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During the first few years of observing the Sun with the Atacama Large

Millimeter/submillimeter Array (ALMA), the scientific community has acquired

a number of observational datasets targeting various structures in active

regions, including sunspot umbra and penumbra, active region pores, and

plages. In this paper we review the results obtained from the extensive

analysis of these interferometric millimeter data, together with the

coordinated observations from IRIS, SDO, IBIS, and Hinode, that reveal

information on the chromospheric thermal structure above active regions

and properties of small-scale heating events near magnetic field

concentrations. We discuss the properties of waves (especially the three-

minute oscillations) in sunspots, plage, and network. We speculate how

high-resolution millimeter data can supplement spectral line observations in

the visible and UV and can improve chromospheric spectroscopic inversions.

We identify challenges in the interpretation of the millimeter continuum

emission due to the complex, non-local and time-dependent processes that

determine the electron density through the chromosphere. Finally we overview

the prospects for future active regions observations with ALMA during the

ascending phase of the solar cycle.
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1 Solar active regions

“Solar active regions” (hereafter ARs) is an observational term referring to the regions

in the atmosphere of the Sun, spanning from the photosphere up to the solar corona,

where a whole variety of phenomena related to strong concentrations of magnetic fields

takes place. Principal structures of active regions, such as sunspots, plages, and pores, are

all associated with magnetic field bundles of typically kiloGauss strength. These features

are the primary source for a broad range of solar activity phenomena, especially transient

events such as small-scale brightenings, dynamic loops, streamers, jets, flares, and coronal

mass ejections (CMEs), which heat and shape the outermost solar atmospheric layers, and

can drive the space weather.

OPEN ACCESS

EDITED BY

Alexander Nindos,
University of Ioannina, Greece

REVIEWED BY

Jorrit Leenaarts,
Stockholm University, Sweden
Adriana Valio,
Mackenzie Presbyterian University,
Brazil

*CORRESPONDENCE

Maria Loukitcheva,
lukicheva@mps.mpg.de

SPECIALTY SECTION

This article was submitted to Stellar and
Solar Physics,
a section of the journal
Frontiers in Astronomy and Space
Sciences

RECEIVED 22 August 2022
ACCEPTED 04 October 2022
PUBLISHED 20 October 2022

CITATION

Loukitcheva M and Reardon KP (2022),
First looks at solar active regions
with ALMA.
Front. Astron. Space Sci. 9:1025368.
doi: 10.3389/fspas.2022.1025368

COPYRIGHT

© 2022 Loukitcheva and Reardon. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Astronomy and Space Sciences frontiersin.org01

TYPE Review
PUBLISHED 20 October 2022
DOI 10.3389/fspas.2022.1025368

https://www.frontiersin.org/articles/10.3389/fspas.2022.1025368/full
https://www.frontiersin.org/articles/10.3389/fspas.2022.1025368/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fspas.2022.1025368&domain=pdf&date_stamp=2022-10-20
mailto:lukicheva@mps.mpg.de
https://doi.org/10.3389/fspas.2022.1025368
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://doi.org/10.3389/fspas.2022.1025368


This solar activity results in the emission from a wide range of

wavelengths: from the X-ray to radio, and the most effective way

to exploit diagnostic capabilities of each wavelength regime lies in

the synergy between the observations at different wavelengths. In

this respect, the complementary use of radio data is particularly

valuable for diagnostics of the physical conditions in the solar

atmosphere. In particular, the bulk of the millimeter continuum

emission originates from the chromospheric heights (Kundu,

1965) and allows a rather straightforward measurements of the

gas temperature across these heights, as the radiation is coupled

linearly to the temperature owing to its formation in local

thermodynamic equilibrium (LTE) and is in the Rayleigh-

Jeans limit. Thereby, observations at mm wavelengths provide

strong constraints to the thermal structure of the chromosphere

in ARs. Furthermore, the solar chromosphere harbors plenty of

highly nonlinear phenomena that result in local heating (e.g.,

magneto-acoustic waves and shocks, wave dissipation events,

reconnection along magnetic field lines (see, e.g., Carlsson et al.,

2019). Observations at mm wavelengths with sufficiently high

spatial and temporal resolution would be able to diagnose the

thermodynamic changes in the rapid, small-scale events.

The slowly-varying component of the solar radio emission

from active regions was termed the S-component (Krueger, 1979)

to distinguish it from emission from sporadic events, e.g. flares,

radio bursts and storms). It gained a lot of interest starting from the

early radiomeasurements, as it reflects the atmospheric structuring

of solar activity features in the chromosphere and corona, which

can exhibit very different physical characteristics. The single-dish

observations of the Sun at mm and short cm wavelengths (Kundu,

1970; Efanov et al., 1972) provided the first radio maps of the solar

chromosphere and transition region. Enhanced radio brightness

from solar ARs (compared to the quiet-Sun level), showing good

correspondence with the calcium plage regions as well as with the

regions of enhanced magnetogram signals, were detected in the

two-dimensional solar maps. But the spatial resolution of the

single-dish antennas (typically not exceeding 1 arcmin) was not

enough to resolve individual sunspots, pores and plage elements,

and isolate their radio brightness from the surroundings. Since the

first observations of the Sun at radio wavelengths the techniques of

radio measurements have made a big leap forward and the greatest

breakthrough originated with the start of solar observing with the

Atacama Large Millimeter-Submillimeter Array (ALMA,Wootten

and Thompson, 2009) in 2016. ALMA has proven to be a unique

instrument that is capable of providing the required spatial,

temporal and spectral resolution to contribute to solving some

of the central questions of solar physics, like the energy transport

and mechanisms of its deposition in the solar corona.

Mapping of the Sun with spatial resolution of order of

arcseconds has revealed the fine structure of the solar radio

emission from ARs. With ALMA it became possible to

distinguish and describe sunspot umbra and penumbra in the

mm images (Iwai et al., 2017; Loukitcheva et al., 2017), to study

signatures of the three-minute oscillations and wave propagation

in the mm brightness of sunspot umbra (Chai et al., 2022a), to

detect oscillations of mm brightness in small bright features in a

plage (Guevara Gómez et al., 2021), to study spatial association of

the observed oscillations through the atmosphere mapped by the

different passbands (Narang et al., 2022), and evaluate the

contribution from detected high-frequency acoustic waves to

the chromospheric heating in plages (Molnar et al., 2021), to

explore AR small-scale transient brightenings as signatures of

heating linked to magnetic reconnection events (da Silva Santos

et al., 2020b) and to provide further evidence for heating in the

upper chromosphere through current dissipation (da Silva

Santos et al., 2022a), to image a solar active region filament at

sub-arcsecond resolution with the Interface Region Imaging

Spectrograph (IRIS, De Pontieu et al., 2014) and ALMA (da

Silva Santos et al., 2022b), to explore the structure and the

dynamics of chromospheric plages, namely, of fibrils

(Chintzoglou et al., 2021a) and jet-like features (Type II

spicules) (Chintzoglou et al., 2021b), to perform quantitative

comparison between the mm continuum brightness and the

chromospheric diagnostics from observations, e.g., with Hα

(Molnar et al., 2019), and Mg II line (Bastian et al., 2017;

Bastian et al., 2018; Jafarzadeh et al., 2019), to constrain the

thermodynamical properties of the plage atmosphere using

ALMA and IRIS data from a NLTE inversion code (da Silva

Santos et al., 2020a), and finally, to identify small-scale bright

features in the ALMA images and study their relation to the

chromospheric structures seen in the EUV, UV and Hα images

(Brajša et al., 2018, 2021), and to employ ALMA measurements

in a data-constrained model of the sunspot’s atmosphere (de

Oliveira e Silva et al., 2022). Below we provide more details about

these observational results.

2 ALMA observations of solar active
regions

Regular solar ALMA observations have became possible

since 2016 (ALMA Cycle 4). They were preceded by six solar

test campaigns, run by solar radio astronomy experts, as part of

Commissioning and Science Verification/Extension of

Capabilities (CSV/EOC) activities, that were summarized in

(Shimojo et al., 2017; White et al., 2017).

The observational data, obtained during the CSV/EOC

phase, were released to the scientific community in early 2017.

The ALMA data sets consist of calibrated visibility data and

scripts to synthesize images for a number of solar targets,

including both single-pointing and mosaic observations of

solar active regions (ARs).1 The following AR data were

released: 149-pointing mosaics of the active region NOAA

1 The science verification data are available for download at .https://
almascience.nrao.edu/alma-data/science-verification.
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12470 (hereafter AR 12470) in Band 3 (a frequency of 100 GHz,

corresponding to a wavelength λ = 3 mm) and Band 6 (230 GHz,

λ ≈ 1.3 mm) obtained on 16 December 2015 and 18 December,

respectively (Table 1); single-pointing observations of the west

side of the active region AR 12470 in Band 3 recorded with a

cadence of 2 s (16–17 December 2015). The interferometric maps

synthesized from the mosaic observations sampled a field of view

(FOV) of 300″ x300 ″ in Band 3, covering the sunspot umbra and

penumbra as well as the surrounding AR plage. In the Band

6 mosaic the FOV is limited to 140″ × 140″, covering mostly the

sunspot with only a small portion of the surrounding plage. The

observations were performed in the compact array configuration

involving 36 antennas with a maximum baseline of ≃ 300 m,

resulting in the full-width at half maximum (FWHM) of the

synthesized beam of 4.9″ × 2.2″ in Band 3 and of 2.4″ × 0.9″ in

Band 6.

The interferometric measurements are limited to observing

areas of the solar surface limited by the field of view of a single

dish (typically ≈60 ″ in diameter at 3 mm, or ≈25 ″ in diameter at

1.3 mm). While multiple pointings can be used to build up

mosaic images, up to 10 s are required for each pointing. This

makes it impractical to cover large regions of the Sun on

reasonable timescales. Instead, a method was developed for

fast-scan solar imaging using a single 12-meter dish with a

“double-circle” continuous circular scanning pattern (White

et al., 2017). While only achieving the spatial resolution of a

single disk (50 and 22 ″ for 3 and 1.3 mm, respectively), this

approach allows the full solar disk to be scanned in

approximately 15 min, depending on the ALMA Band being

used, and generates low-resolution observations of many active

regions at once.

Up to the present day (August 2022), due to the declining

of phase of the solar cycle from 2017–2020 and the low

number of executed solar programs between 2019 and

2022, the science verification data on the sunspot in AR

12470 from 2015 remain the only successfully recorded

ALMA interferometric measurements of sunspots. During

periods of low activity, it was difficult to successfully

propose observations of active regions due to uncertainties

about their occurrence during those intervals when the array

would be in configurations appropriate for solar observing.

However the CSV/EOC data were extensively used for various

studies resulting in new insights into the sunspot

atmospheres.

ALMA observing of AR plages appeared to be more fortunate

and successful in this period. During ALMA cycles 4-7

(2017–2019) at least five datasets of successful AR

observations were acquired (Table 1) and are available via the

ALMA Data Archive2 for download. The effective spatial

resolution varies quite significantly between the datasets, as it

depends on the wavelength, array configuration (maximum

baseline), and the position of the target on the sky. Further

information about the observational datasets can be found in

(Jafarzadeh et al., 2021; Henriques et al., 2022).

3 Results on active regions from
ALMA observations

3.1 Full-disk solar images

A first comparison of the full-disk solar images observed with

ALMA with those observed in other UV and visible wavelengths

was first presented in Alissandrakis et al. (2017) and further

explored by Brajša et al. (2018). These authors utilized full-disk

images obtained in Bands 3 and 6 (100 and 239 mHz,

respectively), following the method of White et al. (2017), in

the period 17–20 December 2015. They were able to compare

these ALMA brightness temperature maps with simultaneous

full-disk solar images using an Hα filter (NISP/NSO at the Cerro

Tololo Observatory), in the He I 1083 nm line core (SOLIS/

NSO), and with the AIA/SDO UV images and HMI/SDO

magnetograms. The FWHM of the beam of these single-disk

observations is 27″ at 239 GHz and 60″ at 100 GHz. At this

resolution, in agreement with previous observations with similar

or better resolution (Bastian et al., 1993; Lindsey and Kopp, 1995;

Loukitcheva et al., 2014; Iwai and Shimojo, 2015), plages are the

most prominent feature on the disk at 239 GHz, and only slightly

TABLE 1 Successful AR observational projects that have resulted in at least one publication.

Project ID Bands Date of obs Co-observations AR structures

2011.0.00020.SV 3, 6 2015-12-16-2015-12-18 IRIS, GST umbra, penumbra, plage

2016.1.00030.S 3, 6 2017-03-19 IRIS, IBIS, Hinode plage, tiny bipolar AR

2016.1.00050.S 3, 6 2017-04-22 IRIS, Hinode, IBIS plage

2016.1.01129.S 3, 6 2017-04-23, 2017-04-18 IBIS, IRIS, Hinode plage

2017.1.001672.S 3, 6 2018-08-23, 2018-04-26 IRIS, Hinode small pores

2018.1.01518.S 3, 6 2019-04-13 SST, IRIS, Hinode pores, plage

2 ALMA data are available for download at https://almascience.nrao.
edu/aq/.
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less so at 100 GHz. Active regions were found to be brighter than

the surrounding quiet Sun, as also expected from the theoretical

modeling. Alissandrakis et al. (2017) noted that the one large

sunspot visible on the disk was easily visible at 239 GHz but only

barely detectable at 100 GHz, perhaps in part due to the lower

spatial resolution. Brajša et al. (2018) found that the sunspot was

not only cooler than the surrounding plage, but also than the

quiet Sun regions. At wavelengths around ~(1–5) mm, the

brightness temperature of sunspots is expected to rise above

that of the quiet Sun and the wavelength of this transition in the

temperature contrast can be used to validate the temperature

profiles of the various 1-D sunspot models (Loukitcheva et al.,

2014).

de Oliveira e Silva et al. (2022) (this volume) used the

brightness temperatures of AR 12470 obtained at 17 mm with

the Nobeyama Radioheliograph (NoRH), and in Band 3 (3 mm)

and Band6 (1.3 mm) derived from ALMA full-disk single-dish

data, to construct a data-constrained model of the solar AR

atmosphere. By modifying 5 parameters in the standard quiet

Sun atmospheric model: the chromospheric gradients of

temperature and electron density, the coronal temperature

and density, and the TR height, the authors achieved a

general agreement between the sunspot brightness synthesized

from the model height profiles and the brightness values

measured from the full-disk ALMA images. Their model

indicates that the chromosphere above the sunspot umbra is

compressed and the rise to transition region temperatures begins

at about 1000 km above the surface. Instead above the penumbra

and plage regions, the chromosphere is more extended and the

transition region begins at 1800–2000 km .

3.2 Sunspots

3.2.1 Thermal structure
Single-dish measurements at mm wavelengths are not able

to provide sufficient spatial resolution required to isolate

brightness temperature of sunspots from their surroundings

due to limitations of the antenna size. Previously, the highest

spatial resolution with a single antenna was achieved in

sunspot observations with the James Clerk Maxwell

Telescope (JCMT) at 0.35, 0.85, and 1.2 mm by Lindsey

and Kopp (1995), with spatial resolutions ranging from 6″
FWHM at the shorter wavelengths up to 16″ at 1.2 mm

(analogous to ALMA’s Band 6). These observations found

that sunspot umbrae at these wavelengths appeared colder

than the surrounding quiet Sun, with temperatures below

4000 K at 0.35 mm, rising to 5000 K at 1.2 mm, indicating

the presence of a positive temperature gradient in the upper

atmosphere of the umbra and penumbra, similar to the

quiet Sun.

However, much improved spatial resolution can be achieved

by employing interferometric observations. White et al. (2006)

reported observations of a sunspot with the 10-element Berkeley-

Illinois-Maryland Array (BIMA) at 3.5 mm where the spatial

resolution of ≈ 10″ was achieved. In this interferometric

observations the sunspot was found to be the darkest feature

in the map, but the resolution was not enough to resolve the

umbra (Loukitcheva et al., 2014). They also observed fluctuations

in the active region with the predominant periods in the

400–900 s range, but the spatial smearing meant it was not

possible to spatially separate oscillatory signals. Only with

ALMA, an interferometric system consisting of many

elements, did it become feasible to study the sunspot’s

chromospheric structure with greater detail.

Iwai et al. (2017) presented the first analysis of the ALMA

Band 3 mosaic image of the large sunspot in AR 12470 obtained

with the spatial resolution of 4.9″× 2.2″ at the wavelength of

3 mm. The map of the sunspot with clearly distinguished umbra

and penumbra was compared with UV, EUV, and optical images

observed by IRIS, AIA, and HMI.

The achieved spatial resolution allowed for the first time the

fine structure of a sunspot’s umbra to be resolved with mm

observations of the chromosphere and these authors detected a

surprising umbral brightening, nearly as bright as the

surrounding plage, in the core of the large sunspot umbra

(Figure 1A). The enhanced central emission was found to

correspond to a temperature excess of 800 K relative to the

surrounding penumbral region. Similar bright features near

the center of the umbra, adjacent to a partial lightbridge, were

detected in the 1330 and 1,400 Å IRIS images, their location was

found to be close but not identical to the mm feature. The

lightbridge itself was not apparent in the ALMA Band 3 image.

Surprisingly, no clear cospatial counterpart of the mm umbral

enhancement was found in the AIA 1700A, 304A, or 171A

channels, although they showed generally similar large-scale

structure of the AR plage as in the mm image. Brajša et al.

(2021) analyzed the same active region mosaic and confirmed the

umbral brightening. These authors also identified several

correspondences between temperature enhancements in the

region surrounding the sunspot and chromospheric fibrils and

coronal bright points seen in several AIA/SDO channels

(Figure 2).

However, Iwai et al. (2017) could not make clear conclusions

about the origin of the central brightness from the available

observational data. The authors suggest at least three possible

explanations of the discovered brightness feature were proposed.

According to a first explanation, the observed central brightness

could be an intrinsic property of sunspots, not detected before

only because of the insufficient resolution of earlier observations.

In favor of this explanation is the fact that similar brightness

enhancement in the umbral center was also seen in the Band

3 observations on the following day, implying that it is a steady or

recurrent phenomenon. Moreover, the brightness of the central

umbral feature is in agreement with some of the umbral

atmospheric models (see, e.g., Loukitcheva et al., 2017, and
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below). Terminologically this would mean that not an “umbral

brightness enhancement” but rather a “penumbral darkening”

was observed. These different brightness temperatures do not

necessarily indicate relative temperatures at the same height in

the atmosphere for these features, but may be a manifestation of

the difference in heights of formations of the millimeter

continuum in the sunspot and penumbra due to distinct

electron density profiles in the various structures.

The observed brightness enhancement could also be a

signature of dynamic umbral flashes, often seen as

brightenings in the cores of chromospheric spectral lines, such

as Hα and the Ca II IR triplet, due to the passage of the shock

waves in the umbral chromosphere. This scenario is supported by

a recent study of Chai et al. (2022a), Chai et al. (2022b), (see Sect.

3.2.2), who detected the presence of the 3-min oscillations in the

umbra analyzing the 1-hour observational set in Band 3 from the

following day, 17 December 2015. The observed temperature

fluctuations in the sunspot of as much as ± 500 K, comparable to

the magnitude of the temperature excess seen in the snapshot

observation from the mosaic.

And the final explanation proposed in (Iwai et al., 2017) was

that the observed umbral brightness enhancement is related to

signatures of downflowing coronal material interacting with the

dense lower atmosphere (seen in coronal plumes), as its location

corresponded to footpoints of coronal loops seen at 171A inside

the umbra, and inside the umbra there was also a region bright at

1330 and 1400A. Finally, it was concluded that additional

millimeter observations with better spatial and temporal

resolution are required to understand the detected umbral

brightness enhancement.

Loukitcheva et al. (2017) extended the study of Iwai et al.

(2017) by analyzing the observations of the same sunspot but in

Band 6 (a wavelength of 1.3 mm), and by comparing ALMA

observations at the two wavelengths with the predictions of

sunspot umbral and penumbral models. To account for radial

brightness inhomogeneities seen in the structure of sunspot

umbra and penumbra in both Band 3 and Band 6, the

authors distinguished between inner and outer umbra, as well

as between inner and outer penumbra when analyzing ALMA

images. The distribution of brightness in the umbra in Band

6 was found to differ significantly from the distribution in Band 3

(Figure 1). In contrast to the Band 3 central brightness

enhancement, the central part of umbra showed a temperature

depression of 700 K relative to the QS level in Band 6, making it

the coolest (≈5300 K) feature of the sunspot in Band 6 maps,

while the outer umbra is significantly (≈1000 K) brighter.
ALMA sunspot observations have also resolved for the first

time the penumbral structure in both bands. In Band 6 the

penumbra was, on average, ≈ 1000 K hotter than the umbra with

the larger difference between the inner and the outer parts of the

penumbra (≈500 K) than between the outer penumbra and the

surrounding plage (≈150 K). This result agrees with the presence

FIGURE 1
ALMA mosaic images of the sunspot in AR 12470 at 3 mm (A) and at 1.3 mm (D). The color bars correspond to the displayed range of mm
brightness. Profiles of the mm brightness (blue, left axis) and of the longitudinal component of the magnetic field (red, right axis) for (B) the x-cut at
y = 139.6, (C) the y-cut at x = −506.2 through the brightest umbral pixel at 3 mm; (E) the x-cut at y = 225.4, (F) the y-cut at x = −77.5 through the
darkest umbral pixel at 1.3 mm. The black lines indicate the positions of umbral and penumbral boundaries along the cuts. Adapted from
Loukitcheva et al. (2017).
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of the superpenumbra (see, e.g. Giovanelli and Jones, 1982; Leka

and Metcalf, 2003; Solanki, 2003), the idea that at chromospheric

heights the sunspot’s magnetic field expands significantly beyond

the photospheric boundary of the sunspot, so that there is

essentially no difference in the appearance of the outer

penumbra and the adjacent AR plage, which is dominated by

sunspot magnetic fields. In Band 3 the penumbra shows up as a

dark ring surrounding the umbra, with the inner part ≈100 K
cooler than the outer part of the umbra and cooler than the QS. A

clear brightness temperature gradient was found within the

penumbra at both wavelengths (Figure 1) with brightness

increasing from inside to outside by ≈ (400–500) K. In

addition, the structure of the outer penumbra at both

wavelengths was similar to that of the surrounding plage region.

The measured brightness temperatures for different parts of

umbra and penumbra at the two ALMA wavelengths were

compared with the expected mm brightness calculated from a

number of selected sunspot models (Figures 3, 4). The models

differ from each other, as well as from the reference QS model of

Fontenla et al. (1993), in the location and extension of the

temperature minimum region and in the height of the

transition region. For improved wavelength coverage, the

observed ALMA brightness in the two bands was

supplemented with the earlier measurements at a number of

other mm wavelengths.

None of the analyzed umbral models provided an

outstanding fit to the observations. However, the umbral

model of (Severino et al., 1994) showed the best agreement

for the ALMA observations of the inner umbrae in both

bands among the models considered in this work. It also

provided the best fit to the sunspot data from the earlier

works (Figure 3). The authors concluded that the

chromospheric temperature gradient in the model resembles

the actual temperature gradient in the umbral chromosphere.

According to this model, the bulk of the emission in Bands 6 and

3 comes from the heights of 1100 km and 1500 km in the umbral

chromosphere, respectively, while the QS emission, estimated

from the FALC model, is formed ≈500 km higher at both

wavelengths. This model is consistent with that derived by de

Oliveira e Silva et al. (2022) (2022, see Section 3.1) using a data-

constrained model based on three different millimeter

wavelengths and extrapolated chromospheric magnetic fields.

FIGURE 2
(A–D) four examples of comparison between ALMA Band 3 brightness structures (second column) observed within the FOV of the AR 12470 on
16 December 2015 (first column) and HMI/SDO magnetogram (third column), SOLIS Hα core 6563A (fourth column), AIA/SDO 304 and 193A (fifth
and sixth columns, respectively). ALMA contours at 9000, 9500, 9750, 10000, 10250 and 10500 K are overlaid in each panel. White rectangles in the
first column mark the structures of interest. From Brajša et al. (2021). Reproduced with permission ⓒ ESO.
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One notable difference is that their model does not reach the

same low temperatures in the sunspot umbra (Tmin of 4900 vs.

2900 K). Further work by Bogod et al. (2019) combined the

ALMA sunspot observations with data from RATAN-600 in the

frequency range 3–17 GHz and showed that the crucial

wavelengths for capturing the transition region temperature

rise lie between 3 and 18 mm.

In contrast to the numerous umbral models, only a few

penumbral models that include the chromosphere have been

published. The authors used four penumbral models from the

literature for comparison with the observed brightness at the two

ALMA wavelengths and also the penumbral measurements at

short wavelengths from Lindsey and Kopp (1995). No penumbral

model gave a really satisfactory fit to the analyzed measurements

(Figure 4). Interestingly, the two models that came closest to

being consistent with the data were found to be quite distinct in

their thermal profiles and in the heights at which the 1.3 and

3 mm radiation is emitted. These results prevented the authors

from making any certain conclusion about the best model fit to

the penumbral data. The penumbral model derived by de

Oliveira e Silva et al. (2022) reaches a similar minimum

temperature as their umbral model, but a much slower

decrease in density which correspondingly pushes the

transition region ~800 km higher.

The work of Loukitcheva et al. (2017) demonstrated that

multi-wavelength ALMA data can be used to validate or rule out

models of the umbral/penumbral atmospheres, and can also add

important constraints to any new empirical models. At the same

time, for a definite determination of the temperature gradient in

the solar chromosphere at the heights where mm emission is

formed, additional ALMA sunspot observations are required.

3.2.2 Sunspot oscillations
Observations of the same AR 12470 were used by Chai et al.

(2022a,b) to study oscillations and wave propagation in sunspots

for the first time. The one-hour ALMA Band 3 sequence acquired

with a cadence of 2 s on 2015 December 17 was analyzed together

with Hα spectral imaging observations from the Goode Solar

Telescope (GST) operating at the Big Bear Solar Observatory,

AIA/SDO and IRIS. Prominent 3-minute oscillation power was

detected within the umbral boundaries in the ALMA data

(Figure 5D), being stronger in the western part and weaker in

the eastern part of the umbra. ALMA temperature variations

FIGURE 3
Difference between the umbral brightness (in temperature
units) and the QS brightness, plotted as a function of wavelength
for the umbral models, including the models of Avrett (1981), of
Maltby et al. (1986), of Severino et al. (1994), of Socas-Navarro
(2007), of Fontenla et al. (2009), of Avrett et al. (2015), and of de la
Cruz Rodríguez et al. (2016), marked as DLCR 2016. The individual
models are identified by color as indicated in the figure. The solid
black line is the reference QS atmosphere FALC. The colored filled
circles and error bars indicate the umbral ALMA mean brightness
values together with the rms values for the inner umbra (blue),
outer umbra (red), and the whole umbra (green) at 1.3 and 3 mm.
The figure also depicts the BIMA measurements obtained at
3.5 mm by Loukitcheva et al. (2014) at a resolution of 12″
(triangles), the measurements at 0.35, 0.85, and 1.2 mm
(diamonds) made by Lindsey and Kopp (1995) at a resolution of
14″–17″; and brightness observations at 2.6 and 3.5 mm obtained
from the Nobeyama 45 m telescope by Iwai and Shimojo (2015) at
a resolution of 15″, and at 8.8 mm from the NoRH by Iwai et al.
(2016) at a resolution of 5″–10″ (plus signs). From Loukitcheva
et al. (2017). Reproduced by permission of the AAS.

FIGURE 4
Same as in Figure 3 for the penumbral models of Yun et al.
(1984) (1984; green), Ding and Fang (1989) (1989; blue), Fontenla
et al. (2009) model R (red), and Socas-Navarro (2007) model D
(violet). The colored filled circles and error bars indicate the
observational penumbral mean values with the rms values for the
inner penumbra (blue), the outer penumbra (red), and the whole
penumbra (green) at 1.3 and 3 mm. The diamonds indicate the
brightness measurements at 0.35, 0.85, and 1.2 mm from Lindsey
& Kopp (1995). From Loukitcheva et al. (2017). Reproduced by
permission of the AAS.
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demonstrated a sawtooth pattern (a tendency for a gradual rise

and a steeper drop), which together with the amplitudes of

brightness variations and phase relative to Hα Doppler

velocity from GST, provided new exciting information about

the three-minute-oscillatory behavior in sunspots. The authors

concluded that the mm temperature fluctuations are in general

consistent with propagating acoustic waves, although the nature

of the asymmetry (gradual rise, steeper fall) was opposite what

would be expected due to simple nonlinear steepening.

Interestingly, penumbral 5 min oscillations, that were found in

Hα (Figure 5C), were not detected in the ALMA Band 3 data

(Figure 5E).

3.3 Comparison of ALMA brightness with
other chromospheric diagnostics

Comparisons between different observational parameters

provide a key to the assessment of the diagnostic power, as

well as to studying the physics of the observed solar structures.

For the chromospheric diagnostics, good agreement is expected

between the gas (radiation) temperatures deduced from the

intensities of the millimeter and UV measurements, based on

earlier low-resolution observations and expectations about the

heights of formation from solar atmospheric models. With the

onset of high-resolution and high-cadence ALMA observations,

detailed comparison of spatially resolved morphological features

within active regions has also become possible.

Bastian et al. (2017), Bastian et al. (2018) presented the first

quantitative comparison between ALMA mm and IRIS UV

chromospheric emissions from the sunspot umbra, plage, and

quiet-Sun regions observed in AR 12470 on 2015 December 18 in

Band 6. The authors reported a clear correlation between ALMA

Band 6 (1.25 mm) brightness temperatures and radiation

temperatures inferred from IRIS/Mg II h2v and h2r peak

intensities, although with significant scatter (Figure 6).

Additionally, a compressed range of radiation temperatures of

Mg II lines as compared to the Band 6 brightness temperatures

and an offset between the temperatures at the two wavelengths

were detected. Among the considered AR features, the

correlation coefficient was found to be higher in the umbra

and plage, and lower in the quiet Sun. They attributed some of the

scatter in the between this ALMA and IRIS diagnostics to the

decoupling of the Mg II source function from the local

conditions, as well as differences in the heights of formation

of the different spectral lines and continuum emissions.

Using the same ALMA and IRIS observations Jafarzadeh

et al. (2019) obtained similar results, comparing ALMA Band

FIGURE 5
(A) ALMA Band 3 image of AR 12470 with 3 marked locations: in the sunspot umbra (a red plus sign), penumbra (yellow), and a quiet-Sun region
(green); and (B–F) corresponding Fourier power spectra. The white contours in panel (A) mark the boundaries of the umbra and the penumbra,
respectively. Panels (B,C) display the Fourier power spectra of GST Hα near blue wing (−0.4 (A). (D–F) of ALMA Band 3 data. The 3 min oscillation
range is marked with red dotted–dashed lines. From Chai et al. (2022a). Reproduced by permission of the AAS.
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6 brightness temperatures with radiation temperatures from Mg

II for each of its h and k line features individually. They took into

account the observation times for each location in the IRIS slit

raster and ALMA mosaic, which sampled the region with

overlapping but different patterns. For their analysis, they

considered subsets of pixels where the sampling time

difference in the pixel-to-pixel relationships was smaller than

2 or 0.5 min. As a result, the authors used only 28% and 8% of the

spatial pixels, respectively, with only very few data points for

analysis in the umbra itself. Good pixel-to-pixel correlations were

found between most of the IRIS UV channels and ALMA Band

6 in all active region features (except the umbra), with the

strongest correlation for the pair C II line in the FUV -

ALMA Band 6. The authors concluded that the spatial

variation of the UV radiation temperatures is similar to that

of the ALMA Band 6 in these regions. However, we note that

many of these active region features have relatively high

brightness temperatures at 1.25 mm compared to quiet Sun

regions, where the correlation between temperatures derived

from Mg II and ALMA Band 6 might not be so strong.

In the umbral pixels, Jafarzadeh et al. (2019) found a very low

correlation between the temperatures derived from Band 6 and

Mg II h, much lower than what was found by Bastian et al. (2017,

2018), 0.04 vs. 0.77, respectively. Moreover, improved but still

low correlations were detected for all the considered IRIS

diagnostics (Figure 7). The authors speculated that such a

significant difference in the umbral correlation coefficients

could be due to a large uncertainty arising from the very few

data points used. It might be important that the exact criteria for

selecting umbral regions is somewhat different between these two

works, and the mask used by Bastian et al. (2017) might have

included some of the inner penumbral regions. However,

Jafarzadeh et al. (2019) noted that in the umbra the time

differences between diagnostics can be particularly essential,

since dynamic events, e.g., umbral oscillations, can produce

changes in the umbra on time scales shorter than 2 min, with

their Band 6 vs. Mg II h correlation coefficients showing a slight

improvement in the umbra when the allowable time differences

between observables were reduced from 2 to 0.5 min (but

interestingly no change for the Mg II k or C II correlation

coefficients).

Recently Chintzoglou et al. (2021a) reported much lower

correlation coefficients found between Mg II and ALMA Band

6 in the leading part of NOAA AR 12651 observed on 2017 April

22. The observed FOV contained parts of a plage region with

strong magnetic flux that included impulsive behavior such as

dynamic fibrils. The authors employed an empirical approach

and isolated plage elements from their surroundings using a

magnetogram signal threshold of 100 G and also excluded such

elements as pores and cool features in the superpenumbra. After

applying these strict segmentation criteria and achieving very

high time synchronization between IRIS and ALMA

observations, the highest correlations were obtained for the

combinations of ALMA Band 6 with Si IV or C II, but the

degree of correlation between Mg II k and ALMA Band 6 was

found to be relatively poor (~0.5). The authors claimed that the

scatter in the chromospheric diagnostics comparison is more

significant than was previously thought and based on the

obtained correlation coefficients speculated that even though

both Mg II and ALMA Band 6 are sensitive to a similar range

of temperatures, the formation height for ALMA Band

6 emission is above that of Mg II for most wavelengths along

the Mg II line. Chintzoglou et al. (2021a) concluded that all three

diagnostics, ALMA Band 6, C II, and Si IV, have formation

heights relatively close to one another and are sampling similar

parts of structures in the plage.

However, Hofmann et al. (2022) showed evidence based on

spectroscopic inversions of the Ca II 8542 Å and Na ID1 5,896 Å

lines compared with simultaneous ALMA observations that the

height of formation of the Band 6 line can be highly variable, as

was already explored using simulations by Loukitcheva et al.

(2015). In particular, the authors suggest that relatively high

temperatures (> 7500 K) observed in Band 6 are observed in

regions where the height of formation of the continuum emission

is relatively high in the atmosphere, while cooler temperatures

arise when the opacity along a given line-of-sight is lower and the

emission arises from deeper in the atmosphere. Thus

correlations, or the lack thereof, found for selected types of

FIGURE 6
A scatter plot of IRISMg II h line radiation temperatures versus
the ALMA 1.25 mm brightness temperatures together with the
corresponding histograms. Gray points represent all pixels; blue
points for the umbra; red for the quiet-Sun areas; and yellow
for the plage. Linear fits to pixels in the umbra, quiet, and plage
pixels are shown with a solid, dashed, and dotted–dashed line,
respectively. From Bastian et al. (2018). Reproduced by permission
of the AAS.
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solar features, or that tend to isolate a specific range of brightness

temperatures, do not necessarily apply to other regions or define

an overall height of formation for the millimeter continuum at a

given wavelength. This may be part of the underlying

discrepancies in the measured correlations among these

different studies.

3.4 Thermal diagnostic of plages

While the characterization of the thermal structure above

sunspots needs more observations, sampling multiple

sunspots, our understanding of the temperature above

strong magnetic field concentrations above plages and

network regions has been informed by multiple ALMA

observations (see Jafarzadeh et al., 2021, for an overview of

several plage observations). In general, above strong

concentrations of magnetic fields, the brightness

temperature in Band 3 tends to show regions of high

temperatures, reaching up to 10–12 kK in isolated regions

of a few arcseconds in diameter (i.e., marginally resolved with

typical beam widths), embedded by a generally diffuse area of

temperatures of 8–10 kK (above the quiet Sun average of

7.3 kK). In Band 6, similar locations with high

temperatures (up to 9–10 kK) are sometimes seen above

strong magnetic network. There have been a few cases

where the same region was observed with both Bands in

sequence, and a similar distribution of hot features can be

seen in both bands (see Hofmann et al., 2022, for a direct

comparison of a plage in both ALMA bands).

One notable feature of the plage and network observations is

that features with high brightness temperatures are seen to

extend away from the photospheric magnetic field

concentrations. These features are seen to project

approximately 10 arcseconds (7 Mm) into the internetwork.

Beyond or in between these features, the brightness

temperatures drop down to 6 kK or lower. They are most

easily seen in the Band 3 observations, but are also sometimes

present in Band 6 as well.

By comparing these features with simultaneous observations

of the Hα line obtained with IBIS, Molnar et al. (2019) showed

that these features correspond to the chromospheric fibrils

extending outward from the magnetic concentrations and

expanding into a more horizontal canopy. Even more

intriguing, they showed a very direct relationship between the

ALMA fibrils and the structures seen in maps of the width of the

Hα line profile (see Figure 8). This was not entirely unexpected

based on earlier studies showing the temperature sensitivity of

FIGURE 7
Scatter plots of radiation temperatures for IRIS NUV and FUV line features versus the ALMA 1.25 mm brightness temperatures limited to pixels in
the umbral region. The density of the scatter points is denoted with the colours: the highest density number is coloured in red, the lowest density in
dark blue. The regression slope of the linear fit (m), the Pearson correlation coefficient (r), and the Spearman’s rank correlation coefficient are listed
for each relationship. From Jafarzadeh et al. (2019).Reproduced with permission ⓒ ESO.
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the Hα line width (Cauzzi et al., 2009) and theoretical

investigations of Hα line formation in the solar chromosphere

(Leenaarts et al., 2012). The point-wise relationship between the

brightness temperatures and the line widths was essentially

linear, but the magnitude of the broadening of the Hα line

(ranging from 0.9–1.25 Å) was greater than what would be

produced by the temperature range indicated by the ALMA

observations (6–12 kK). The authors use the 1-D FAL model to

synthesize the millimeter continuum and Hα line profile,

essentially reproducing the observed relationship. They find

the observed coupling between these two diagnostics is in

large part driven by changes in the n = 2 level population of

hydrogen. As this parameter increases in the atmosphere, it also

leads to and increased ionization fraction of hydrogen, a greater

electron density, and a higher height of formation of the 3 mm

continuum, closer to the steep temperature rise of the transition

region. At the same time, a larger columnmass of n = 2 hydrogen

atoms leads to an opacity broadening of the Hα line (similar to a

curve-of-growth effect). Tarr et al. in this collection reproduce

the strong correlation between the Band 3 brightness

temperature and Hα line width in their data set, but observe a

more bimodal distribution, with two different slopes.

In general, higher temperatures are seen above and around

plages and magnetic network, compared to internetwork and the

quiet Sun average. Disentangling the extent this reflects an actual

increased temperature at comparable densities to the quiet Sun,

or whether it is the result of a larger electron density and a

corresponding increase in the height of formation of the

millimeter continuum, will require additional multiwavelength

observations and improved modelling.

3.5 Active region transient brightening and
heating events

The two most widely discussed mechanisms for

chromospheric heating include magneto-acoustic wave

dissipation and small-scale magnetic reconnection (Carlsson

et al., 2019). Possible signatures of both mechanisms have

been reported in ALMA active region observations in the

FIGURE 8
Maps of ALMA intensity (top row) and IBIS Hα line width (bottom row), the latter smoothed to match the resolution of the ALMA data. The left
column shows the two parameters at single time step of the observations, while the right column shows the same two parameters averaged over the
10 minutes of a continuous ALMA observation block. The yellow circle has a diameter of 66″, slightly larger than the usable FOV of ALMA. The purple
contours show areas with magnetic field strength above 500 Gauss, as measured by HMI. FromMolnar et al. (2019). Reproduced by permission
of the AAS.
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form of brightness enhancements, some of them quasi-periodic,

with spatial scales at the limit of the current ALMA resolution for

solar observations (~ 1″) and timescales ranging from tens of

seconds to minutes. When combining ALMA observations with

chromospheric diagnostics formed in the UV or visible, the

physical interpretation often relies on the techniques of

spectroscopic inversions or by comparison with the synthetic

output of advanced 2D or 3D r-MHDmodels that correspond to

the observed features.

Signatures of magnetic reconnection at the heights of the

chromosphere and transition regionmight be present for features

such as Ellerman bombs (EBs), ultraviolet bursts (UVBs), and

flaring (dynamic) AR fibrils (FAFs). Some of these were studied

by da Silva Santos et al. (2020b) in ALMA Band 3 observations of

a group of pores and an arch-filament system south-west of a

large sunspot in NOAAAR 12738 on 13 April 2019. The visibility

of reconnection events at mm wavelengths, their formation

heights, as well as their role in the energy balance in the

chromosphere, were investigated using a snapshot of a Bifrost

3D r-MHD simulation of flux emergence. The authors found

multiple bright compact mm-bursts (analogues of small

nanoflares) with the temperatures above 9 kK up to 14 kK,

with corresponding brightenings seen in the AIA EUV images

from transition region and coronal heights (e.g. 304, 171 Å), but

not the UV continuum at 1600 and 1700 Å. They suggest that

these heating events could be the millimeter emission from

UVBs, but did not have simultaneous IRIS observations to

confirm that possibility. They used the temperature profiles

derived from the AIA images to estimate that up to 5% of the

signal at 3 mm could come from higher-temperature coronal

plasma along the line of sight. They also detected FAF-like events

in the Band 3 brightness, showing up as rapid motions of hot

(over 10 kK) plasma launched from bright kernels with the

visible velocities of 40–300 km/s. The mm FAFs were found

FIGURE 9
(A) Integrated j2/ρ weighted by the contribution function of the Band 3 emission (CF3mm); (B) Extrapolated magnetic field lines overlying
photospheric magnetogramwith the CF3mm depicted with blue shade from the region indicated by the arrow in (A); (C) heights of formation of the
Band 3 emission; (D) temperature (dashed lines), total heating rates per mass (yellow lines), and normalized CF3mm (dark blue lines) as a function of
height at two locations indicated in (A) and (C). From da Silva Santos et al. (2022a). Reproduced with permission ⓒ ESO.
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to correspond to warm canopy fibrils connecting magnetic

regions of opposite polarities. At the same time, no EBs were

detected in the ALMA Band 3 images at the resolution of the

observations (≃ 1.2″).
In a follow-up study, da Silva Santos et al. (2022a) analyzed

the same ALMA Band 3 observations together with the optical

spectropolarimetric observations from the CRISP instrument

(Scharmer et al., 2008) at the Swedish Solar Telescope (SST)

in the Fe I 6173A and the Ca II 8542A lines. The authors

employed non-LTE STiC inversion package, field

extrapolations using a magnetohydrostatic model based on the

SST and HMI data, and the 3D r-MHD numerical simulation

based on the MURaM code to study the processes of ongoing

magnetic flux emergence into a preexisting arch-filament system

of AR 12738. They found elongated patches of enhanced (over

3 kK relative to QS values) Band 3 brightness temperatures and

bright Ca II 8542A lines profiles at the location of short low-lying

chromospheric fibrils, where overlying arch-filament system is

seen in absorption in the AIA 304 Å channel. From the

computed heating rates and their comparison with the

chromospheric diagnostics, the authors concluded that

dissipation in current sheets might be, at least, a locally

dominant source of atmospheric heating, producing

brightenings in chromospheric diagnostics within ARs

(Figure 9). The radiative energy losses were estimated to be in

the range from 3 to 5 kW/m2 in regions where the 3 mm

brightness temperature is over 9 kK. Although da Silva Santos

et al. (2022a) could not unambiguously link the observed

millimeter emission to heating in current sheets based on the

analyzed data alone, they demonstrated that the ALMA Band

3 emission in their observations forms above Ca II 8542A line,

but below the He II 304 Å line, strongly suggesting that it

originates in this shear layer. The heating itself occurs on

spatial scales that are not resolved with the ~ 1.2″ FWHM

beam size of their observations.

3.5.1 (Magneto-)acoustic shocks
The diagnostic value of the ALMA measurements in the

framework of spectroscopic inversions using some of the first

ALMA data in Bands 3 and 6 was studied by da Silva Santos

et al. (2020a). The authors performed inversions of IRIS Mg II

observations and used ALMA data as an additional constraint

for the STiC non-local thermodynamic equilibrium (NLTE)

inversion code. ALMA and IRIS co-observed part of a plage in

active region NOAA AR 12651 on 22 April 2017. The work

demonstrated that the combination of IRIS and ALMA is a

powerful tool for diagnosing a wider range of physical

conditions in the atmosphere than IRIS alone, and the Mg II

lines alone may not be sufficient to infer accurate

chromospheric temperatures and microturbulence due to

well-known NLTE effects (Figure 10). The presence of

localized enhanced brightness in ALMA maps of plage was

explained as non-equilibrium hydrogen ionization effects

following acoustic shocks in the chromosphere driven by the

3–4 min wave oscillations detected in the Mg II lines. Hofmann

et al. (2022) performed tests that showed that the non-LTE

hydrogen ionization effects need to be taken into account when

performing spectroscopic inversions to better estimate the

temperatures at chromospheric heights. In their analysis, the

authors used only an approximation to the full non-equilibrium

FIGURE 10
Comparison of the observed (a,d,g), synthetic from IRIS fit (b,e,i) and synthetic from IRIS + ALMA fit (c,f,i) temperaturemaps (kK) as a function of
optical depth in a plage region: for averaged continuum at 2800 A (a–C), for averaged k core wavelengths (D–F), and for Band 6 (G–I). The panels on
the right depict observed and synthetic IRIS spectra at selected locations. From da Silva Santos et al. (2020a). Reproduced with permission ⓒ ESO.
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ionisation balance, namely statistical equilibrium, and thus the

results of their inversions of ALMA data still have an

appreciable uncertainty in the heights of formation. This

uncertainty is greater for the millimeter continuum than for

spectral lines, since the opacity for the latter is much less

sensitive to the electron density. They further showed that

the ALMA Band 3 brightness temperatures improved

inversion outputs, essentially by enforcing a temperature rise

at the top of the chromosphere. However, the inclusion of Band

6 often led to unrealistic atmospheres, likely because poorly

constrained estimates of the electron density led to errors in

reconciling the height of formation of the 1.2 mm continuum

with the overlapping contribution function of the Ca II

8542 Å line.

The work of (Chintzoglou et al., 2021a) also explored

the potential of ALMA Band 6 observations for measuring

FIGURE 11
Signatures of recurrent shocks in the selected 1″ × 1″ area in plage in the form of the wavelength–t plots for (B)Mg II k and (A) its time derivative,
(D) Si IV and (C) its time derivative. ALMA Band 6 brightness temperature is overplotted in red in all panels. The rest-wavelength position is plotted
with a dotted line in all panels. The increases in mm brightness correlate with blueshifts, suggesting chromospheric heating due to the passing of
shocks in Si IV and Mg II (indicated by arrows). From Chintzoglou et al. (2021a). Reproduced by permission of the AAS.
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the temporal evolution of plasma temperature in regions

dominated by the passage of chromospheric oscillations

and presented indications of heating by shocks

propagating in the plage chromosphere. In ALMA Band

6 measurements of the brightness temperature in dynamic

fibrils with the resolution of 0.7″ × 0.8″, the authors

detected intensity enhancements of the order of 10%–

20% above a basal value of 7500 K with a decay time

back down to the basal levels of about 60–120 s.

Sometimes these brightenings recurred with withing

≃120 s, and in some cases corresponded to times of

blueshift excursions seen in the Mg II k and Si IV lines

observed with IRIS (Figure 11).

Recently (Narang et al., 2022), have presented a

statistical comparison of oscillations in a plage region

with focus on the correlation of power distribution of

ALMA oscillations with the oscillations detected in the

coordinated observations from IRIS and SDO obtained on

22 April 2017 (2016.1.00050.S.). A presence of oscillations

in a wide range of periods (up to 35 min) was found in the

FIGURE 12
Average power spectra of the ALMA Band 6, IRIS 2796 A, and
6 selected AIA passbands in a plage region. From Narang et al.
(2022). Reproduced with permission ⓒ ESO.

FIGURE 13
Temporal variations in brightness temperature (black, left axis) and size (red, right axis) of the three small bright features detected in a plage
region. The horizontal dotted line marks the size of a spatial-resolution element. From Guevara Gómez et al. (2021).
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ALMA and the AIA EUV images, with 12–14 min periods being

the most prominent, while shorter dominant periods of

4–7 min were found for the AIA UV images (Figure 12). At

the same time, no correlation was found in the spatial

distribution of dominant periods and in the power in the

considered intervals of periods between ALMA and any

other considered diagnostics. The authors speculated that the

result could be due to the large variations in the height of

formation in the 1.25 mm continuum observed by ALMA.

Analyzing the same ALMA plage data, Guevara Gómez et al.

(2021) detected high-frequency brightness oscillations with

periods less that 2 min in the three small bright features

within the Band 3 FOV. The noted an anti-correlation

between fluctuations in brightness temperature and

variations of size of three features with changes below the

resolution of the Band 3 data (Figure 13). The authors

suggested that this could indicate the presence of MHD fast

sausage-mode waves in them, but such a correlation could also

be produced by a time varying beam size during the ALMA time

series.

Observational constraints on the chromospheric heating

contribution from acoustic waves with frequencies between

5 and 50 mHz were presented in Molnar et al. (2021). The

authors studied high frequency dynamics of the

chromosphere using coordinated observations from

ALMA and the Interferometric Bidimensional Imaging

Spectrograph (IBIS) at the Dunn Solar Telescope (DST,

Dunn and Smartt, 1991) on 23 April 2017. The obtained

high-cadence data set contain spectral observations covering

from the upper photosphere and the middle (Ca II 854.2 nm,

Hα, and ALMA Band 6) and upper chromosphere (ALMA

Band 3). They focused on the velocity diagnostics derived

from Ca II 854.2 nm, as tracers of upward propagating

compressive waves, and on the brightness temperature

fluctuations from ALMA Bands 3 and 6 as indicators of

local heating from those waves. The FOV was partitioned

into five different classes solar structures: penumbra,

internetwork, fibrils, network and plage. The authors

found a very similar power-law behavior in the high-

frequency Fourier Power Spectrum Densities (PSDs) from

5 to 50 mHz in all the considered chromospheric

observables: namely velocity measurements of the Hα and

Ca II 854.2 nm line core intensities and velocities, and

ALMA Bands 3 and 6 brightness temperatures. The

authors found that the slopes of the spectral diagnostics’

power laws depend on the observed solar region, in

particular, hotter regions (network and plage) exhibit less

steep power law slopes than was found in cooler, more

dynamic, regions. Tarr et al. in this collection find a

similar power law behavior at high temporal frequencies

and explore the effects of spatial downsampling and

intermittent, ALMA-like temporal sampling on the

measured power-spectral density.

Molnar et al. (2021) then used RADYN model runs to

generate synthetic observables, after accounting for a

frequency-dependent transmission coefficient that

accounts for power attenuation due to radiative transfer

effects, and identify the range models with input power that

matched the Ca II 8542 Å velocities and ALMA brightness

temperature fluctuations. Using the model-derived

transmission coefficient and assumptions about the local

densities, they inferred and average acoustic flux from the

Band 6 time series of 0.7 kW/m2 (with spatially resolved

values ranging from ~200–2000 kW/m2). For the Band

3 time series, observing emission expected to be formed

higher in the atmosphere, the average flux was only

0.03 kW/m2, perhaps indicating the significant dissipation

of the wave in between the two regions of formation

(Figure 14). Using instead the Ca II 854.2 nm line

Doppler velocity measurements, the estimations of the

derived acoustic flux were in the range from 0.1 to

1.0 kW/m2. The amount of flux was the highest in the

internetwork and plage regions, and the lowest in the

penumbra and fibril regions, potentially due to the

dissipation of waves lower down, below the inclined

magnetic canopy, or the conversion of the waves to other

wave modes. The average acoustic flux dissipated between

the two layers probed by ALMA was found to be insufficient

for heating of the middle chromosphere, but could

potentially be a significant contribution to its energy

budget, especially in localized regions where the acoustic

flux was estimated to exceed 2 kW/m2.

FIGURE 14
Acoustic flux distributions derived from ALMA Bands 3 and
6 brightness data and from the Ca II 854.2 nm line Doppler velocity
data based on the RADYN models. The vertical lines mark the
medians of the distributions. From Molnar et al. (2021).
Reproduced by permission of the AAS.
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4 Conclusion: Prospects for future
observations and use of ALMA data

The main goal of this review was to demonstrate that, despite

limited availability of appropriate observations, ALMA solar

science of active regions has transformed from estimations

and expectations to observational results and their

quantitative interpretation. The applicability of solar ALMA

data is extensive and their potential is huge (see, e.g.

Wedemeyer et al., 2016). The presented here results have

demonstrated that the best of the solar ALMA potential can

be achieved when high-resolution ALMA data are paired with

other spectral diagnostics, in particular in the ultraviolet and

visible wavelength ranges. The synergy between ALMA and other

chromospheric observations effectively expands the diagnostic

capabilities of each wavelength and instrument.

Simulations and observations have shown that the typical

heights of formation of the millimeter continuum at different

wavelengths are highly variable, both spatially and temporally.

The locations of the sources of the millimeter continuum

emissions are more sensitive to the electron density profile

than spectral lines which have been predominantly used in

the past. This complicates the interpretation of the ALMA

observations, but it also provides a critical test for advanced

numerical simulations (motivating the inclusion non-

equilibrium ionization of both hydrogen and helium (see, e.g.

Golding et al. (2016)) in the chromosphere and incorporating the

effect of the strong sunspot magnetic fields). In particular, the

formation heights (and there must be an expectation that there

may be a broad averaging of temperatures through multiple

locations even along a single line of sight) of the millimeter

continuum is strongly dependent on the run of electron density

in the atmosphere, a parameter that is highly dependent on many

of these hard-to-model physical processes and may not be well

constrained by other diagnostics. Properly accounting for these

effects in spectroscopic inversions will be challenging but will be

essential to recovering fully realistic atmospheres above the

photosphere (including constraining both the chromospheric

temperature and turbulent motions over a wide range of

heights). The possibility that some millimeter emission above

sunspots is coming from transition region and coronal plasma

will introduce additional complications in our interpretation of

these observations.

As solar activity has returned and the 25th solar activity

cycle is progressing, the hope of getting new AR

observations, including more time sequences and a

broader sampling of multiple sunspots, is growing. At

the same time, ALMA capabilities for solar observations

are getting more advanced: additional frequency bands

providing diagnostics at both lower and higher heights,

than the initial bands, are being added. The achievable

spatial resolutions with ALMA in the allowed bands and

array configurations is approximately one arcsecond, up to

0.6″ at the shortest wavelengths, which is still larger than

the characteristic sizes of events we observe in the visible

and UV at higher resolution. It would be advantageous to

make possible the use of larger-baseline array

configurations as well as to develop further

interferometric reconstruction techniques for an

extended object like the Sun, in order to archive higher

spatial resolution and probe heating and temperature

variations on smaller, more relevant scales. Capturing

sporadic, impulsive events such as energetic flares would

be highly valuable (Stepanov et al., 1992; Kundu et al., 1993)

but will be a challenge given the small fields of view

provided by the interferometric observations, especially

for a facility under high observing pressure. Observations

of flares will require the development (currently underway)

of methods to avoid saturation or non-linear response of

the receivers. The new fast-region-mapping mode for

continuous active region scanning (albeit at low spatial

resolution, 15–60″) with cadences of 10–30 s has been

introduced, which may allow for more opportunities to

capture flare profiles in these wavelengths (especially

given the possibility for its independent use). The

availability of circular polarization measurements is

expected in the coming observing cycles, opening the

possibility of direct evaluation of the magnetic field

strength in the upper atmosphere.

Significant effort is being taken to make ALMA data

practical and easy to exploit for scientists not specializing

in radio interferometry. To this end, Henriques et al. (2022)

released the first version of SALSA (The Solar ALMA Science

Archive), a database of 26 science ready data sets of ALMA

observations of the Sun obtained in 2017–2019. In the future,

great benefits for solar AR science are expected from ALMA

observations combined with multiwavelength

spectropolarimetric capabilities in the photosphere and the

chromosphere offered by Daniel K. Inouye Solar Telescope

(DKIST, Rast et al., 2021). However, ALMA’s available

observing windows are constrained by pointing limitations

and typical weather conditions, making coordinated

observations between ALMA and DKIST, as well as with

the other solar observatories at different latitudes (and

different weather conditions), severely time constrained.

This will require efficient communication among facilities,

as well as effective strategies to make reliable

statistical comparisons when strict simultaneity is not

possible.
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