied to the ideal Tb maps. From all possible degradations, two

play the most important role: 1) the incomplete coverage of the

Fourier space due to the limited number of interferometric

visibilities and 2) the random phase errors of those visibilities

caused by atmospheric turbulence. These effects can be included

in the synthetic Tb maps thanks to the simulation toolkit

contained in the standard CASA (Common Astronomy

Software Applications, see http://casa.nrao.edu/) package. The

simulated degraded visibilities can be obtained from ideal Tb

maps using the simobserve() task. Afterwards, the visibility

synthesis and image analysis (namely the comparison with the

initial ideal model and the fidelity estimation) can be performed

by simanalyze().

The results are presented in Figure 1. The left part shows the

ideal Tb map at 100 GHz (i.e., 3 mm) used as an input model for

visibility simulations. It has been computed using the observed

Hα integrated intensity as described in Heinzel et al. (2015). Its

resolution is ≈ 1 − 2 arcsec. Overlaid are the pointings (white

crosses) of ALMA 12 m array for a mosaic that is able to sample

the displayed part of the prominence and field of view for the

single pointing (a white circle). The displayed part of the

prominence represents a trade-off between larger total field of

view and cadence of mosaicing since the full scan over

49 pointings takes more than 6 min of on-source time. The

atmosphere-degraded interferometric visibilities at 100 GHz

have been calculated from this model for the combined

12 m+7 m ALMA array in one of its compact configurations.

The configuration has been selected in line with the sub-set

allowed so far for the solar research and with respect to the

resolution provided by the input model–ALMA resolution at

3 mm is similar for the compact array. Realistic atmospheric

parameters and elevation in line with the Solar ALMAObserving

Mode specifications have been selected for simulating the phase

distortions. A synthetic image obtained from the simulated

interferometric visibilities is presented in the right panel of

Figure 1. Simulations have shown that the multi-frequency

synthesis (i.e. combining the visibilities for all available

frequency channels) used for the continuum imaging slightly

improves the uv coverage and thus the fidelity of the image.

Clearly, the effect of the intensity jump at the solar limb remains

visible in the simulated ALMA interferometric image (repeating

structures parallel to the limb in the corona). This has to be fixed

by proper combination of the interferometric image with its

complementary single-dish low-resolution counterpart, in order

to complete the missing flux density at the uv scales not covered

by the interferometer (see Section 7). Nevertheless, the described

study has demonstrated the feasibility of solar-prominence

observations by ALMA and provided estimates of reachable

brightness temperatures and plausible value-ranges for other

parameters necessary for the correct setup of the ALMA

observing procedure. This knowledge has been later used in

actual ALMA solar science observations.

5.1 Simulated imaging of prominences in
ALMA bands

High-resolution interferometric observations in the mm/

sub-mm wavelengths open an entirely new door for the

investigation of solar prominences. However, at the same

time, such a new type of data brings challenges in how we

can understand and interpret them. While ALMA has the

potential to improve the spatial resolution in the mm/sub-mm

domain by an order of magnitude, or more (see e.g. the

discussion in Wedemeyer et al., 2016), we need to understand

to what extent the prominences at the limb and on the disk

(filaments) will be visible in the ALMA observations and how

well their fine structures will be resolved. Moreover, to correctly

interpret the ALMA prominence observations we need to

understand how the thermal structure of the prominence

plasma will appear in various ALMA bands.

As we discuss above, Heinzel et al. (2015) used the Hα

coronagraphic observations of a quiescent prominence

obtained by the Multichannel Subtractive Double Pass

(MSDP) spectrograph to determine the visibility of the

prominence fine structures at various ALMA wavelengths.

The spatial resolution that can be achieved by this technique

depends on the original resolution of the used Hα observations.

Therefore, the spatial resolution of the synthetic ALMA images

obtained by Heinzel et al. (2015) was of the order of 1 arcsec.

While this does not reach the best potential resolution of ALMA,
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it is similar to the resolution that was achieved in the current

ALMA solar observations. Of course, the solar ALMA

observations mode is being continually developed and the

capabilities of ALMA will thus improve over the coming

years. If we want to address the issues of the visibility of

prominence and filament fine structures in the future ALMA

observations, we can harness the power of simulated ALMA-like

prominence observations based on visualizations of prominence

models.

The first simulated high-resolution ALMA observations of a

modelled prominence were produced by Gunár et al. (2016).

These authors used the detailed 3D WPFS (Whole-Prominence

Fine Structure) model of Gunár and Mackay (2015) to show to

what extent both the large-scale and small-scale structures of

prominences at the limb and filaments on the disk might be

visible in the ALMA observations. For this purpose, the authors

used a visualization method adapted from Heinzel et al. (2015) to

construct synthetic images at mm/sub-mmwavelengths covering

the entire ALMA range. It is worth noting that this visualization

method, which is described in Gunár et al. (2016), can be applied

to any model with prominence-like conditions to produce

synthetic images at the wavelengths covered by ALMA. The

synthetic brightness temperature maps adapted fromGunár et al.

(2016) are shown in Figure 2. These simulated observations

represent both the prominence at the limb and the filament

on the disk in ALMA bands 6 and 3. The work of Gunár et al.

(2016) showed that in prominences the large-scale structures

visible at the ALMA wavelengths appear similar to those visible

in the Hα line. The cool and dense prominence fine structures are

well visible in the simulated ALMA images, which offer even

better contrast than the Hα images (for more details see Figures

1–5 in Gunár et al., 2016). The situation becomes more complex

in the case of filaments observed against the solar disk. There, in

an optically rather thick case of Band 3, the filament appears as

two parallel structures that are brighter than the background (see

the bottom panel of Figure 2). The central region between these

bright structures exhibits the same brightness temperature Tb as

the (simulated) background photosphere. However, this region

actually corresponds to the densest part of the simulated

filament. That is obvious, for example, from the Hα image of

the same filament (Figure 5 of Gunár et al., 2016). The

coincidence in the similar Tb values is due to the fact that the

simulated plasma has a kinetic temperature of 7,000 K, which is

very close to the background brightness temperatureTbcg
b in Band

3 (see Gunár et al., 2016, for more details). However, without

prior knowledge of the structure and temperature of the observed

plasma, it would be difficult to correctly interpret similar ALMA

filament observations on their own. Access to complementary

observations, for example in the Hα line would be in such a case

necessary.

6 Plasma diagnostics potential of
ALMA

As is described in Section 4, the observed specific intensity at

the mm/sub-mm wavelengths can be used to derive the kinetic

temperature of the solar plasma (see also Loukitcheva et al., 2004;

Heinzel and Avrett, 2012). However, such derivation of the

kinetic temperature is not entirely straightforward. Without

FIGURE 1
(A): Modelled (ideal) brightness temperaturemap at 100 GHz. Thewhite circle shows ALMA field-of-view for single pointing, the crosses are the
centres of pointing for interferometricmosaic. Fourty-nine pointings are necessary for Nyquist sampling of the displayed part of the prominence. (B):
Corresponding image as seen by ALMA at 3 mm in Band 3 simulated with the CASA:simobserve() task. Reproduced from Heinzel et al. (2015).
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modelling, it can only be performed in cases where at least two

simultaneous observations are obtained at mm/sub-mm

wavelengths where at one the observed prominence is

optically thin and at the other it is optically thick. The kinetic

temperature can also be derived from a single mm/sub-mm

wavelength observation if simultaneous observations in a

different spectral range–e.g. the Hα line in the optical

domain–are available (see Heinzel et al., 2015, 2022).

Fortunately, to study the relationship between the brightness

and kinetic temperature we can also use the simulated ALMA

observations produced by prominence models.

The potential of ALMA as a plasma diagnostics tool was

explored by Rodger and Labrosse (2017) using 2D cylindrical

models based on the code presented in Gouttebroze and Labrosse

(2009). In their approach, Rodger and Labrosse (2017) self-

consistently included the ionization of hydrogen and helium

to compute electron densities and intensities at ALMA

wavelengths. The authors investigated in detail how brightness

FIGURE 2
Visualization of the 3DWPFSmodel. (A): synthetic images obtained in Band 6 at 1.25 mmwavelength (240 GHz). (B): synthetic images obtained
in Band 3 at 3.0 mm wavelength (100 GHz). Each pair of panels shows the brightness temperature map for the prominence view (top) and the
brightness temperaturemap for the filament view (bottom). Displayed color scales are unique for each panel. The value of the background brightness
temperature Tbcg

b is indicated in the panels showing the filament view. Adapted from Gunár et al. (2016).
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temperature and optical thickness vary with plasma temperature

and pressure at different wavelengths across the ALMA spectral

bands, and how the ratio of brightness temperatures in two bands

can be used to estimate the optical thickness and the emission

measure. For this investigation, Rodger and Labrosse (2017) used

both the isothermal–isobaric models and models with the

prominence-corona transition region (PCTR) representing

the gradient of the temperature between cool prominence

cores and their hot coronal environment. Not surprisingly,

the presence of a non-isothermal plasma along the line of

sight renders the diagnostic less straightforward and these

calculations once again demonstrated the necessity of

FIGURE 3
(A): Brightness temperature as a function of wavelength for isothermal isobaric prominence models. Colours correspond to plasma
temperature (see colour bar on the right) and different symbols indicate different pressures. The grey-shaded areas show ALMA Bands 3 and 6. (B):
Brightness temperature as a function of plasma temperature averaged over the formation layer of the 9 mm radiation. The error bars show the
standard error in the mean for the average plasma temperature. Colours correspond to different pressures, as indicated in the legend. Adapted
from Rodger and Labrosse (2017).

FIGURE 4
(A): Prominence analysed in Section 7.2 with red-marked radial line. (B): A profile of the brightness temperature along the radial line in the (A).
The parameters in feather() has been selected such away that the coronal brightness temperature is close to zero and the brightness of the solar disk
corresponds to that observed by the TP scan.
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complementing the observations with competent radiative

transfer calculations. To illustrate this, the left panel of Figure 3

shows the relation between brightness temperature and wavelength

of observation for small-scale isothermal threads.It can be seen that

for optically thin emission (mostly, shorter wavelengths and lower

pressures), the brightness temperature decreases with the

temperature, as noted also by Gunár et al. (2016). On the

contrary, the brightness temperature will be a direct measure of

the plasma temperature if the plasma is optically thick at the

observed wavelength. This is visible in the left panel of Figure 3

where the TB curves flatten at longer wavelengths and higher

pressures. The behaviour of the absorption coefficient depends

not only on wavelength but also on temperature, electron

density, and ion density. This leads to the more complex

variations seen in the central section of the plot where the

plasma is neither optically thin nor optically thick. The left panel

of Figure 3 thus shows that ALMA observations obtained at longer

wavelengths (e.g., at 9 mm) would have a good potential to diagnose

regions which are close to isothermal as the plasma is mostly

optically thick at those wavelengths. For larger non-isothermal

threads, the relation between brightness temperature measured at

9 mm and plasma temperature averaged over the region of

formation of the continuum at that wavelength is shown in the

right panel of Figure 3. Each point on the plot represents one

optically thick line of sight going through the modeled prominence

thread. The plot indicates that ALMA 9mm observations allow a

reliablemeasurement of themean electron temperature in the region

of the prominence where the radiation is formed. For more details

see Rodger and Labrosse (2017).

To provide deeper theoretical insight into the diagnostics of

the thermal properties of solar prominences observed by ALMA,

the relationship between the observed brightness temperature

and the actual kinetic temperature of the studied prominence

plasma was further investigated by Gunár et al. (2018). These

authors used two sets of synthetic brightness temperature maps

of the 3D WPFS model–one at a wavelength at which the

simulated prominence is completely optically thin and another

at a wavelength at which a significant portion of the simulated

prominence is optically thick. Because the 3D WPFS model

contains detailed information about the distribution of the

kinetic temperature and the optical thickness along any line of

sight, it was possible to assess whether the kinetic temperature

derived from observations accurately represents the actual

kinetic temperature properties of the observed plasma. Gunár

et al. (2018) similarly found that the derived kinetic temperature

represents an average of the actual kinetic temperature

distribution along the given LOS, where it is weighted by the

distribution of the opacity along that LOS. This study also

confirmed that in a given pixel the optical thickness at the

wavelength at which the prominence plasma is optically thick

needs to be above unity or even larger to achieve sufficient

accuracy of the derived information about the kinetic

temperature of the analyzed plasma. However, information

about the optical thickness is difficult to obtain from

observations at the mm/sub-mm wavelengths alone. As the

study by Rodger and Labrosse (2017) illustrates, we can speak

about optically thin plasma diagnostic for τ ≲ 0.1 and optically

thick plasma diagnostic for τ ≳ 10. Where the optical thickness

FIGURE 5
Coaligned maps of the brightness temperature Tb obtained from calibrated ALMA Band 3 INT mosaic (A) and Hα integrated intensities from
MSDPWrocław/Białków (B). The spatial resolution of both images is comparable. ALMA andMSDP data was recorded simultaneously, at 15:38:07 UT
(start of ALMAmozaic) and 15:37:56 UT (start of MSDP Hα scan). Individual fine structures are well recognized. Reproduced fromHeinzel et al. (2022)
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lies between 0.1 and 10 it is more difficult to assign an optically

“thin” or “thick” tag to the plasma. This stresses the importance

of making available the longest wavelengths of ALMA

observations to solar observers in order to have a clear,

unambiguously optically thick emission regime. Rodger and

Labrosse (2017) also presented a study of the diagnostic

potential of the brightness temperature ratio in Bands 3 and 6

(the first two bands available to solar observers) for optical

thickness and average emission measure along the line of sight.

Later, Gunár et al. (2018) showed that an empirical criterion

which can identify those pixels in which the derived kinetic

temperature values correspond well to the actual thermal

properties of the observed prominence can be established.

More details are presented in the review of numerical

modelling of the Sun in mm/sub-mm wavelengths by

Wedemeyer et al. (2022), which is part of this special issue.

7 ALMA prominence observations

7.1 Observational setup and data
reduction

The feasibility of prominence observations above the limb

has been demonstrated by CASA simulations (see Section 5) and

demonstrated during the Solar ALMA observing campaigns in

2014 and 2015 (Shimojo et al., 2017; White et al., 2017; Bastian

et al., 2018). The ALMA observing setup for prominences

typically includes a small mosaic (as a result of the trade-off

between full-scan cadence and the FOV), sometimes

accompanied by a high-cadence single-FOV observations

performed as close as possible to the mosaic (so called back-

to-back execution blocks). The latter serves for studies of fast

dynamic phenomena on small spatial scales. The observations

may be performed at a single ALMA frequency band or in

multiple bands, again, in a back-to-back manner. However,

truly synchronous multi-band observations are not currently

possible. Because the brightness temperature measured in

prominences is rather low with respect to the solar disk, the

weaker MD1 attenuation mode (see, e.g., Shimojo et al., 2017) is

used in order to suppress the brightness of the portion of solar

disc present in the FOV. Because interferometric observations

lack the flux at low spatial frequencies (a hole around zero in the

uv-space), they essentially provide just the differences with

respect to the average brightness. For that reason each solar

interferometric (INT) observation is accompanied by a single-

dish full-disk image performed by the total-power (TP) antenna

synchronously with the INT execution block. The TP observation

is performed using the fast-scanning method (see White et al.,

2017) in order to complete the full-disk scan in a relatively short

time interval. Unlike the INT observations, where the direct

result of the measurement is represented by interferometric

visibilities (i.e. samples of the spatial Fourier components of

the image), the TP scan provides the flux density convolved with

FIGURE 6
(A) - relation between observed Tb and E(Hα) in units of erg s−1 cm−2 sr−1 for all pixels from Figure 5 (dots). Color curves indicate the same relation
constructed from non-LTE models and assuming a uniform distribution of kinetic temperature in the whole FOV (yellow - 9000 K, green - 8000 K,
blue - 7000 K, red - 6000 K). (B) - theoretical variations of Band 3 brightness temperature Tb versus 1D-slab kinetic temperature Tk for several values
of the Hα line integrated intensity. This plot was constructed from the used grid of models (small kinks on some curves are due to finite
separation between themodels in the grid). The individual curves correspond (from below) to E(Hα) from 104 up to 106 erg cm−2 s−1 sr−1. Reproduced
from Heinzel et al. (2022).
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the TP-antenna primary beam at a given AzEl coordinate. This

means that the TP scan produces direct low-resolution image in

the absolute brightness temperature scale. The INT and TP

observations have to be combined during the data-reduction

process to get the complete reconstruction of the brightness

map. The basic data reduction of ALMA observations is

performed at ALMA Regional Centers (ARCs) as part of the

Quality Assurance level 2 procedure (QA2). The standard

procedures for solar INT and TP data are described in

Shimojo et al. (2017) and White et al. (2017), respectively.

This prominence (as all the European solar data) has been

processed by the EU ARC node in Ondřejov.

It is worth noting that the combination of INT and TP solar

data has caveats, especially for limb observations. The disparity

between the two signals and the necessity to scale them properly

has been reported in Alissandrakis et al. (2017). The CASA

feather() task allows to match the INT and TP data by fitting two

free parameters. Alissandrakis et al. (2017) recommend that this

is done in such a way that the combined image: 1) has the average

brightness temperature in the quiet solar region selected further

from the limb corresponding to that obtained from the purely TP

data, and 2) the average brightness temperature of corona

(i.e., the small off-limb region selected further from the

prominence) is approximately zero (specifically, that it is not

significantly negative). An example of the results of this INT/TP

matching procedure for the prominence analyzed in Section 7.2

is presented in Figure 4. It shows a profile of the brightness

temperature (center-limb-corona brightness variation) along the

mostly radial line crossing the solar limb. The above two

conditions are mostly matched.

7.2 Observations and plasma diagnostics

The derivation of the kinetic or electron temperature of the

prominence plasma (here we assume that the kinetic temperature

of all particles is the same) is a key subject of the ALMA science as

far as the solar atmosphere is concerned. The reason is that

standard spectroscopic diagnostics of the temperature is based on

analysis of spectral-line intensities and line shapes which

represents a difficulty because of various competing processes.

The line intensities depend on prominence thermodynamic

parameters, but also to a large extent on the external

illumination. On the other hand, the line shapes are sensitive

FIGURE 7
Invertedmaps of kinetic temperatures for different values of the filling factor: (A) f=0.6, (B) f=0.8, (C) f= 1.0. The field-of-view is the same as in
Figure 5. Reproduced from Heinzel et al. (2022).
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not only to temperature, but to other non-thermal broadening

processes like the microturbulence or fine-structure dynamics,

not speaking about the pressure broadening which is less

important in low-density prominences. Realistic knowledge of

the kinetic temperature is key for discrimination between various

processes of heating and cooling which are still far from being

FIGURE 8
Relationship between observed brightness temperature from ALMA and that modelled using the Hα MSDP data. The modelled brightness
temperatures are estimated at 6000, 8000, and 10000 K. The dotted line shows when the observed and estimated brightness temperatures are
equal. Reproduced from Labrosse et al. (2022).

FIGURE 9
IRIS observations of the ALMA prominence: raster of theMg II h line intensity taken at 14:14UT (A) and slit-jaw image at 2796 Å (B). Adapted from
Peat et al. (2021).

Frontiers in Astronomy and Space Sciences frontiersin.org11

Heinzel et al. 10.3389/fspas.2022.983707

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2022.983707


well understood under the prominence conditions (Gilbert,

2015). A reliable knowledge of the temperature distribution

within the prominence fine structures and its temporal

evolution will also help our understanding of the magneto-

thermal convection processes discussed in Berger et al. (2011).

A more straightforward way of determining temperature is to use

continuum observations in the mm or sub-mm domain now

provided by ALMA with unprecedented resolution.

The first prominence observations with ALMA were

obtained in Band 3 (ALMA project 2017.01138.S) when a

quiescent prominence was observed on 19 April 2018

(Heinzel et al., 2022; Labrosse et al., 2022). The prominence

was also observed (Peat et al., 2021) by the Interface Region

Imaging Spectrograph (IRIS, De Pontieu et al., 2014) and in the

Hα line by MSDP instruments in Bialków (Poland) and Meudon

(France).

In the following we will describe the analysis performed by

Heinzel et al. (2022) and Labrosse et al. (2022) who

independently demonstrated the ability of ALMA to deduce

the prominence kinetic temperatures. First of all, we show in

Figure 5 two co-aligned images of the brightness-temperature

distribution in Band 3 and of the integrated Hα emission from

Białków MSDP. Although the contrast is different in these two

spectral bands, we clearly see, for the first time, a detailed

prominence structure in 3 mm band consistent with that in

Hα, both at spatial resolution between 1 - 2 arcsec. This is

quite unique thanks to interferometric capabilities of ALMA.

We immediately see that many areas have Tb rather low, around

FIGURE 10
Co-aligned images of the ALMA prominence (shown as white contours at relative brightness temperatures of 1000, 2000, and 3000 K)
observed with AIA. Reproduced from Labrosse et al. (2022).
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4000 K or even less which indicates that in those areas the

prominence is optically thin so that Tb ≈ Tkτ, neglecting the

filling factor (see below). In Figure 6 we plot for all observed

pixels the correlation between observed Tb and MSDP integrated

Hα intensity E(Hα). If we overplot the synthetic color curves

using the grid of non-LTE models, we see a reasonable fit. The

curves split according to their kinetic temperature for highest

values of E, this happens close to the saturation limit i.e. for τ ≥ 1.

However, at lower τ the curves become indistinguishable so that

it is difficult to find a unique solution for the kinetic temperature.

At low intensities, the curves are rather flat and do not provide

reasonable solutions for Tk, namely when one adds a noise in the

observed Tb. This is the problem found by Heinzel et al. (2022) by

analyzing ALMA and MSDP data and because of that they

restricted themselves only to brighter areas where the intensity

is larger than 105 cgs. For such areas they produced maps of the

kinetic temperature, by inverting Band 3 and Hα. However,

Heinzel et al. (2022) discovered another, even more critical

problem. In Figure 6A we see that for E ≤ 105 cgs almost all

pixels lay below color-coded curves which merge together in this

region as discussed above. Tb along these color-coded curves

represents, for a given E, a maximum value which is achieved

assuming that the plane-of-sky (POS) filling factor f = 1. For

lower values of f all points will have lower Tb - see also Irimajiri

et al. (1995). Therefore, it seems that the scatter of pixels below

the color-coded curves in fact indicates a variety of f-values

within the prominence. To demonstrate the effect on inverted Tk,

Heinzel et al. (2022) used three characteristic values of f being

uniform in the whole FOV and produced temperature maps

shown in Figure 7 We clearly see how lowering of f increases Tk.

For f = 1 temperatures seem to be very low, between

5000–6000 K, but they increase to more realistic values for

lower f. A surprising feature is a low temperature at borders

of the prominence where one normally expects higher ones.

However, these are not true borders because all weaker

prominence parts were excluded for reasons explained above

and, moreover, these less bright regions can be more

heterogeneous and may have much lower f than that assumed.

Finally, allowing the inversion to give higher-temperature

solutions (in the maps the range of unique solutions was

limited to 12000 K), one could have these regions hotter. All

these aspects will require further detailed analysis and new

ALMA observations.

The analysis by Labrosse et al. (2022), see Figure 8, shows a

comparison between the brightness temperatures observed by

ALMA and those derived using the Hα MSDP data, for three

temperatures between 6000 and 10000 K. In this case, the non-

LTE calculations were similar to those used by Rodger and

Labrosse (2017). This figure reveals a very good correlation at

a temperature of 8000 K–with nevertheless some scatter which

could be explained by a non-uniform plasma temperature along

the line of sight, and/or by a filling factor f less than 1.

The very close resemblance of the prominence appearance in

Hα and in ALMA Band 3 can be understood by studying the

contribution functions at both wavelengths. Labrosse et al. (2022)

showed that they both have a clear and consistent overlap across

a wide range of pressures. The width of the 3 mm contribution

function inside the 2D cylindrical prominence model used by

these authors is larger than that of the Hα contribution function,

which suggests that the emission detected by ALMA has a

contribution from hotter plasma at the base of the PCTR.

However, an obvious similarity of fine structures seen in both

ALMA Band 3 and in Hα (Figure 5) can be understood in terms

of the analysis made by Heinzel et al. (2015). The ratio between

the integrated Hα intensity and brightness temperature (both

shown in Figure 5) is proportional to a temperature-dependent

factor

103 b3 T( ) e17534/T/T, (12)

assuming that the fine structures are optically thin in both Hα

and Band 3. Here we used the Eqs 6, 12 fromHeinzel et al. (2015).

For three different temperatures 6000 K, 8000 K, and 10000 K,

the non-LTE departure factor b3 amounts to 0.75, 1.67, and 2.97,

respectively (Jejčič and Heinzel, 2009) and corresponding values

of the above factor are 2.32, 1.87, and 1.72. Therefore the ratio

between the integrated Hα intensity and brightness temperature

does not depend on the emission measure (which cancels there)

and is only weakly dependent on the kinetic temperature. This

then leads to a close resemblance between well coaligned and

calibrated images in Figure 5.

It is also very interesting to compare the ALMA images with

the observations by the Atmospheric Imaging Assembly (AIA;

Lemen et al., 2012) on the Solar Dynamics Observatory (SDO;

Pesnell et al., 2012) and with IRIS. This is presented in

Figures 9, 10.

Both figures show a high degree of similarity in the overall

morphology of the prominence (as expected based on well-

known comparisons between Hα and IRIS or AIA

observations), but of course the details depend on the

wavelengths used in the comparisons. A detailed analysis was

carried out by Labrosse et al. (2022) with the AIA observations.

These authors found that the dark structures seen in AIA 171,

and more particularly at AIA 193 and AIA 211, correspond to the

contours of the prominence spine seen by ALMA in Band 3. This

is not surprising as we know that the optical thickness of ALMA

Band 3 and of Hα are similar, and Heinzel et al. (2008) have

shown that the opacity of the hydrogen and helium continua at

195 Å (responsible for the dark appearance of the prominence

above the limb) is also comparable to that in the Hα line center.

On the other hand, a large optical thickness of the He II 304 Å

line explains the more extended structure at that wavelength as

compared to ALMA Band 3—allowing fine structures to be more

easily observed away from the prominence spine (the same

applies to Mg II lines observed by IRIS). Correlations with
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ALMA Band 3 at other AIA wavelengths can also be seen in

Figure 10 but the prominence is much fainter.

The first ALMA observations of a disk filament (an active

region, non-eruptive filament) are reported and analyzed in the

paper by da Silva Santos et al. (2022), which is part of this special

issue on solar observations by ALMA. This active region filament

was observed simultaneously in ALMA Band 6 and by the IRIS,

SDO/AIA and the Solar Optical Telescope (SOT, Suematsu et al.,

2008) on the Hinode satellite. In the absence of simultaneous

observations in the Hα line or in other ALMA bands, quantitative

thermal diagnostics of this filament is not possible. However, da

Silva Santos et al. (2022) could conclude that some of the darkest

features visible in the ALMA Band 6 (Tb < 5000 K) coincide with

dark filament threads visible in the AIA 304 Å channel and in the

cores of the Mg II h and k lines observed by IRIS.

8 Conclusion

In this review we addressed various aspects of the

prominence physics from the point of view of radio mm/sub-

mm observations. Historically, such observations have been

carried out at rather low spatial resolution which did not

allow the study of prominence fine structures, contrary to

high-resolution observations available in optical and UV.

When ALMA was going to be operational during the last

decade, a hope arose that we will be ultimately able to resolve

the fine structures in solar prominences and filaments in the

radio domain. Based on data-driven simulations (Heinzel et al.,

2015) and other modeling work (Rodger and Labrosse, 2017),

several proposals have been submitted to facilitate prominence

observations with ALMA. As a result, one prominence was

observed still at the moderate ALMA resolution of 1-2 arcsec

and the data was recently analyzed - we provide an overview of

obtained results. We also mention one disk filament observation,

the analysis is presented in another paper in this volume. We

discussed in detail all aspects, but also caveats, of prominence

plasma diagnostics using ALMA. Since only one band was used

so far in prominence observations, the temperature diagnostics

was possible only thanks to simultaneous ground-based

observations in the hydrogen Hα line with a comparable

spatial resolution. In future prominence/filament observations

a quasi-simultaneous detection in more than one ALMA band

will significantly enhance the ALMA diagnostical potential as a

prominence plasma ‘thermometer’. The ultimate goal is to get

much higher spatial resolution in the near future, at least

comparable to current optical instruments such as DKIST or

even better. ALMA co-observation with DKIST is very

challenging because both instruments can in principle reach

the so-far best spatial resolution. However, a problem can be

the time difference between instrument locations (6 h) and exact

coaligned pointing. DKIST can provide spectral-line diagnostics

in blue, red and IR, complementary to ALMA multi-band

imaging. On the other hand, there is a recent proposal for

other coordinated observations with ALMA in the frame of

the SOLARNET programme which includes large European

facilities. And one should also consider UV/EUV spectral

observations from space instruments like IRIS, SPICE on

Solar Orbiter, or coming MUSE and Solar-C/EUVST. A

complex spectral inversion of plasma parameters based on

ALMA andmulti-wavelength spectra is a highly challenging task.
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