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Editorial on the Research Topic 
The Sun Seen with the Atacama Large mm and sub-mm Array (ALMA)—first results


The Atacama Large Millimeter and submillimeter Array (ALMA; Wootten and Thompson, 2009) is a unique general-purpose radio interferometer for exploring the Universe at millimeter (mm) and sub-millimeter (sub-mm) wavelengths.
Observing the Sun with ALMA is not straightforward, due to the high intensity of its emission, its motion (both the apparent motion across the sky and the differential rotation), its size which is larger than the field of view of a single ALMA antenna, and its highly variable emission as a result of a multitude of phenomena, ranging from oscillations to flares. After a significant testing and commissioning effort, ALMA developed solar observing capability, with the first usable data coming out of the commissioning period in December 2015 (see Figure 1 for an example). The possibility of user proposals opened with Cycle 4 (October 2016—September 2017 and the first scientific solar observations were carried out in December 2016.
[image: Figure 1]FIGURE 1 | ALMA images of the Sun at 1.3 mm (band 6). Left: Full disk image obtained by scanning with a single dish; the spatial resolution is 30′′. Right: High resolution (1′′) image of the region around the sunspot, obtained in interferometric mode with mosaicking. Both images were obtained on 18 December 2015, during the commissioning period and were processed by the authors for better visibility of the disk features.
When the call for this Research Topic was launched, more than 50 refereed articles using ALMA solar observations had been published. It was thus time to put together these first results in a Research Topic that would serve both as a report of hitherto accomplishments and as a guide for the future. The response was enthusiastic, with practically all research groups implicated in solar ALMA observing responding positively. We would like to express our sincere thanks to all colleagues, authors and reviewers, that worked hard to make this Research Topic possible and we hope that it will become a reference for future work.
This Research Topic includes 12 contributions with more than 50 authors. We start with an overview of solar observing with ALMA, by Bastian et al., in which the authors describe the challenges of using the instrument for solar observing, its capabilities and limitations, as well as the prospects for the future, as ALMA is evolving and improving rapidly. The review of quiet Sun ALMA observations by Alissandrakis et al. comes next, where the results on the temperature structure of the chromosphere, the chromospheric network and spicules are presented, followed by the research article by Tarr et al., which compares the 3 mm brightness temperature with the Hα line width in the weak solar network.
Small-scale dynamic phenomena and oscillations are an important issue for solar physics, and the relevant ALMA results are reviewed by Nindos et al. Recent advances in numerical computations have produced sophisticated magnetohyrodynamic models of the solar chromosphere and their possible signatures at mm-wavelengths are discussed in the review by Wedemeyer et al. that follows.
Prominences and filaments are a basic ingredient of the solar chromosphere, and their properties derived from ALMA observations are discussed in the review by Heinzel et al. In a related research article that follows, da Silva Santos et al. present the results of their study of an active region filament observed by ALMA and IRIS.
Active regions are places with concentrated magnetic flux, which play a crucial role in energetic solar phenomena. Their properties, as revealed with ALMA, are reviewed by Loukicheva and Reardon. In two related research articles, Abe et al. analyze their observations of time variations of the chromospheric temperature in a plage, while de Oliveira e Silva et al. discuss the modeling of active regions with 3-dimensional magnetic field extrapolations.
Although no ALMA observations of solar flares have been published yet, Fleishman et al. share their thoughts on what we can learn from mm/submm observations in a mini review. The Research Topic concludes with an article on the radio emission from supra-arcade downflows by Zurbriggen et al.
As this Research Topic was near completion, our good friend and colleague Robert Rutten passed away. Rob was involved in the early stages of this Research Topic. He was a distinguished researcher and educator, pioneer in many aspects of Solar Physics, including the appearance of Hα features in ALMA images (Rutten, 2017), with brilliant ideas and acute but constructive criticism. He will be remembered by the entire solar physics community, and we dedicate this Research Topic to his memory.
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The Atacama Large Millimeter-submillimeter Array (ALMA), sited on the high desert plains of Chajnantor in Chile, has opened a new window onto solar physics in 2016 by providing continuum observations at millimeter and sub-millimeter wavelengths with an angular resolution comparable to that available at optical (O), ultraviolet (UV), extreme ultraviolet (EUV), and X-ray wavelengths, and with superior time resolution. In the intervening years, progress has been made testing and commissioning new observing modes and capabilities, in developing data calibration strategies, and in data imaging and restoration techniques. Here we review ALMA current solar observing capabilities, the process by which a user may propose to use the instrument, and summarize the observing process and work flow. We then discuss some of the challenges users may encounter in imaging and analyzing their data. We conclude with a discussion of additional solar observing capabilities and modes under consideration that are intended to further exploit the unique spectral coverage provided by ALMA.
Keywords: instrumentation, millimeter-submillimeter wavelengths, solar observing, calibration, data analysis, ALMA
1 INTRODUCTION
The Atacama Large Millimeter-submillimeter Array (ALMA) is a high-performance, general-purpose telescope that has opened a new frontier of astrophysics, offering fundamentally new observations at mm-λ and submm-λ. ALMA first became available to the wider scientific community more than a decade ago, at the end of 2011 (ALMA observing Cycle 0) but it was not until 5 years later in late 2016 that solar observations first became available with ALMA (observing Cycle 4), Since then, the solar physics community has embarked on a number of ambitious solar observing programs, providing new insights into outstanding problems in solar physics. Results from several of these programs are presented in the Frontiers collection of articles and reviews entitled “The Sun Seen with the Atacama Large mm and sub-mm Array (ALMA)—First Results “.
Solar observing with ALMA is not without challenges. First, a number of technical barriers needed to be overcome to enable solar observing—and continue to be addressed as new observing modes and capabilities are considered. Second, as an interferometer the imaging and data reduction techniques employed by ALMA are not necessarily familiar to the wider solar community and a learning curve must be surmounted. In fact, solar imaging and reduction techniques remain under development in some cases. Hence, the ALMA solar user community is small, but growing. Finally, as a new window onto the Sun, the observations themselves pose interesting challenges to our understanding of physical processes on the Sun!
In the remainder of this section we introduce the key attributes of ALMA and summarize the basic elements of the technical and operational approach to observing the Sun. Readers may wish to consult additional resources: a general overview of the instrument may be found in Wootten and Thompson (2009) while details regarding solar observing and data calibration are presented by Shimojo et al. (2017) and White et al. (2017). In Section 2 we summarize ALMA’s current observing capabilities, with an emphasis on new capabilities that have been commissioned since Cycle 4. In Section 3 we discuss the process by which an interested scientist may propose to observe with ALMA. We then describe, for successful observing programs, the observing process and the subsequent work flow leading to data delivery to the observer. In Section 4 we discuss some of the lessons learned from experience with ALMA imaging and data analysis. In Section 5 we discuss future observing modes and capabilities that will enhance solar science with ALMA. We conclude in Section 6.
1.1 Organization of the observatory
Before describing the instrument itself we briefly describe the organization of the observatory. The observatory is fundamentally international in nature, a partnership between the United States National Science Foundation, the European Organization for Astronomical research in the Southern Hemisphere, and the National Institutes of Natural Sciences of Japan, in cooperation with the Republic of Chile. Management of the of the observatory is consolidated under the Joint ALMA Observatory (JAO1). The JAO is based in Santiago, Chile, and is responsible for operating, maintaining, enhancing, and optimizing ALMA on behalf of the wider scientific community. The JAO organizes and oversees calls for proposals and their review, executes approved observing programs, and archives the data. The telescope itself is sited approximately 1,500 km north of Santiago at the Array Operations Site (AOS). Telescope operations are supported and maintained from the Operations Support Facility (OSF) at a distance of about 30 km from the AOS. The OSF also supports assembly, integration, and verification of technology before it is moved to the AOS.
The ALMA scientific community is supported by ALMA Regional Centers (ARCs) affiliated with each ALMA partner.2 These are operated by the National Radio Astronomy Observatory (NRAO) on behalf of North America, the European Southern Observatory (ESO) on behalf of its member states, and the National Astronomical Observatory of Japan (NAOJ) on behalf of East Asia. The North American and East Asia ARCs are co-located with their national observatories whereas the European ARC follows a distributed model of seven ARC nodes coordinated from ESO headquarters in Garching. The ARC node with responsibilities for the European solar community is based in Ondrejov, Czech Republic. The ARCs are each advised by scientific advisory committees to ensure that user concerns and priorities are known and addressed. The overall observatory is advised by the ALMA Scientific Advisory Committee.
The role of the ARCs or ARC nodes in the workflow of a given project is discussed in greater detail in Section 3. It is important to note that the ARCs also play an important role in education and outreach. For example, the ARCs are used to organize ALMA Community Workshops prior to each call for proposal. The goal of those meetings is to help the local community with proposal preparation.
1.2 Overview of the instrument
ALMA is located on the Chajnantor plateau of the Chilean Andes at a latitude of − 23°, a longitude of − 67.8°, and an elevation of over 5,000 m (Figure 1). It is a general-purpose telescope designed to operate at mm-λ and submm-λ in order to address an extremely broad program of astrophysics—from cosmology, to star and planet formation, to astrochemistry. ALMA is an interferometer comprising an array of antennas that sample the Fourier transform of the brightness distribution within the field of view. A given pair of antennas measures a single Fourier component, an amplitude and a phase referred to as a complex visibility, corresponding to a spatial frequency defined by the antenna spacing and orientation. A given antenna spacing is referred to as an antenna baseline. Long antenna baselines measure small angular scales and short baselines measure large angular scales in the brightness distribution. The Fourier domain in which the measurements are made is referred to as the aperture plane or the uv plane, where u and v refer to the coordinates of antenna baselines, typically measured in wavelength units. An array of N antennas has N(N − 1)/2 independent baselines. The instantaneous uv sampling provided by an array is sometimes referred to as the “snapshot” uv coverage. For sources that are static in time, one can exploit the fact that the array geometry, as viewed from the source, changes due to Earth’s rotation, allowing the uv plane sampling to be filled in with time. This technique is referred to as Earth rotation aperture synthesis.
[image: Figure 1]FIGURE 1 | ALMA is an array composed of 50 × 12 m movable antennas (left background), 12 × 7 m fixed antennas (right foreground), and 4 × 12 m total power antennas. Credit: NRAO/AUI/NSF.
ALMA has a total of 66 high performance antennas. The 12-m array is composed of 50 × 12 m antennas and is reconfigurable. That is, the antennas may be moved to change the distribution of baselines and, hence, sampling in the uv plane in order to change the angular resolution and surface brightness sensitivity of the instrument. Baseline lengths can be as small as 15 m and as large as 16 km although for solar observing, array configurations are currently restricted to the four most compact configurations of the ten array configurations in general use (see Table 2). With all 50 antennas operative in the 12-m array, a total of 1,225 independent baselines are available. The field of view (FOV) of the 12-m array is determined by the response of a single antenna which, to first order may be described by a modified Airy function with a main lobe and sidelobes. The main lobe is well described by a Gaussian. ALMA antennas are of Cassegrain design; accounting for the taper of the antenna illumination pattern and blockage by the subreflector and the quadrupod support structure, the HPBW of the Gaussian main beam—also referred to as the primary beam—is given by θFOV = 1.13λ/D =[image: image]. The Atacama Compact Array (ACA) comprises 12 × 7 m antennas and four 12 m total power antennas. The 7 m antennas are fixed and provide lower-resolution imaging to complement that provided by the 12-m array, or it can be used in a standalone mode. In the case of solar observations, the array of 7 m antennas is used to supplement the angular coverage provided by the 12-m array as discussed further in Section 2. The FOV of a 7 m antenna is θFOV = 33.3″λmm. The four 12 m antennas are available for making total power measurements. These play an important role in solar observing by effectively filling in the smallest spatial frequencies that are not otherwise measured by the 12-m array and the 7 m array of antennas as we discuss further in Sections 2.5, 4.4.
Interferometric (INT) observations made by with the 12-m array use the Baseline Correlator (BLC) to produce visibility data. The ACA correlator may be used to correlate antennas in the 7-m array. Alternatively, as is the case for solar observations (see Section 1.3.3 below), correlations between antennas in the ACA and the 12-m array may be processed together through the BLC. Continuum observations are performed using the ALMA Time Domain Mode (TDM). A given target is observed in two frequency ranges above and below the local oscillator (LO) frequency—the upper and lower sidebands. Each side band is subdivided into two spectral windows, each of 2 GHz bandwidth. Hence, a total of four spectral windows is observed with a combined bandwidth of 8 GHz. Available observing bands and spectral windows are summarized in Table 1. Each spectral window is currently fixed in frequency as a result of the gain reduction approach adopted (see Section 1.3.1). The TDM mode coarsely channelizes each spectral window into 128 frequency channels. During calibration and data reduction these are corrected for the instrument response across the spectral window (bandpass correction), edited to remove radio frequency interference or unwanted atmospheric lines, and then averaged to form pseudo-continuum frequency bands.
TABLE 1 | ALMA solar observing bands.
[image: Table 1]ALMA antennas measure two orthogonal senses of linear polarization simultaneously, X and Y. All solar observations are currently made in dual-polarization mode. That is, the BLC produces correlations between antennas i and j as XiXj and YiYj visibilities. The two linearly polarized correlations are generally summed to produce visibilities in total intensity (the Stokes I parameter). The two may be differenced as a means of estimating the thermal noise (Shimojo et al., 2017). The implementation of full polarimetry for solar observations is currently under study (Section 5.1).
1.3 Challenges posed by the Sun
The Sun poses a number of challenges for a general purpose instrument not specifically designed and optimized for solar observing. These challenges are over and above the already considerable challenges of observing in the mm/submm-λ range. Among them are:
• The Sun is an intense emitter, so much so that it causes ALMA receivers to go into compression and for electronic elements along the signal path to saturate unless provisions are made.
• The Sun is a moving target, not only because of its apparent motion across the sky, but also because of its (differential) rotation.
• The Sun is much larger than the FOV of a single ALMA antenna, which is [image: image] at a wavelength of 1 mm, for example.
• Emission from the Sun is highly variable as a result of a variety of phenomena, ranging from chromospheric oscillations to flares.
We now briefly summarize how each of these challenges have been addressed.
1.3.1 Antenna gain reduction
The ALMA antennas were carefully designed to allow them to safely point at the Sun. However, to avoid compression of the receivers and saturation along the electronic signal path, two steps are taken:
(1) The gain of the SIS mixers in ALMA receivers is reduced by changing the voltage bias and/or the local oscillator (LO) current—the so-called “mixer detuned” or “mixer debiased” (MD) mode. The decrease in receiver gain provides greater headroom for the receivers to operate without going into compression. However, to ensure correct calibration transfer, both the Sun and calibrator sources must be observed in MD mode.
(2) There is still an enormous differential in the power entering the system when observing the Sun and observing calibrator sources, which are typically compact quasars or planets. Stepped attenuators along the signal path are used to set signal powers to optimum levels during an instrumental setup scan on the solar target. For all subsequent calibrator scans, the attenuators settings are reduced by a known and fixed amount on each antenna. In this way, robust phase transfer is ensured.
As shown by Shimojo et al. (2017) these modifications allow observations of quiet Sun and active region phenomena. Observations of solar flares are another matter, one that we discuss in Section 5.4. A consequence of using the MD mode is an increase in system temperature which lowers the system sensitivity when observing calibrator sources, as least for bands 3, 5, and 6. For gain calibrators, it is highly desirable to observe a bright quasar ([image: image] Jy) relatively close to the Sun ([image: image] deg). Between late June and early July, there are no such bright quasars near the Sun, a period of time that should therefore be avoided for solar observing. In practice, it is rare that suitable array configurations are available for solar observing at this time because the larger configurations are favored during Chilean winter.
1.3.2 Apparent source motion
The Sun and other solar system objects—planets, comets, asteroids—all display apparent motion. Their apparent position on the celestial sphere is described by an ephemeris. In the case of the Sun, the ALMA Solar Ephemeris Generator3 is a convenient tool for preparing the solar ephemeris needed for observations on any specified date. The Ephemeris Generator takes into account solar rotation via a standard or user-specified solar rotation model, as well as target offsets relative to the center of the solar disk. ALMA scheduling blocks link the user-specified solar ephemeris to the online system, allowing it to point and track the solar target of interest as discussed further in Section 3.
1.3.3 Mapping a large field of view
The FOV of a single 12 m ALMA antenna is small compared to the angular diameter of the Sun, or even compared with the typical scale of an active region (few arcmin). There are two issues:
• In order to increase the size of the angular domain mapped by ALMA, mosaicking techniques must be used (Cornwell and Fomalont, 1989; Sault et al., 1996)). Mosaicking entails sequentially sampling a user-specified grid of array pointings to increase the effective FOV. The spacing between discrete pointings is set to ensure Nyquist sampling or better. Mosaic pointing patterns are referenced to the user-specified solar ephemeris.
• A related issue is that, as an interferometer, ALMA acts as a high-pass filter. While the maximum antenna baselines set the angular resolution of the array, the minimum antenna baselines determine the largest angular scales measured by the array. As seen in Table 2, the maximum recoverable scale measured by a given configuration of the 12 m array are all significantly less than the FOV! Two measures were implemented to mitigate this state of affairs:
(i) Solar observations use both the antennas in the 12-m array and those in the ACA as a combined array to perform interferometric (INT) observations. That is, all antenna baselines – 7 m × 7 m, 7 m × 12 m, and 12 m × 12 m are correlated in the BLC. In doing so, measurements on shorter baselines and larger angular scales are available and may be helpful in some circumstances (see Section 4.1).
(ii) Solar observers are provided with contemporaneous fast-scan total power (TP) maps of the full disk of the Sun (Phillips et al., 2015; White et al., 2017)). These maps can be used to “fill in” the largest angular scales that are otherwise not measured by the interferometric array.
TABLE 2 | ALMA angular resolution and maximum recoverable scale.
[image: Table 2]We return to some of the subtleties associated with these mitigation strategies in Section 4.4.
1.3.4 Time resolution
Solar emission at mm-λ and submm-λ varies over a wide range of time scale, from [image: image] s to minutes, hours, and days. Depending on a given user’s science objectives, it may be necessary to resolve this time variability on the relevant time scale. If it is acceptable to average over time variability, one can exploit Earth rotation synthesis to improve sampling of the uv plane somewhat with the available distribution of antennas. However, if the user wishes to resolve variable emission on time scales of minutes or less, the uv coverage does not change appreciably over the relevant time scale and the user is effectively constrained to snapshot uv coverage. For many types of science, this trade-off is acceptable: the quality of the imaging is compromised but the source variability of interest is resolved.
2 ALMA SOLAR OBSERVING CAPABILITIES
We now summarize ALMA’s solar observing modes and capabilities, current as of Cycle 9 in 2022–2023. We emphasize that development of additional modes and capabilities is ongoing, as discussed further in Section 5. We note that while a number of software packages may be used to image ALMA data, the most powerful and well-supported is the Common Astronomical Software Applications4 (CASA) package. We make occasional reference to specific tasks or functions found in CASA.
2.1 Frequency bands
Four frequency bands are currently supported by ALMA for continuum solar observing (Table 1). Bands 3 and 6 were the first to be commissioned and were offered to the community in 2016 (Cycle 4). Testing and commissioning of solar continuum observations in ALMA Band 7 (346.6 GHz, 0.86 mm) were completed in 2018 and were made available to the community in 2019 as part of ALMA Cycle 7. Solar continuum observations in Band 5 (198 GHz, 1.51 mm) were commissioned in 2019 and were to be made available in 2020 for ALMA Cycle 8. Owing to the pandemic, however, Cycle 7 observations ended prematurely with the shutdown of the telescope in March 2020 and Cycle 8 was effectively canceled. The telescope was restarted in 2021 and the observing cycle number was reset to Cycle 8. Science observations recommenced in October 2021.
Two MD modes were initially commissioned for Bands 3, 5, and 6. MD1 was initially designed for observations of the quiet Sun and MD2 for observations of active regions. In practice, however, it is found that MD2 results in more linear receiver performance although it comes at the cost of higher system temperature Tsys (∼ 800, 700, and 800 K, respectively). In the case of Band 7, no stable voltage de-bias settings were found. Hence, nominal receiver settings are used for band 7 observations although the stepped attenuators are optimized for solar observing. On one hand, Tsys remains low (∼ 200 K); on the other, the system is in mild compression [image: image].
2.2 Array configurations
Four of the ten possible 12-m array configurations are available for solar observing as shown in Table 2. Check marks indicate that the configuration is available for solar observations. There are two reasons for this restriction: first, at mm-λ and submm-λ precipitable water vapor in the sky introduces phase variations to the wavefront incident on each antenna that can propagate into the visibilities as image motion and/or a loss of coherence unless corrected. ALMA uses water vapor radiometers (WVRs) on each antenna to measure brightness temperature variations of the sky, a proxy for the phase variations (Nikolic et al., 2013) that may be used to make antenna-based phase corrections. Unfortunately, the WVRs saturate when pointing at the Sun and such corrections are therefore not available for solar observations. Instead, self-calibration techniques must be used to correct phase variations (Section 5). However, for self-calibration to be effective, the loss of coherence due to phase fluctuations, which increases with baseline length, must not be so extreme as to render the technique ineffective because it relies on a plausible initial model of the source. Hence, the maximum array configurations in each available frequency band is chosen to ensure that self-calibration techniques can be used in most cases to correct for phase fluctuations introduced by the sky.
A second issue is that as the array configuration increases in size with a fixed number of antennas, sampling in the uv plane becomes increasingly sparse. Since uv coordinates are measured in wavelength units, it is also the case that the sampling becomes increasingly diluted with increasing frequency. This is readily seen in Table 2 which shows the array resolution and the maximum recoverable scale5 θMRS for each frequency band and configuration. While the angular resolution improves for a given configuration as one moves to higher frequencies, or as one increases the size of the array configuration at a fixed frequency, the price paid is poorer sampling of the Fourier domain. This is an important consideration when imaging a target like the Sun, which emits on angular scales ranging from the available resolution to scales much larger than the FOV of a given antenna. The configurations offered for solar use therefore represent a compromise between angular resolution and the density of uv sampling.
It is important to note, however, that any of the four 12-m array configurations available to solar observers may be used in combination with the ACA 7-m array. That is, solar observations make use of a single heterogeneous array that includes available 12-m array antennas and ACA 7 m antennas. The reason for doing so is readily apparent from Table 2: θMRS for any band and any configuration is less than the FOV. Inclusion of the ACA 7 m antennas provides sampling up to angular scales comparable with the nominal FOV; and as previously noted, full-disk total power maps are also available to fill in emission on the largest angular scales. We return to issues related to the use of the heterogenous array in Section 4.1.
2.3 Time resolution
The time resolution initially offered to the solar community for Cycle 4 was 2 s. This was reduced to 1 s beginning with Cycle 7. ALMA provides a much higher snapshot imaging cadence than is typically available at UV/EUV wavelengths from space missions such as the Solar Dynamics Observatory(SDO; 12 s) and the Interface Region Imaging Spectrograph (IRIS; 20 s). A study led funded by the European Southern Observatory is exploring opportunities for even higher time resolution imaging, as well as the use of larger antenna configurations to enable higher angular resolution imaging (Section 5).
2.4 Mosaicking
The mosaicking technique was introduced in Section 1.3.3 The upper limit to the number of pointings in a given mosaic is currently limited to 150 for both solar and non-solar observations. An example of a large format mosaic is shown in Figure 2. The minimum time per pointing for solar observations is 7.6 s, including overhead for moving the antennas from one point to another. Therefore, including calibration, more than 20 min is required for a single large format mosaic. More limited mosaics can, of course, be executed but users must weigh the tradeoffs between the desired FOV, the time required to execute a given mosaic, and the time scale on which the source may change. An example of a ten-pointing mosaic is shown in Section 4.1.
[image: Figure 2]FIGURE 2 | Examples of large-format mosaics from ALMA science verification data. (A): a 149-pt mosaic in Band 3 (3 mm) of a sunspot-containing active region. (B): a 149-pt mosaic in Band 6 (1.25 mm) of the same sunspot 2 days later. The equivalent field of view of the Band 6 image is shown on the Band 3 as a dashed-line box. Note the difference in brightness temperature scale. See also Shimojo et al. (2017).
2.5 Fast-scan total power mapping
Full-disk TP maps supplement interferometric (INT) observations. These provide broader context images for the INT data and provide the means of “filling in” short uv spacings, critical if absolute brightness temperatures are needed. The most straightforward technique for combining TP and INT data is “feathering” (Cotton, 2015). See Section 4.4 for further discussion about combining TP and INT data.
As described by White et al. (2017) a double-circle pattern is employed to scan a region centered on the Sun that is 2,400″ in diameter (see Figure 3 for an example). The resolution of the map is determined by the resolution of the 12 m total power antenna: 58.3″, 29.3″, 24.3″, and 16.7″ at Bands 3, 5, 6, and 7, respectively. The time required to produce a full disk map depends on the frequency band: e.g., 13 min for Band 3 and 17 min for Band 6. Calibration of the full disk maps is challenging. Non-repeatability between specific instances led White et al. (2017) to suggest best-values for the quiet Sun brightness temperature at the center of the solar disk based on an aggregation of many test observations. Recently, Alissandrakis et al. (2022) performed an analysis of the center-to limb brightening of ALMA full-disk TP maps in Bands 3, 6, and 7 and showed that Bands 6 and 7 could be cross-calibrated against Band 3 in a self-consistent manner. Table 3 shows the quiet Sun brightness temperature originally recommended by White et al. (2017) and those resulting from the analysis of Alissandrakis et al. (2022). Ultimately, quiet Sun brightness measurements should be referenced to an independent standard such as the Moon.
[image: Figure 3]FIGURE 3 | Simulated FRM data. Left panel: Full disk TP image obtained with Band 6 on 18 December 2015. The circle indicates the field of view of FRM with 300″ diameter. Right panels: Simulated FRM image and UV/EUV images. Upper Left: Simulated FRM image with 300″ diameter FoV. Upper Right: UV continuum (1700Å band). Lower Left: He II 304Å Band, Lower Right: Fe XII 193 Å Band. Green contours show the FRM image. Examples of a total power full disk map (left) and FRM map (middle, top). The Band 6 total power map was acquired during commissioning in December 2015. The FRM map was made using the TP map in simulation.
TABLE 3 | Total power map scaling.
[image: Table 3]The time required to produce full-Sun maps (10–20 min) is typically longer than the time scale of many dynamic phenomena of interest. There is also a significant mismatch between the time resolution available for INT data (1 s) and the TP mapping time. It is not possible to drive the TP antennas at higher rates to produce higher-cadence maps and so the field of view must be reduced to decrease the mapping time. In Cycle 9, therefore, a second fast-scanning TP mapping mode has been made available to solar observers: Fast Regional Mapping (FRM). The intent of the FRM mode is the same as that of the full-Sun maps: to obtain short-spacing data that is complementary to the INT data, but on a time scale that is more closely commensurate with changes in the source. Therefore, the coordinates of the field center are the same as the target coordinates of the interferometric observation. Moreover, the scan pattern of the FRM released in ALMA-Cycle 9 is the double-circle pattern, which is the same as for the full-Sun map, and the shape of the field of view is a circle. The observer only needs to specify the need for FRM observations in support of a particular science goal, and specify the diameter of the mapping domain. See Figure 3 for an example of FRM mapping using simulated data. Additional scan patterns are under development: the use of a Lissajous scan patterns allows rectangular mapping domains.
The size of the field of view and the mapping cadence is a trade-off that depends on the science objectives. Test observations in Band 6 found that map durations are 11, 21, 32, and 63 s for map diameters of 100″, 200″, 300″, and 600”, respectively, consistent with detailed simulations. FRM maps can therefore be obtained on a cadence comparable to SDO or IRIS imaging observations, for example. FRM observations are available simultaneously with INT observations but, similar to INT observations, FRM observations must be periodically interrupted for calibration. In addition, at beginning and end of an FRM observation, full-Sun maps are obtained for flux calibration. Therefore, an FRM observation always includes numerous regional maps and two full-disk maps. The FRM maps are calibrated against the full-disk maps in two steps: the full disk brightness is scaled to the recommended quiet-Sun value near the center of the disk and the FRM maps are then scaled from the full-disk maps at the appropriate offset. Since it is assumed that the brightness of the reference point does not change significantly during the observations, the diameter of the FRM mapping domain should be chosen to include quiet Sun as the reference point. Hence, a mapping region [image: image] is recommended, in general.
2.6 System issues
Unfortunately, a number of system issues have affected solar data at various times to varying degrees. All issues have related to pointing or tracking. Once identified, most issues have been addressed and subsequent observations have been unaffected. From a scientific perspective, it has usually been possible to recover from the errors introduced by these issues but it is important for users, especially users of archival data, to be aware of them. The first affects Cycle 4 data observed in December 2016. Instead of tracking the user-specified ephemeris the system simply tracked the center of the solar disk; i.e., it did not take any user-specified target offsets into account or track with solar rotation. At this time, the Sun was in solar minimum and most programs were to observe the quiet solar chromosphere. Some observers were able to correct their data for the lack of rotational tracking and address their science objectives but for others their science objectives were compromised. The problem was corrected and additional operational checks were put into place to verify that targeting is indeed as requested by the PI.
A second issue is related to the reference coordinates assigned to a given observations. As an ephemeris object, the geocentric coordinates of the source change continuously in time. Hence, a reference coordinate corresponding to the appropriate reference time is assigned. For observations in Cycles 4 and 5, the coordinates were determined using the CASA task fixplanets using the antenna POINTING table in measurement set. These were found to be inaccurate by as much as 30”. Since Cycle 6 the ephemeris table is used directly using the CASA phasecenter function of the msmetadata tool (msmd.phasecenter(). Archival data should be processed using up-to-date scripts.
In Cycle 7, residual pointing effects were traced to general relativistic (GR) corrections for light bending near the Sun.6 The most important of these occurred as the result of the misapplication of GR delay corrections for target offsets within 920″ of the solar barycenter. The error results in a radial pointing offset that is a function of the desired target offset. Figure 4 shows that the radial pointing offset increasing linearly with target offset from 0″ to ≈ 55″ and then decreases with increasing target offset, dropping below 5″ for radial offsets [image: image]. The error is not present for targets on the solar limb. This problem persisted until March 2020 but has now been corrected. Users should use source names beginning with “Sun” (case insensitive) to ensure that GR corrections are disabled for solar observations. In many cases, the offset introduced by this issue does not seriously compromise science objectives because the pointing error is [image: image] in many cases. However, if ALMA images are being compared with data from other missions and observatories they must obviously be corrected in order to properly co-align the data. For mosaics, it appears that while the reference pointing established by the ephemeris is affected, offset pointings relative to the reference were not.
[image: Figure 4]FIGURE 4 | The radial position error of the target as a function of target offset from the solar barycenter. Figure provided to the authors by N. Phillips (ESO) and reproduced with permission.
A related error originates in the 30 s cadence at which GR delay corrections were made. For an ephemeris object like the Sun there is a drift of the target relative to the pointing offset that is “reset” with every GR delay event, resulting in a pointing ramp every 30 s. The magnitude of the effect is of order 1″ and can be corrected through self-calibration or cross-correlation. Figure 5 shows an example. Not only were interferometric data affected by the GR delay corrections, antenna pointing was, too. The maximum antenna pointing error occurs at the limb and is 1.85”. It has no impact on source positions and is small compared to the primary beam in Band 3 but can affect the primary beam correction for Bands 6 and 7.
[image: Figure 5]FIGURE 5 | Example of the pointing ramping that results from the application of the GR delay tracking correction every 30 s. The (A) shows the change in pointing for the duration of an SB. The (B) shows a detail in which the ramping is vividly illustrated.
Finally, full disk TP maps have been subject to small timing errors that manifest as low-level artifacts at the solar limb as pointed out by Alissandrakis et al. (2017). This will soon be corrected with the use of higher-performance 12 m antennas for TP mapping and updates to the relevant software.
3 ALMA SOLAR PROGRAM WORKFLOW
The life-cycle of any ALMA project, from an initial idea up to publication of the results, is schematically drawn in Figure 6. Here, we discuss elements of proposal preparation, proposal review, solar observing, data calibration, and quality assurance (QA). Issues related to data imaging and analysis are discussed in Section 4.
[image: Figure 6]FIGURE 6 | Schematic representation of the workflow of a project from proposal development and submission to data reduction and analysis.
The life-cycle of a given science program formally begins by with the submission of a proposal for observing time in response to an ALMA call for proposals. Calls are issued on an annual basis in March and the proposal deadline is in April. Proposal preparation and submission is referred to as Phase I. Investigators are notified of the disposition of their proposal in August. Should the proposal be successful in the subsequent evaluation (see Section 3.3 below), so called Scheduling Blocks (SBs) are generated from technical details specified in the proposal. This procedure works mostly automatically, with a small adjustments made by the Contact Scientist (CS) and the observatory staff in cooperation with the project Principal Investigator (PI). This is called Phase II. An SB is later converted to a Python script loaded by ALMA during observations. An observing cycle lasts 1 year, beginning on October 1. Solar observations are only possible with a limited number of array configurations (Table 2) and so users should be aware of the array configuration schedule7 during the course of the year.
The primary interface between ALMA and the user is an ARC. Depending on nationality, users will be affiliated with a given ARC. From the user point of view there are three important components of the ARC support: the Helpdesk system, the Contact Scientist (CS), and Data Analysts (DAs). While the Helpdesk is open to user queries anytime it also contains a rich knowledgebase that can be consulted. The CS is an ARC astronomer assigned to a given project when it is accepted, i.e., before the Phase II starts. The communication between the PI and CS starts by opening a project-dedicated Helpdesk ticket—the ARC will do so on PI’s behalf. Following the successful execution of an observation, the relevant ARC is responsible for calibrating the data and performing quality assurance. DAs perform these functions as we discuss further below.
Solar observations with ALMA often coordinate with other ground-based or space-based telescopes and observatories. Hence, careful coordination between the PI and JAO science operations is necessary (Section 3.4) After the observations are executed by JAO science operations the raw data are transferred to the ARCs for processing. This includes calibration, reference imaging, and quality assurance (QA) assessment. This process typically lasts several weeks following an observations. Should the data pass the QA, they are delivered to the PI. The PI receives (1) raw data, (2) calibration and imaging scripts (Python) together with the master scriptForPI.py, and the products—FITS files with the images, one per each Execution Block, both for interferometric (INT) and total power (TP) observations. Additional post-processing (e.g., INT + TP data combination, time-domain imaging with self-calibration loop, etc.) is the PI’s responsibility; however, the ARCs can provide assistance and in some cases and the advice of ARC astronomers can be solicited at any time via the ALMA Helpdesk system.
3.1 Proposal preparation and submission
An ALMA proposal is prepared and submitted using the ALMA Observing Tool (OT).8 It is a Java-based GUI application. In brief, it contains a set of query pages where the PI describes the project setup:
• Basic information about the project: PI, co-investigators, title, scientific category. There are five science categories:
(1) Cosmology and the high redshift universe
(2) Galaxies and galactic nuclei
(3) ISM, star formation and astrochemistry
(4) Circumstellar disks, exoplanets and the solar system
(5) Stellar evolution and the Sun
• Science goals (SGs): one per target and observing band (e.g., “Prominence in Band 3”). For each SG one must provide:
– Spectral setup
– Field setup
– Control and performance
– Technical justification.
• Scientific justification
Proposers are encouraged to consult the ALMA Proposer’s Guide.9 As noted in Section 2.6, users should prefix each source name with “Sun” to ensure that the system handles relativistic corrections correctly. We briefly summarize key elements of an SG.
The Spectral setup currently allows only the “single continuum” frequency bands specified in Table 1. The spectral windows within a given frequency band are fixed; i.e., one cannot change the LO frequency to place them elsewhere in the frequency band. Observations of the same target may be performed in more than a single band—for each, a separate SG must be defined. ALMA cannot observe multiple frequency bands simultaneously (see Section 5). The best that can be done at present is to perform back-to-back observation of the same field consecutively in different frequency bands.
The Field setup for each SG can be more complicated: one can chose between single pointing (SP) and a mosaic. An SP has a FOV approximately defined by the size of the primary beam of a 12-m antenna. Should a larger FOV be required to meet science objectives, a mosaic must be requested (Section 1.2.3, Section 2.4) and the user must specify the angular size of the domain to be imaged. The OT automatically calculates the number of discrete antenna pointings required in the mosaic. Nyquist sampling is the default spacing between pointings. Any unique combination of spectral and field setup requires a separate SG. Beginning in Cycle 9 (2022) the fast regional mapping (FRM; Section 2.5) capability became available. The OT allows users to define the circular area to be scanned with relatively high cadence encompassing the interferometric image. To avoid the Fourier aliasing, it is recommended that users select a region that is twice the size of the interferometric FOV. For the purposes of proposal preparation, a representative solar ephemeris must be uploaded for each SG in the field setup. As described below, the ephemeris actually used by a given solar observing program must be provided one or 2 days before a given program is executed. All target pointings—SP, mosaic, and FRM—are referenced to the user-provided ephemeris.
Control and performance parameters in the OT are used by the user to specify the desired angular resolution or an acceptable range of angular resolutions for the project. Coupled with the desired spectral setup, the appropriate array configuration(s) will be determined. Sensitivity parameters for an SG can often be ignored since there is no lack of signal on solar targets, in general. Exceptions do occur, however; for example, solar prominences at high frequencies, as they can be quite optically thin. The default integration time of 2 s is sufficient in most cases. The maximum time of a single realization of the observation of the given SG (the so-called Execution Block–EB; see below) is 2 h. Note, that this period means ∼ 1.5 h on the science target, the rest is spent on instrument setup and calibration.
The Technical justification is used to justify each SG setup and to demonstrate its feasibility. It is highly recommended that proposers specify and justify any requests that may have an operational impact: for example, that back-to-back execution of particular SBs is required, or that coordination with another telescope will be needed. An excellent resource for technical aspects of ALMA is the Technical Handbook,10 which is updated each observing cycle.
The key component of an ALMA proposal is the scientific justification. It is of critical importance as it makes the scientific case for an allocation of telescope time to address the stated science goals. Solar proposers should be aware that not all reviewers are necessarily solar experts. The proposal should provide enough context and background for a non-expert to understand the science goals. The scientific justification is the largest determinant in whether a given proposal receives a time allocation!
Before a proposal can be submitted it must be “validated”. That is, it is checked by the OT for completeness and feasibility within the constraints imposed on solar observing programs. For example, the validator does not allow you to observe the Sun in Band 9 or to use C-7 array configuration (as implied from selecting an angular resolution that requires an array configuration that is not allowed). Upon validation, a proposal may be submitted.
3.2 Proposal review
Before 2021 a large number of ALMA Review Panels (ARPs) was allocated to the five different science categories based on proposal pressure within each category. Typically a minimum of 2 ARPs and a maximum of 6 was allocated to each category to review and rank each proposal within that category. The ALMA Program Review Committee (APRC), comprising APR Chairs, then convened to perform a final review of proposal rankings and to determine which large proposals would be accepted. Large proposals are those requiring allocations of more than 50 h of time on the 12-m array.
Beginning with Cycle 8 (2021) the JAO adopted a Distributed Peer Review (DPR) system. The process is “double blind”: reviewers do not know the identities of the proposing team and proposers do not know the identities of proposal reviewers. All proposals are evaluated and ranked using the DPR process with the exception of large proposals, which continue to be evaluated by the APRC. All PIs, or a designated co-investigator, must review ten proposals for each proposal they submit.11 Since a given solar proposal is being evaluated by peers who also submitted proposals, not all of whom are solar experts, it is important to ensure that a proposal is understandable to non-experts.
Most proposers are affiliated with one of the four ALMA partners. Those who are not may still propose for observing time under “open skies.” A total of 5% of the available observing time is available to unaffiliated observers.12 ALMA typically receives 1700-1800 proposals for each observing cycle. Of these, only a few dozen proposals are typically submitted by the solar community. The instrument is highly over-subscribed with only 15%–20% of submitted proposals approved for a time allocation and so the number of solar programs observed to date is not large.
3.3 Solar observing process
Solar observing in practice has evolved since first becoming available in late-2016. Initially, solar programs were executed in a “campaign mode.” While this was a convenient and flexible way to maximize the number of programs scheduled within the campaign period, they relied on the presence of solar scientists at the ALMA OSF. A reliance on external solar scientists, especially if several array configurations were required, was deemed unsustainable. In more recent years, the execution of solar programs is coordinated through the PI, the CS, and the Astronomer on Duty (AoD).
Several days before a given observation can potentially be executed, the PI opens a “Target of Opportunity” (ToO) ticket using the Helpdesk, in which the PI briefly describes the details of observation, including the target coordinates, whether to track solar rotation, and any constraints that might impact operations—e.g., whether possible loss of complementary TP maps compromises the science goal or is tolerable, whether back-to-back observations of some blocks are absolutely essential or not, etc. The ToO ticket should be updated before each potential execution of an SB. The AoD is currently responsible for generating the solar ephemeris based on information provided by the PI in the ToO ticket, and for any changes to the orientation of a mosaic, if one or more is requested. Before the actual observation takes place, its execution is simulated, the results of which are reviewed and approved by the PI and CS. If a given SG is being supported by an external observatory or mission, the PI is responsible for coordinating such support.
As described above, each SG defined in the OT proposal (Phase I) is automatically transformed into an SB during the Phase II. The SBs represent a complete observation setup but critical information must still be provided. As noted, an ephemeris must be generated shortly before an SB is executed. In addition, it is usually the case that calibrator sources are left unspecified until the observing window is approximately known. The CS is responsible for ensuring that appropriate calibrator sources are specified in the SB. Each execution of an SB (which may be executed more than once) is called an Execution Block (EB). The SB (or its EB realization) consists of smaller elements—scans and subscans. The SB for an INT observation typically contains scans for pointing, flux, and band-pass calibration at the beginning of each EB followed by multiple science-target scans interleaved with gain calibration and atmospheric calibration scans (see Shimojo et al. (2017), Figure 4), for a schematic figure of the EB structure. In the case of mosaic observations, scans are further broken down into subscans, one for each instance of a distinct pointing. In parallel to INT observations, fast scan TP mapping is performed with one or more total power antennas to provide full disk maps and/or FRM maps.
3.4 Solar data calibration and quality assurance
Once successfully executed, data from an observing program are entered into the ALMA data archive. A copy of the ALMA data archive is available at each ARC. The data of a given PI are calibrated and assessed by DAs at the relevant ARC. Many non-solar observations are sufficiently standard that they can be automatically processed (pipeline processing). Solar observations are non-standard and are manually calibrated using specialized scripts and utilities.
Briefly, data calibration entails solving for the instrumental (complex) gain of each antenna and applying it to source data in order to infer the “true” amplitudes and phases of the complex visibilities. This is typically done by observing a gain calibrator, usually a point-like source or a source of known structure, with a precisely known location and flux density. Taking a point-like source as an example, the source amplitude of each baseline should be that of the source itself and the phase should be zero (Fourier transform of a δ-function). For a given frequency, time, and polarization only N complex gain solutions are needed whereas N(N-1)/2 observations are available. The system is highly over-determined for a large-N array like ALMA and the gains are determined using a non-linear least-squares approach. In general, the flux density of the gain calibrator is not known a priori and it must be referenced to an observation of a flux calibrator that has a well-established and stable flux density. This is not possible for the Sun. For non-solar observations the source is too weak to contribute to system noise and the system temperature, Tsys, is dominated by receiver noise, spillover, etc. However, when observing the Sun the source itself contributes the bulk of the system noise, referred to as the antenna temperature, Tant. In order to calibrate the flux scale of solar visibility data it is necessary to measure Tant. Therefore, while observations of a gain calibrator provide phase solutions, the amplitude scale must be established using the ALMA Calibration Device at periodic intervals throughout a solar observations. Further details are available in Shimojo et al. (2017).
Additional calibrations are necessary: at the beginning of an observation an antenna pointing calibration is performed, delay calibration, and the relative sideband gains. In addition, as noted in Section 1, ALMA observes in four spectral windows, each 2 GHz in bandwidth and channelized into 128 frequency channels. A bandpass calibrator is therefore also observed at the beginning of an EB to deduce the relative variation of amplitude and phase across each spectral window so that it can be removed before averaging frequencies to form pseudo-continuum datasets. Additional calibrations, e.g., baseline calibration, are performed by science operations as needed.
After data calibration data analysts image each spectral window and polarization of each EB to: (i) Ensure that the data are of sufficient quality to meet the science requirements defined in the proposal (Quality Assurance level 2 – QA2), and (ii) Serve as a starting point for more advanced data analysis; e.g., time-domain imaging, self-calibration, feathering, etc. The QA2 process involves—in addition to data selection (flagging), calibration, basic imaging and image inspection—final consistency checks of the entire dataset. QA2 has sometimes revealed issues with the approach to data reduction or have fed back into telescope operations. For example, as described in Section 2.6 it was determined that the procedure used to set reference coordinates was inaccurate for data acquired in Cycle 4 and Cycle 5. The reduction script used by the DAs was therefore revised and updated to correct the issue. More recently, it was determined that, for single pointing data the reference images used standard gridding as the default which resulted in the use of the 7 m primary beam rather than the appropriately weighted primary beam response of the heterogeneous array. In any case, caution should be exercised when using the reference images for scientific analysis.
4 ALMA SOLAR IMAGING AND DATA ANALYSIS
Current ALMA solar observing capabilities provide a great deal of flexibility in terms of frequency band selection, angular resolution, time resolution, and image size. As described in the previous section, data calibration is handled by the ARCs and is generally robust. Observers must then confront myriad issues related to solar imaging and data analysis. The Sun is arguably the most difficult imaging problem possible for ALMA because while interferometers are at their best with compact discrete sources, the Sun fills any field of view with relatively-low-contrast structure on all spatial scales. Furthermore, it is dynamic on a range of time scales and solar observers generally cannot take advantage of Earth rotation aperture synthesis to help fill in spatial scales missing from any snapshot observation as those of sidereal sources can. A major challenge is to produce high quality images that recover the critical angular scales needed to address the science objectives of interest. In this section we summarize some of the challenges and subtleties associated with imaging and analyzing ALMA solar observations. They include the use of the heterogeneous array, data weights, self-calibration, and combining single dish total power data with interferometric data.
4.1 Heterogeneous array
As summarized in Section 4, solar observations with ALMA are performed by the 12-m array in combination with the ACA; that is, as a heterogeneous array comprising both 12 and 7 m antennas. The intent is to maximize the range of spatial scales to which the observations are sensitive. On the other hand, the use of different antenna sizes, with different fields of view and weighting (Section 4.3), introduces subtleties that are not yet fully understood. The effective use of the heterogeneous array is still an area of active investigation.
For a single pointing, the use of the heterogeneous array is straightforward but there are subtleties. The use of the appropriate gridding function (“mosaic” or “mosaicft”) is necessary in order to handle visibility gridding for the different antenna sizes correctly. For sources on the solar disk, emission fills the primary beam (and beyond) for all telescopes. The issue of primary beam correction becomes somewhat complicated because the 7 and 12 m telescopes have primary beams of different sizes, and therefore do not “see” the same region of the Sun. In the case of a single-pointing observation, the standard procedure is to produce a map from the visibilities, deconvolve the result, then apply a primary beam correction to the deconvolved image, but neither the 7 m nor the 12 m primary beam, nor any hybrid, truly represents the appropriate correction. The correct imaging path for this case may be to have a model of the sky that is then convolved with the spatial response of each pair of telescopes, using the primary beams appropriate to each telescope, to form visibilities, and the model is then iteratively corrected to make the modeled visibilities, or the corresponding map, match the telescope data. Such a process is not currently available in CASA, but may be needed to optimally exploit ALMA solar data.
Mosaicking works well in many cases but there appear to be failure modes that are not fully understood. The problem has been recently explored by da Silva Santos et al. (2022). Figure 7 shows a deconvolution of a small mosaic produced by CASA, using CASA’s “mosaic” gridding option, with an alternate approach in which the individual pointings are each mapped separately and then combined in the image plane using a linear mosaic technique and an appropriate primary beam. For this dataset most CASA images of an 80-second loop of 10-pointing mosaics have either bright or dark features that corrupt the map, and thus one cannot reliably produce time-resolved mosaics; the alternate technique, however, works reliably. The reason for the failure of CASA imaging may be due to the fact that the mosaic gridding technique limits the field of view to within a certain distance of the pointing center, but, e.g., the field of view of the 7 m antennas is larger than the field of view of the 12 m antennas, and thus there is emission outside the 12 m gridded area that is sampled by the data, and is aliased into the gridded region, but this needs to be investigated further.
[image: Figure 7]FIGURE 7 | Example of a small mosaic formed from ten discrete pointings in 80 s. (A): The image produced by joint deconvolution of the ten pointings in CASA. (B): The image produced by imaging each pointing separately and combining them linearly.
Some users may find that their goals are adequately addressed by using the 12-m array alone, which greatly simplifies the data reduction and avoids some of the pitfalls described above, which are not fully understood. Others may wish to use the heterogeneous array as two homogeneous arrays: the 12-m array together with the ACA. It is straightforward to feather images made with the 12-m array, the ACA, and a TP map, again avoiding some of the issues raised by using mixed antenna pairs.
4.2 Self-calibration
Self-calibration is a technique (e.g., Cornwell and Fomalont (1989)) where the source itself is used to determine corrections to antenna-based gains. Gain errors are most often due to atmospheric “seeing” and, as such, are dominated by phase errors. As discussed in Section 2.2, ALMA makes use of WVR measurements as a proxy for phase fluctuations at each antenna for non-solar observations. This capability is not available for solar observations because the WVRs saturate when pointing at the Sun. An active topic of research is to develop an alternative proxy for phase fluctuations, such as observations of the Sun in the wing of the 183 GHz water absorption line in Band 5 (see Section 5.5). Solar observations must therefore rely on self-calibration techniques in the interim.
Experience to date suggests that a hierarchical approach to self-calibration is effective, where the average image of a scan is used as the initial source model to deduce average phase corrections. The corrected data are imaged and deconvolved to produce a new source model. This is used to determine phase corrections on a shorter time scale. This can proceed iteratively until corrections on time scales as short as the integration time are deduced.
The self-calibration of mosaic data is somewhat less straightforward but the same hierarchical approach can work well. The difference is that it is often useful to perform the first iteration of self-calibration by determining average corrections for an entire mosaic before determining solutions for each pointing separately, using the mosaic as the model.
4.3 Data weights
Data weights enter into the imaging problem in two ways: i) the weight assigned to each visibility in forming an image through Fourier inversion, and ii) the weight assigned to each antenna beam in a mosaic. The weight assigned to a visibility measured by antenna i and j is [image: image], where [image: image] is the statistical variance of the measurement. For solar observations, the system noise is dominated by the source (the Sun) and the variance is of order σij ∼ (Tant,iTant,j/AiAj)(kB/ΔνΔt) where Tant,i is the antenna temperature of antenna i and Ai is its effective area. All other things being equal, visibilities in a homogeneous array are given approximately the same weight (e.g., the 12-m array). However, for a heterogeneous array, we have visibility measurement with 7 m × 7 m antennas, 7 m × 12 m antennas, and 12 m × 12 m antennas. The weights for each of these pairings therefore scale as (7/12)4: (7/12)2: 1, or roughly 1/9:1/3:1. For a heterogeneous array of, say, 10 ACA antennas and 45 antennas from the 12-m array, the total number of baselines would be 1,485. Of these, only 45 would be 7 m × 7 m pairs (3%) and 450 would be 7 m × 12 m pairs (30%). Coupled with the visibility weights, 7 m × 7 m correlations have very little impact on imaging and even the (weighted) 7 m × 12 m correlations come in at the [image: image] level.
In the case of mosaic imaging, user should be aware of a second subtlety, namely, the so-called primary beam correction. The primary beam correction is formed from the grid of pointings on the sky as [image: image], where B is the primary beam response. Consider a mosaic formed with a homogeneous array. The weight assigned to the antenna primary beam for each pointing k is approximately the same for all antennas. Since the variance depends on Tant, and Tant may change significantly with k, the weight assigned to each pointing may also vary. An extreme example is given by a Band 7 mosaic on the solar limb. As noted in Section 1.1, Band 7 uses nominal receiver settings and Tsys is consequently small (200 K). When pointing on the solar disk the system noise is therefore dominated by Tant, the variance is high, and the weight assigned to that pointing is low. When the pointing is such that the limb only partially fills the beam, or the pointing is above the limb and the Sun contributes little emission to the system, the variance is low and the corresponding weight is high. This can lead to a distorted mosaic beam where the emission of interest is down-weighted relative to pointings above the limb! Users may therefore wish to correct their mosaic with a uniform weight applied to each pointing or even use weights proportional to the fractional filling factor of the Sun, although the latter idea has not been tested.
A minor issue is that if a heterogeneous array is used, the effective primary beam (FOV) differs from that of a single antenna in a homogeneous array. The response of a single baseline with identical antennas is the same as that of a single antenna, while the response of a 7 m × 12 m baseline is geometric mean of the two antenna power patterns. The effective FOV is the weighted sum of the relevant FOV for each baseline. The net effect is to slightly broaden the 12-m array FOV [image: image].
4.4 Combining interferometric and single dish data
An interferometer cannot measure angular scales greater than that measured by the minimum antenna baseline. In the absence of total power information, also known as the “zero-spacing flux,” ALMA measures the distribution of brightness relative to the mean. The mean brightness of the background Sun is of order 6,000–8,000 K, far in excess of the low-contrast variation against the mean. The restoration of total power information to ALMA images is critical if absolute brightness temperatures are important to the science objectives.
To zeroeth order, simply adding a constant brightness offset to an image, corresponding to the mean brightness, largely corrects for the absence of short spatial frequencies and this approach may indeed be sufficient for single-pointing imaging on the solar disk. For mosaic images, however, this is not necessarily sufficient. Solar observations with ALMA provide low-resolution full-disk maps of the Sun that are observed contemporaneously with interferometric observations using one or more of the 4 TP antennas. Calibrated TP maps contain the correct flux on all scales ranging from the 12 m primary beam size to the scale of the Sun in any given frequency band. Hence, by combining TP observations with interferometric data, one can recover the largest angular scales.
While it is possible, in principle, to first perform data combination in the uv domain followed by image deconvolution, it is perhaps more straightforward to reverse the order and to use a technique called “feathering” (e.g., Cotton 2015). Briefly, feathering begins with TP and interferometric maps, MTP and MINT, that embody low angular frequencies and high angular frequencies, respectively. The TP map must be coaligned with the interferometric map. It is convenient to cutout an imaging domain of the TP map that is perhaps twice the size of the INT map. The two are then Fourier transformed, FT(MTP) and FT(MINT), as is the 12 m primary beam FT(B), taken to be Gaussian. A mask is then formed from FT(B) as m = 1 − FT(B) and the sum FT(MTP) + mFT(MINT) is formed. The use of the mask is to smoothly weight down angular scales measured by the interferometer that overlap with those measured by the single dish TP map. The sum is then inverse-Fourier transformed FT−1(FT(MTP) + mFT(MINT)), yielding the combined image.
This approach works well in many cases; e.g., mosaics on the solar disk. However, it has shortcomings when imaging the solar limb. Two factors come into play: first, fast-scan total power maps sometimes have artefacts at the limb due to residual scan timing errors. It is undesirable to propagate these into the combined image. Second, as seen from Table 2, the minimum angular scales measured by the 12-m array decrease with frequency band and array size. While the heterogeneous array mitigates this to some extent, the degree of overlap between the TP data and interferometric data in the uv domain, and the density of interferometric sampling in the region of overlap, both decrease with increasing frequency and array size. As a result, angular scales between the 12-m array MRS and the 12 m FOV are increasingly poorly sampled.
5 FUTURE CAPABILITIES AND OBSERVING MODES
ALMA capabilities currently support a wide range of solar science but additional capabilities will no doubt further enrich the scientific possibilities. We briefly summarize several new instrumental capabilities that are under active consideration and then briefly touch on possible observing modes that do not depend on the development technical or data reduction capabilities but, rather, depend on observatory policy and science operations.
5.1 Polarimetry
ALMA currently supports full polarimetry for non-solar observing. A longstanding goal has been to implement support of polarimetry for solar observations. Efforts are currently underway to enable polarimetry in Band 3. Polarimetry involves measuring cross-hand as well as parallel-hand correlations on each antenna baseline ij: i.e., XiXj, YiYj, XiYj, and YiXj. Formation of the Stokes polarization parameters requires measuring the phase difference between the X and Y polarization channels and measuring instrumental polarization embodied by “polarization leakage” terms for each antenna. The challenge has been to demonstrate that the necessary quantities can be measured using the MD mode with sufficient accuracy to ensure that the polarization signals are robust.
The Stokes V parameter is of primary interest. It offers a diagnostic of the chromospheric magnetic field in active regions and flares. Modeling suggests (Loukitcheva et al., 2017; Loukitcheva, 2020) that 3 mm may be the most promising wavelength to focus on such efforts (Figure 8), at least initially, as it produces the highest degree of polarization of available frequency bands. Hence, initial efforts have gone into testing polarization observation in Band 3 with the intent of making Band 3 solar polarimetry a supported mode. However, testing is ongoing at the time of this writing and it is not yet known when the mode will become available.
[image: Figure 8]FIGURE 8 | Model brightness temperature distributions for a bipolar regions in Band 3 and Band 6 (A) and the corresponding degree of circular polarization (B). After Loukitcheva et al. (2017).
5.2 Spectral line observing
Spectral line detections would significantly widen the diagnostic value of ALMA observations for studying the chromosphere, since they would permit line-of-sight velocity information that is missing from continuum observations (Figure 9). As reviewed by Wedemeyer et al. (2016), while such lines have been observed at high millimeter frequencies, there are significant potential issues.
[image: Figure 9]FIGURE 9 | Lines present in the ALMA Band 6 frequency range. The blue line indicates the atmospheric transmission and the black brackets indicate the current locations of the upper and lower sidebands for solar observing. The legend indicates the frequencies of the Hα, Hβ, and Hγ radio recombination lines as well as CO. Note that the lower sideband was selected to include H30α recombination line and the CO J = 2-1 line. Adapted from an unpublished figure provided to the authors by R. Hills.
The two best candidates for line detection are hydrogen recombination lines (e.g., H26α at 353.6 GHz) and CO rotational transitions (e.g., CO 3–2 at 345 GHz). The difficulty in detecting such lines is the fact that they are strongly pressure-broadened in the chromosphere, which reduces their contrast with the continuum. Thus, recombination lines were detected in emission by Clark et al. (2000a,b) in single-dish observations at 662.4 (H21α) and 888.0 (H19α) GHz, but only at and above the solar limb where pressure is lower, not against the solar disk. An additional complication in interpreting the spectra at these frequencies is the presence of numerous terrestrial atmospheric absorption lines. ALMA interferometer data should improve on these results since the relatively large beam of the single-dish maps (∼ 19”) requires averaging over a large area of extended limb, resulting in a line peak 10% above continuum level, whereas ALMA can achieve sub-arcsecond resolution (assuming successful treatment of the sharp solar limb, as discussed above). Clark et al. (2000b) argued that the line width of the core of the recombination lines from above the limb seemed to scale roughly with frequency, from about 550 MHz at H21α to 700 MHz at H19α. If this scaling continued down to ALMA Band 7, we might expect a width of order 300 MHz for H26α, but we note that the H21α/H19α values were a factor of about 3 narrower than expected from theory (Hoang-Binh et al., 1987). As discussed earlier, ALMA can center a single baseband 2 GHz wide on a spectral line, with a frequency resolution of 16 MHz in standard solar observing mode, which would be adequate to measure a line 300 MHz wide, but perhaps not a line that is several times wider with reduced contrast to the continuum.
There are, to this point, no confirmed detections of CO lines on the Sun at mm/submm − λ. The detections have been made so far mostly in the infrared (e.g., Ayres et al. (2006)) where a dense concentration of easily-observable CO rovibrational absorption lines occurs. Conventionally CO molecule formation requires temperatures of at most 3500 K, so one might expect CO to be preferentially detected in cool regions such as sunspot umbrae, but in fact CO can regularly be detected off-limb at heights where temperatures are expected to be much higher. An interpretation of this result is that CO forms in cool pockets such as the rarefaction phases of large-amplitude acoustic waves propagating through the chromosphere, or in the wake of chromospheric shocks. These interpretations carry the implication that CO formation is highly dynamic. ALMA observations can help to test these models, but this will require time-resolved spectral-line mapping in order to track the dynamics of CO features. CO lines are also expected to be pressure-broadened, and may form lower in the chromosphere than the recombination lines, where pressure is higher. However, the higher mass of the CO molecule should reduce the broadening, as found in simulations reported by Wedemeyer et al. (2016). CO lines may be detected in absorption or emission, depending on the temperature profile in the region where they are found.
5.3 Additional frequency bands
Solar observing with ALMA is currently limited to four frequency bands. The use of additional frequency bands is highly desirable but requires significant testing and commissioning time. Two bands of interest are Band 1 (35–50 GHz; 7 mm) and Band 4 (125–163 GHz; 2.1 mm). Band 1 (Huang et al., 2016) is an entirely new capability, not just for the solar community but for the astronomical community at large. First light with Band 1 receivers was achieved in August 2021. The goal is to make Band 1 available to the wider community in Cycle 10 (October 2023) but use by the solar community must await solar testing and commissioning. While Band 4 is part of the original suite of ALMA receivers, it has not been available for solar use. It would fill the gap between Band 3 and Band 5. Extending coverage to Band 8 (385–500 GHz; 0.7 mm) is also under consideration.
Bands 9 (602–720 GHz), and 10 (787–950 GHz) are also of considerable interest. They are the most promising frequency bands for spectral line work. However, their use is problematic for solar INT observing. First, exceptional weather conditions are required for high-frequency observing under any circumstances. Daytime observing in Bands 9 and 10 is currently prohibited. Second, Bands 9 and 10 are double-sideband receivers and so the observing strategy may be more complicated than the MD mode used currently. On the other hand, the system temperatures for these bands is higher than for the lower frequency receivers (ranging from a few × 100 K for Band 8 to [image: image] K for Bands 9 and 10) which may simplify their use. Both policy and technical challenges would need to be overcome to exploit them for interferometric solar observations. We note, however, that full disk TP mapping in Band 9 was demonstrated (see (Bastian et al., 2018), Figure 3) during commissioning and science verification in 2015 through a sky opacity τ ∼ 1!
5.4 Flare mode observations
Observations of flares at mm-λ and submm-λ offers the potential of fundamentally new insights into energy release, particle acceleration, and emission mechanism on the Sun (see Fleishman et al., this Frontier collection). Implementation of flare mode observing confronts us with additional challenges, however. While the MD mode has successfully enabled observations of quiescent solar phenomena, it is not designed to handle the much higher flux densities produced by solar flares. Alternatives must be explored.
It is likely that solar filters installed on the ALMA Calibration Device on each antenna will be at least part of the approach. The solar filters were the initial solution adopted by ALMA to manage solar signals. However, as detailed by Shimojo et al. (2017) the filters have a number of undesirable properties that led to the development of MD mode observing instead. The solar filter is placed in front of a given receiver in order to attenuate the incident signal. The nominal amount of attenuation is 4+2λmm dB, amounting to signal reductions by factors of 10, 5, 3.5, and 3 for bands 3, 5, 6, and 7, respectively.13
The antenna temperature is Tant = SAe/2kB ≈ 124SSFU K where SSFU is the flux density in solar flux units (10−19 ergs s−1 cm−2 Hz−1), Ae = ηA is the effective area of the antenna, and kB is Boltzmann’s constant. For the non-flaring Sun, Tant ∼ TB ∼ 6,000 − 8000 K. With the signal attenuation factors as given, ALMA could accommodate flares of order 600, 250, 160, and 120 SFU within the antenna beam for bands 3, 5, 6, and 7, respectively. This may be sufficient to observe many flares but may be problematic for some: the so-called “sub-THz” component of certain flares displays an inverted spectrum (Krucker et al., 2013). That is, the flux density increases with frequency and the system may saturate in the higher frequency bands. Preliminary tests of the filters in Band 7 indicate that the degree of attenuation is less than nominal, possibly exacerbating the problem. Alternative, or additional, strategies may be necessary to observe flares. Possibilities include the use of MD mode in tandem with solar filters and/or off-pointing the antennas so that a given flare occurs in a sidelobe of the antenna response. The first sidelobe of the 12-m antennas is a factor of 100 less sensitive than the center of the main response lobe. It is expected that testing and commissioning efforts for solar mode flare observations will begin in the coming year.
5.5 High angular resolution
Solar observations are currently restricted to the four most compact array configurations for reasons given in Section 2.2. This limits the available angular resolution to [image: image]. On the other hand, the high brightness of solar emission can also yield opportunities that are impossible for “standard” interferometry of relatively weak targets for which the implicit assumption is that we need rather long observing (total signal integration) times to reach a sufficiently high signal to noise ratio (SNR). Since the image integration in “standard” interferometry is typically performed over periods greatly exceeding the time-scale of the phase variations, the resulting image is blurred and the resolution (long-duration coherence) is lost unless provisions are made–the use of the WVRs and self-calibration. Phase variations occur on time scales of seconds to tens of second. Depending on the details of seeing conditions and the array configuration, these may largely manifest as low order distortions of the snapshot solar images: e.g., image wander and warping. These distortions can be, to a large extent, distinguished and separated from the true dynamics of the Sun: the large-scale solar structures change at much longer timescale (minutes) than the integration time or the time scale of phase variations over the array. The Sun allows a good SNR to be achieved even on the shortest integration times (currently 1 s, but as short as 0.16 s in principle), which enable time series of relatively sharp, but distorted images, to be obtained instead of a single blurry image by, in effect, freezing the phase variations. Self-calibration techniques are a well-established and tested means of mitigating phase variations in solar data, even in the absence of WVR corrections. It is anticipated that higher angular resolution imaging with ALMA is possible by extending observations to larger array configurations. Higher angular resolution imaging is the subject an ESO ALMA Development Study that started in July 2022.
5.6 Standalone total power mapping
ALMA science operations currently provides TP full-disk and/or FRM maps as a complement to the interferometric observations. The full disk TP maps have been exploited scientifically in their own right (Alissandrakis et al., 2017, 2020, 2022; Brajša et al., 2018; Selhorst et al., 2019; Sudar et al., 2019). There is interest in the solar community of using TP antennas in a mode that is independent of the 12-m array or ACA. A particularly attractive possibility is to perform multi-band TP or FRM mapping in standalone mode, possibly even in bands not currently supported for INT observing. As noted above, full disk TP mapping in Band 9 has been successfully demonstrated. Support of such a mode would require a policy change by the JAO as well as changes to the OT and operations.
5.7 Science sub-arrays
It is currently not possible to observe the Sun in more than one frequency band simultaneously. One might suppose that time sharing between two or mode frequency bands might be a promising strategy but the time overheads in switching frequency bands is prohibitive and significant changes would be needed to SBs. A more feasible approach may be the use of antenna subarrays, where the antennas of the 12-m array are distributed among two or more groups of antennas that operate as independent arrays. A user could allocate half of the antennas to one subarray and half to another; or divide them into three arrays with comparable number of antennas. However, since the number of antenna baselines and, therefore, uv samples is ∼ N2/2 the uv coverage provided by a given subarray quickly degrades with the number of subarrays and so users would need to consider carefully the advantages and disadvantages of the approach.
6 CONCLUDING REMARKS
ALMA is a remarkable instrument that has opened a new wavelength regime for exploration. Solar observations with ALMA have been possible since late-2016 but the number of programs that have been successfully executed has been relatively modest. There are several reasons for this: i) as a general purpose instrument used by the entire astronomy and astrophysics community, competition for observing time is fierce—only a few solar observing programs are observed per cycle; ii) as an interferometer, ALMA is not necessarily familiar to segments of the solar community—a learning curve must be surmounted through education and outreach; iii) the data can be challenging to reduce and analyze—progress on establishing and sharing “best practices” is ongoing.
Nevertheless, as the solar community becomes increasingly knowledgable about solar observing at mm/submm-λ and as new observing modes and capabilities continue to be developed, the scientific impact of ALMA will continue to increase. This is particularly true in light of next-generation instruments coming online at other wavelengths; e.g., the Daniel K. Inouye Solar Telescope (DKIST), operating at O/IR wavelengths. Powerful synergies are available that will only increase the impact of ALMA.
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FOOTNOTES
1See https://www.almaobservatory.org.
2The roles and responsibilities of the ARCs can be found at https://almaobservatory.org/en/about-alma/global-collaboration.
3The ALMA Solar Ephemeris Generator was developed by Ivica Skokić and is available at http:celestialscenes.com/alma/coords/CoordTool.html.
4https://casa.nrao.edu.
5The maximum recoverable scale is θMRS ≈ 203λmm/L5 arcsec, where L5 is the radius in meters within which 5% of the baselines in a given configuration reside. L5 is 9.1, 21.4, 27.0, 36.6, and 54.1 for the ACA, C-1, C-2, C-3, and C-4 configurations, respectively.
6See the knowledgebase article at https://help.almascience.org/kb/articles/what-is-a-cycle-7-solar-data-issue-i-should-be-aware-of for details.
7ALMA antenna configuration schedules can be found at https://almascience.eso.org/observing/observing-configuration-schedule.
8The ALMA OT, as well as the user manual and online tutorials, is available at https://almascience.nrao.edu/proposing/observing-tool or at https://almascience.eso.org/proposing/observing-tool.
9The ALMA Proposer’s Guide is updated each observing cycle and is available at https://almascience.eso.org/documents-and-tools.
10The ALMA Technical Handbook is available at https://almascience.eso.org/documents-and-tools.
11Additional details regarding DPR process and policies may be found at https://almascience.nrao.edu/documents-and-tools/cycle9/principles-review-process.
12See https://almascience.nrao.edu/documents-and-tools/cycle9/alma-user-policies for additional details regarding user policies.
13A preliminary assessment of the solar filters for Band 7 showed that the attenuation introduced by the filters did not necessarily conform to expectations. In addition, single-dish TP maps made through the solar filters show poorer contrast than maps made without the filter. A painstaking assessment of the filters lies ahead.
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Solar observations at sub-mm, mm and cm wavelengths offer a straightforward diagnostic of physical conditions in the solar atmosphere because they yield measurement of brightness temperature which, for optically thick features, equals intrinsic temperature - much unlike solar diagnostics in other spectral ranges. The Atacama Large Millimeter and sub-millimeter Array (ALMA) has therefore opened a new, hitherto underexplored, spectral window for studying the enigmatic solar chromosphere. In this review we discuss initial ALMA studies of the quiet chromosphere that used both single-dish and compact-array interferometric observing modes. We present results on the temperature structure of the chromosphere, comparison with classic empirical models of the chromosphere, and observations of the chromospheric network and spicules. Furthermore, we discuss what may be expected in the future, since the ALMA capabilities continuously expand and improve towards higher angular resolution, wavelength coverage, and polarization measurement for magnetometry.
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1 INTRODUCTION
Traditionally, the term “quiet Sun” refers to the solar atmosphere outside of solar active regions and during times free of transient energetic events such as flares and coronal mass ejections. Despite decades of study at optical (O), ultraviolet (UV), and extreme ultraviolet (EUV) wavelengths, a detailed understanding of the quiet Sun has remained elusive. ALMA has now opened a new window onto the Sun: millimeter- and submillimeter-wavelength observations of the Sun with angular and time resolutions that are orders of magnitude better than was previously possible, comparable to those available at O/UV/EUV wavelengths. The Atacama Large Millimeter and sub-millimeter Array (ALMA, Wootten and Thompson, 2009) offers new and complementary diagnostics of solar phenomena, including the quiet Sun. In this review we present and assess ALMA observations of the quiet Sun (QS). We do not treat transient phenomena and oscillations, which are the subject of the review by Nindos et al., in this special Research Topic collection. Comparisons with radiative Magnetohydrodynamics (rMHD) models are addressed in the review by Wedemeyer et al., included in this special Research Topic collection.
We start with a brief description of O/UV observations of the QS in order to put the mm-λ observations in perspective (Section 2) and then we discuss what ALMA can offer to our understanding of the physical processes involved (Section 3). We proceed with the presentation of results obtained from low resolution full-disk ALMA observations, on the morphology (Section 4.1), on empirical models of the solar atmosphere (Section 4.2) and on the formation height of the emission (Section 4.3). The results from high resolution interferometric observations are discussed in Section 5, for disk (Section 5.1) and limb (Section 5.2) structures, whereas the appearance of limb structures on the disk is discussed in Section 5.3. We conclude with a brief discussion and some thoughts about the prospects of future observations of the quiet Sun with ALMA.
2 THE QUITE SUN IN OPTICAL AND EUV WAVELENGTHS
The solar atmosphere is commonly described in terms of the visible photosphere; the chromosphere, the thin layer visible in Hα during eclipses; and the corona, the extended atmosphere of the Sun visible in white light during eclipses. The transition region refers to material that lies at the interface between the chromosphere and the corona. Of particular interest here is the chromosphere because it is from this medium that radiation at mm and submm wavelength originates as we now discuss.
As a first approximation, the physical parameters of the solar atmosphere can be assumed to vary with height only. This is because gravity produces a strong stratification and thus the radial density gradient is much larger than the horizontal, at least in the lower atmospheric layers. This assumption has led to the classic one-dimensional atmospheric models, often multi-component to describe various atmospheric features (see the reviews by Shibasaki et al., 2011 and Alissandrakis, 2020 for more details). The temperature structure of the solar atmosphere according to one such model is plotted in red in the left panel of Figure 1. Once the temperature and density structure are known, one can compute the opacity and the effective height of formation of the radiation at a particular wavelength; this is also plotted in the left panel of the same figure, in the form of contribution functions, which give the distribution of the observed emission with height and are equal to the height derivative of the emergent intensity, dIν/dh. We note that the solar mm radio emission comes from the chromosphere, possibly extending down to the temperature minimum at sub-mm wavelengths. We further note that extreme ultraviolet (EUV) continuum emission also comes from the same atmospheric layers (upper part of Figure 1, top left), thus images in these two spectral ranges are expected to show similar structures; hence, combining mm and EUV continuum data can potentially provide improved diagnostics.
[image: Figure 1]FIGURE 1 | The temperature as a function of height and the formation height of mm-λ emission (Left) The electron temperature as a function of height (red line) according to model C7, adapted from Avrett and Loeser (2008). The contribution to the continuum intensity is plotted in blue for wavelengths 0.2–30 mm (below the red horizontal line) and the extreme ultraviolet wavelengths, marked at the right. (Right) Probability density function of the temperature as a function of height from Bifrost simulations of an enhanced network region. The vertical dashed line is at 2.14 Mm. Adapted from the lower panel of figure 10 of Carlsson et al. (2016).
With the advent of fast numerical computations, a number of sophisticated tools have been developed for 3D solar atmospheric modeling (see review by Wedemeyer et al., included in this special Research Topic collection). Such models clearly demonstrate the complex structure and the dynamics of the upper layers of the solar atmosphere (see below). An example of the deduced temperature structure is given in the right panel of Figure 1, from a simulation of an enhanced network region by Carlsson et al. (2016). It is interesting that transition region temperatures, from various features, appear in an extended range of heights that go beyond 2.14 Mm (dashed line), predicted by Avrett and Loeser (2008). Although this particular model may not be representative of the average QS, which includes inter-network regions, it is still indicative.
The average contribution functions computed from such a model at mm-λ are displayed in the left panel of Figure 2 (see also figure 3 in Wedemeyer et al., this special Research Topic collection). They are similar to the predictions of the 1D model, putting again the formation height of mm emission above the temperature minimum and into the chromosphere. More recently, numerical simulations under local thermodynamic equilibrium by Martínez-Sykora et al. (2020) gave average formation heights of 0.9 Mm (with a standard deviation of 0.7 Mm) for the 1.2 mm emission and 1.8 Mm (standard deviation of 1 Mm) for the 3 mm emission, whereas computations by the same authors under non-equilibrium hydrogen ionization gave greater heights and a much smaller height difference: 2.67 ± 1.08 Mm for 1.2 mm emission and 2.78 ± 1.09 Mm for 3 mm emission. Finally, Eklund et al. (2021) computed contribution functions for all ALMA frequency bands (Figure 2, right) and predicted lower heights: 0.9 Mm for the QS at 1.2 and 1.3 Mm at 3 mm. Observational evidence on the formation height is discussed in Section 4.3.
[image: Figure 2]FIGURE 2 | Contribution functions for mm-λ. (Left) Contribution functions at four wavelengths between 0.3 and 9.0 mm at the center of the solar disk according to Wedemeyer et al. (2016). Reprinted by permission from: Springer Nature, Space Science Reviews, ⓒ 2019. (Right) QS contribution functions for the ALMA frequency bands according to Eklund et al. (2021). Reproduced with permission ⓒ ESO.
Of course, anyone who has seen a solar image knows that horizontal structure is very important. Briefly, horizontal structure in the solar atmosphere comes from the interplay of two factors: one of them is mass motions and the other is the magnetic field. Magnetohydrodynamics (MHD), which is a good (but not perfect) approximation for the solar atmosphere, tells us that the result of the interaction depends on the energy density of each factor: when the magnetic energy density (which is the same as the magnetic pressure) is much larger than the energy density of the plasma (which includes thermal and kinetic energy or, alternatively gas and dynamic pressure), the plasma flows along the magnetic field lines of force (see, e.g., Alissandrakis, 2020, also Carlsson et al., 2019, for a more detailed discussion). This is the case in the chromosphere and the corona, where we see spectacular structures that map the magnetic field, as well as in sunspots.1
As we go down to the photosphere, the density increases faster than the magnetic field (Gary, 2001), and thus the plasma dominates in that atmospheric layer. Here convective motions on two scales, the granulation (see, e.g., figure 5 in Alissandrakis, 2020) and the larger supergranulation determine the horizontal structure, with the latter pushing and compressing the magnetic field at the borders of the supergranules, thus forming the chromospheric network. This particular cellular structure, although detectable in photospheric velocity maps, manifests itself mainly in the chromosphere, hence its name.
At the chromospheric level, the network appears in the form of bright structures, well visible in the core of the Ca II K and Hα lines, known as bright mottles (coarse or fine depending on the spatial resolution of the instrument; see the reviews by Beckers, 1968, 1972 and Tsiropoula et al., 2012). It is also visible in all chromospheric spectral lines and continua, such as the Mg  ii k line at 2796 Å, observed by the Interface Region Imaging Spectrograph (IRIS) and the UV continua centered at 1600 and 1700 Å spectral bands observed by the Atmospheric Imaging Assembly (AIA), aboard the Solar Dynamics Observatory (SDO). Figure 3 shows such images, together with a magnetogram from the Helioseismic and Magnetic Imager (HMI) aboard SDO and an AIA image in the 171 Å band. We note the cellular arrangement of the network structures and their association with regions of enhanced magnetic field. We also note that the structures disappear in the 171 Å image, illustrating the well-know fact that the network becomes diffuse in the transition region and disappears in the low corona (Reeves et al., 1974); apparently, this is a result of fanning out of the magnetic field, and of field lines closing at low heights.
[image: Figure 3]FIGURE 3 | Images of a quiet Sun region: (A) in the Mg  ii k line; (B) an HMI magnetogram, saturated at ± 50 G; (C) in the AIA 1600 Å band and (D) in the AIA 171 Å band. Images have been averaged over 20 min, to reduce the effect of 5-min oscillations which is very prominent at 2796 and 1600 Å. The white ellipse in panel a marks a prominent supergranulation sell. Figure made by the authors from IRIS, AIA and HMI data.
In addition to the bright mottles, Hα images show absorbing features dubbed as dark mottles2. These structures appear on top of the bright mottles and are best visible in the blue wing of the Hα line, suggesting ascending motions (see top panel of figure 9 in Alissandrakis, 2020). As the quality of the observations improves, new results and new names appear in the literature; for example, Langangen et al. (2008) reported dark features on the solar dik, in the blue wing of the Ca ii IR line, and so did Rouppe van der Voort et al. (2009) for same line and Hα; these rapid blueshifted events were identified as the counterpart of type II spicules (see below); still, these structures look very much like classic dark mottles seen at high resolution. Dark mottles are hard to see in other chromospheric lines or continua (see, however, Bose et al., 2019, 2021), probably because they are geometrically and optically thin.
The form of dark mottles, particularly in images far from the center of the disk, suggests predominantly radial structures; they appear as spicules beyond the limb (Figure 4); they are slender (300–1,000 km) plasma jets with speeds of tens of km s−1 to [image: image] km s−1, which protrude well up into the corona, reaching heights above 10 Mm (Macris, 1957; Beckers, 1968, 1972; Tsiropoula et al., 2012; see also bottom panel of figure 9 and figure 10 in Alissandrakis, 2020). Ordinary spicules have life times of [image: image] min, while of order 107 spicules are active on the Sun at any given time. They collectively carry ∼ 100 times the mass flux of the solar wind into the low solar atmosphere Beckers, 1968, 1972). The mechanisms of their origin and their role in the energy and mass budgets of the outer solar atmosphere and solar wind is therefore a topic of considerable interest. Recent progress on refining their physical properties has largely been driven by O/UV observations from space-based instrumentation: Hinode/SOT and IRIS. These have led to the recognition of two classes of spicules, type I and type II (de Pontieu et al., 2007) the latter being prevalent in coronal holes and the quiet Sun. Type II spicules are narrower, short-lived (a few tens of s) and faster than type I spicules. Spicules are much more extended in the He ii 304 Å line, where they are usually referred to as macrospicules (Bohlin et al., 1975).
[image: Figure 4]FIGURE 4 | Spicules beyond the limb near the south pole of the sun, as seen in IRIS slit-jaw images with a bandwidth of 4 Å around the Mg ii 2796 Å k line (left), and with a spectral width of 55 Å in the 1400 Å band which includes the Si iv lines (center), as well as in an AIA image in the He i̇i 304 Å line (right). Time-averaged images have been subtracted from the original IRIS data for better visibility of spicules. The white arc marks the solar limb. Solar south is up. The spatial resolution of IRIS ia about 4 times better than that of AIA. Figure made by the authors from IRIS and AIA data.
In spite of many decades of research, the origin of spicules is still a subject of debate. As disk mottles are clearly associated with the network, a magnetic association is very likely; what is not clear is whether they are a result of reconnection, as suggested a long time ago by Pikel’Ner (1969), see also Samanta et al. (2019), or some other mechanism, such as the leakage of photospheric oscillations expelling plasma along the magnetic field lines, (De Pontieu et al., 2004), or even a consequence of ambipolar diffusion (Martínez-Sykora et al., 2017; Carlsson et al., 2019).
It turns out that the quiet Sun is not that quiet after all. As the spatial and temporal resolution of our instruments improve, more and more kinds of small-scale transient events are detected (see, e.g., the recent works by Kleint and Panos, 2022; Saqri et al., 2022; Shokri et al., 2022; Purkhart and Veronig, 2022). Such events have been given various names, too many to mention them all, and a possible source of confusion. In the EUV, events with energies as low as 1024 erg (e.g. Purkhart and Veronig, 2022) have been reported, which puts them inside the range of nanoflares, proposed by Parker (1988) as the mechanism of coronal heating (see Section 7 in Alissandrakis, 2020 for a brief discussion). ALMA observations have revealed many such events that are discussed in detail in the review by Nindos et al., included in this special Research Topic collection.
3 WHY ALMA?
Continuum observations of the quiet Sun at mm-λ and submm-λ have been performed for decades, serving as a powerful complement to optical O/UV/EUV observations. Indeed, Linsky (1973) compiled quiet Sun measurements from λ = 1–20 mm made during the 1960s and cross-calibrated them against the Moon, resulting in a useful compendium used in models for many years; e.g., the well-known semi-empirical models of Vernazza et al. (1981). The primary advantages of observations in the mm/submm-λ regime are well known: 1) The sources of opacity are well understood: at mm-λ the opacity is dominated by H and He free-free absorption; at submm-λ H− free-free absorption (collisions between electrons and neutral hydrogen) becomes non-negligible and is an additional source of opacity. 2) The radiation at these wavelengths is emitted under conditions of local thermodynamic equilibrium and the source function is therefore Planckian. Furthermore, the Rayleigh-Jeans approximation is valid and the observed intensity (or brightness temperature) is linearly proportional to the kinetic temperature of the emitting plasma for optically thick emission. Bastian et al. (2017) pointed out, however, that the degree of ionization for H and He can depart significantly from conditions expected for ionization equilibrium. As a consequence, while the source function can be in LTE, the opacity may be far from its LTE value. 3) Finally, the radiative transfer of continuum radiation at these wavelengths is straightforward.
The obvious and persistent disadvantage to observing in the mm/submm-λ regime has been that observations have largely been made with single dishes for which the angular resolution was poor (see Linsky, 1973 and references therein for early measurements as well as Lindsey et al., 1984, 1986, 1990, 1992; Bastian et al., 1993). Occasionally, interferometers with limited numbers of antennas have been used to observe the Sun as a means of improving the angular resolution (e.g., Horne et al., 1981; White et al., 2017), but the ability to image was absent or relatively poor. Eclipse observations with single dishes or interferometers have also been exploited to garner high resolution information, but it was necessarily in one dimension (Lindsey et al., 1983; Roellig et al., 1991; Belkora et al., 1992). In addition to the limitations imposed by poor angular resolution, time-resolved observations were infrequent.
Gary (1996), Loukitcheva et al., 2004, Loukitcheva et al., 2015), and Benz (2009) reviewed many pre-ALMA quiet Sun brightness temperature measurements and compared the observational results with the results of various theoretical models. The quiet Sun emission in the wavelength range from λ = 0.85 mm to λ = 8 mm was measured by Bastian et al. (1993), White et al. (2006), Brajša et al. (2007a,b), and Iwai et al. (2017) and in the wavelength range 0.7–5 mm various measurements were summarized by White et al. (2017). In the wavelength range 0.7–5 mm the quiet Sun brightness temperature varies from 5000 to 8000 K (White et al., 2017). As expected, there is an average trend of the brightness temperature increase with wavelength, although some scatter of the results and measurement uncertainties are present.
Interferometric maps of the quiet Sun in the mm-range were first produced by White et al. (2006) and Loukitcheva et al. (2006). They used the 10-element Berkeley-Illinois-Maryland Association Array (BIMA) in its most compact D-configuration, to obtain [image: image] resolution. Images from BIMA and the Combined Array for Research in Millimeter-wave Astronomy (CARMA) at 3.5 and 3.3 mm wavelengths are shown in figure 5 of Shibasaki et al. (2011). In all cases the chromospheric network, delineated in the TRACE continuum images or the photospheric magnetograms, is the dominant structure in the radio images.
ALMA represents a significant step forward (see Wedemeyer et al., 2016). For the first time it provides the scientific community with high-fidelity imaging of the Sun at sub-arcsecond angular resolution, allowing detailed comparisons with images made in the O/UV/EUV wavelength regimes. In addition, it does so with an imaging cadence as short as 1 s. ALMA therefore offers a fundamentally new tool for studying the quiet Sun chromosphere in a manner that is fully commensurate with the capabilities currently available at other wavelengths. ALMA therefore offers powerful new observations of the quiet solar chromosphere that, particularly when made jointly with O/UV/EUV observations, provide new insights and constraints on our understanding of chromospheric phenomena. Bastian et al., in a review article included in this special Research Topic collection, provide a comprehensive summary of current ALMA capabilities for solar observing as well as capabilities anticipated to be available in the coming years. Technical details regarding solar observing with ALMA are given by Shimojo et al. (2017) and White et al. (2017).
4 FULL-DISK ALMA OBSERVATIONS
ALMA provides both high resolution interferometric imaging and lower resolution full-disk imaging. The latter does not only serve to determine the background brightness for interferometric images, but also give a global view of the Sun, not available in the high resolution images due to their small field of view. Thus full-disk images give information on all kinds of solar phenomena not yet imaged in interferometric mode; moreover, they provide accurate measurements on the variation of the brightness temperature from the center of the disk to the limb which, in turn, is important for solar atmospheric models.
4.1 Morphology and comparison with other wavelength ranges
Several full-disk images were obtained during the ALMA solar commissioning observations in December 2015 at 239 and 100 MHz. Alissandrakis et al. (2017) compared images obtained on December 17 in both bands with Hα images from the GONG network, 1600 Å images from AIA/SDO and magnetograms from HMI/SDO and noted that plage regions were the most prominent feature on the disk. A large sunspot was clearly visible at 239 and barely discernible at 100 GHz. Prominences were well visible beyond the limb, but large-scale neutral lines rather than filaments were seen on the disk, as darker-than-average features.
They also noted that the chromospheric network is well visible at 239 GHz and very similar to the AIA 1600 and 304 Å images, with a slightly better correlation with 1600 Å. Moreover, they computed the 239/100 GHz intensity ratio, after smoothing the 239 GHz images to the 100 GHz resolution (Figure 5) and reported a range of values from 0.83 to 0.93 and a spectral index in the range of −0.21 to −0.083. The ratio was higher for the active region plage in the upper part of the figure, which had a flat spectrum, but not for the faculae in the lower part of the figure, whereas the dark lanes between the faculae were indistinguishable in the ratio image. Alissandrakis et al. (2020) made similar comparisons with Band 7 (0.85 mm) ALMA images (see their figures 1, 2).
[image: Figure 5]FIGURE 5 | A region near the center of the disk observed with ALMA in full-disk mode on 17 December 2015: Degraded 239 GHz image, 100 GHz image, and their ratio. Values range from 6000 to 7380 K, 6860–8380 K and 0.83 to 0.93, respectively. From Alissandrakis et al. (2017), reproduced with permission ⓒ ESO.
Brajša et al. (2018) analyzed a full-disc solar ALMA image at 1.21 mm obtained on 18 December 2015, during the same CSV-EOC (Commissioning and Science Verification - Extension of Capabilities) campaign. The ALMA image was calibrated and compared with full-disc solar images from the same day in Hα line, in He I 1083 nm line core, and with various SDO images (AIA at 170, 30.4, 21.1, 19.3, and 17.1 nm and HMI magnetogram). The brightness temperatures of various structures were determined by averaging over corresponding regions of interest in the calibrated ALMA image. Positions of the quiet Sun, active regions, prominences on the disc, magnetic inversion lines, coronal holes and coronal bright points were identified in the ALMA image (Figure 6). At the wavelength of 1.21 mm, active regions appear as bright areas (but sunspots are dark), while prominences on the disc and coronal holes are not discernible from the quiet Sun background, despite having slightly less intensity than surrounding quiet Sun regions. Magnetic inversion lines appear as large, elongated dark structures and coronal bright points correspond to ALMA bright points. The identification of coronal bright points in the ALMA image was one of the most important new result of that study. The great majority of all coronal bright points from the EUV image correspond to the He I 1083 nm dark points (75%) and to the ALMA 1.21 mm bright points (82%). Moreover, all ALMA 1.21 mm bright points show a well-defined relationship with magnetic structures (100% correspondence), mostly with small-scale bipolar magnetic regions and in some cases with small unipolar magnetic regions.
[image: Figure 6]FIGURE 6 | Images of the Sun from different instruments taken on 18 December 2015 (Top row) (A): ALMA intensity map at 248 GHz (λ = 1.21 mm, 20 h 12 m 21s). The brightness temperature in K is given on the intensity bar on the right. (B): SDO composite image from AIA 30.4 nm, AIA 21.1 nm, AIA 17.1 nm instruments (20 h 12 m 58s UT). (C): Hα filtergram from Cerro Tololo Observatory, NISP (20 h 12 m UT). (Bottom row) (D): SDO AIA 170.0 nm filtergram. (E): SDO AIA 30.4 nm filtergram. (F): SDO HMI magnetic field. Several regions of interest are encircled by white lines: AR indicates the position of active regions, FIL shows the position of filaments, SS shows the position of the sunspot, QS shows the position of the central quiet Sun region, IL indicates the position of magnetic inversion line, while CH is the position of the coronal hole. Adapted from Brajša et al. (2018). Reproduced with permission ⓒ ESO.
Brajša et al. (2021) investigated small-scale ALMA bright features in the quiet Sun region using a full-disk solar image produced with single-dish ALMA measurements (1.21 mm, 248 GHz) performed on 18 December 2015. The selected quiet Sun region was compared with the EUV and soft X-ray images and with the magnetograms (Figure 7). We note that with the GOES-13 SXI (Solar X-ray Imager)-FM1 filter soft X-rays are detected, which are caused by the bremsstrahlung of the hot plasma from the chromosphere and corona. In the quiet Sun region, enhanced emission seen in the ALMA was almost always associated with a strong line-of-sight magnetic field. Four coronal bright points were identified and one typical case was studied in detail (Figure 7). Other small-scale ALMA bright features were most likely associated with magnetic network elements and plages.
[image: Figure 7]FIGURE 7 | Different views of coronal bright points: 1.21 mm (ALMA), magnetic field, EUV, soft X-rays. (a): Single-dish ALMA 248 GHz (1.21 mm, Band 6), (b): SDO/HMI magnetogram, with white box outlining the quiet Sun area shown in panels in the middle row. Both images were taken on 18 December 2015 at 20:12 UT. Magnetogram intensity was clipped at ±120 G and ALMA contours of 6500 K were overlaid in green color. (c): the ALMA image of the quiet Sun shown enlarged and compared with (d): SDO/HMI magnetogram, (e): SDO/AIA 193 Å filtergram, and (f): GOES-13 SXI tin (Sn) filter image, with ALMA contours overlaid (levels at 6300, 6400, 6500, 6600 and 6700 K) (g–j): enlargements of a single ALMA bright feature, marked in the white rectangle in panel (c), at the same wavelengths as in the middle row. The beam size of the single-dish ALMA measurements, 26″, is given in the panel (c). Reproduced from Brajša et al. (2021) with permission ⓒ ESO.
The question of visibility of features in Hα, Ly-α and ALMA has been addressed by Rutten (2017; see also Rutten and Rouppe van der Voort, 2017; Rutten et al., 2019), under the working hypothesis that the observed ubiquitous long Hα fibrils are contrails from propagating heating events. Application of a recipe that assumes momentary Saha-Boltzmann extinction during their hot onset to millimeter wavelengths, suggests that ALMA should observe Hα-like fibril canopies, not acoustic shocks underneath. Therefore, anything opaque in Hα will be at least similarly opaque at mm wavelengths. Rutten (2017) concluded that mm contrail fibrils would be yet more opaque than the Hα ones, constituting yet denser canopies. In short, Rutten (2017) predicted that the ALMA quiet-Sun is mostly chromospheric canopies, not appearing the same as in Hα, but opaque as in Hα.
A good dark-dark correspondence (sunspot and small filaments) and bright-bright correspondence (plages) between the two images was indeed found by Brajša et al. (2021). However, the relationship between Hα core and high-resolution ALMA images in the millimeter wavelength range is more complicated, since these authors found examples of both types of behavior, correlation and anticorrelation. Some small-scale, bright ALMA features have bright Hα counterparts, and some have dark Hα counterparts (including fibrils). Moreover, examples of a bright-dark and a dark-bright correlation between the Hα wing sum and ALMA image were reported. We can thus conclude that, while some of the predictions of Rutten (2017) have been qualitatively confirmed using ALMA observations, there are notable exceptions.
4.2 Center-to-limb variation and atmospheric models
The first imaging observations of the Sun in the mm range were made in the 70s, with the 36-ft radio telescope of the National Radio Astronomy Observatory in Tucson, Arizona (Buhl and Tlamicha, 1970; Kundu, 1970, 1971, 1972; Kundu and McCullough, 1972). This instrument provided resolution of 3.5′, 1.2′ and 1.2′ at 9 mm, 3.5 and 1.2 mm respectively. Analyzing the center-to-limb variation (CLV) of the brightness temperature and taking into account the effect of the instrumental beam, Lantos and Kundu (1972) found limb darkening both at 1.2 and 3 mm (Figure 8, left). As solar atmospheric models predict limb brightening at these wavelengths, Lantos and Kundu (1972) had to invoke absorbing structures (spicules) in order to match the models with the observations.
[image: Figure 8]FIGURE 8 | Old and new Center-to-limb variation (CLV) curves). Left: CLV curves at 1.2 and 3 mm (250 and 100 GHz respectively) from Lantos and Kundu (1972). Reproduced with permission ⓒ ESO. Right: CLV curves for 239 and 100 GHz form ALMA full-disk images from Alissandrakis et al. (2017). The gray band shows the measured values ± the corresponding rms. The superposed blue curves near the limb are from high resolution ALMA images. Curves in black show the CLV after correction for diffuse light. Reproduced with permission ⓒ ESO.
ALMA full-disk images are much more precise than the old 36-ft images and the first analysis of commissioning observations by Alissandrakis et al. (2017) showed clear limb brightening both in Band 3 (100 MHz, 3 mm) and in Band 6 (250 GHz, 1.26 mm), available at that time (right panel of Figure 8). Moreover, Alissandrakis et al. (2017) combined the measurements of brightness temperature, Tb, as a function of the cosine of the heliocentric distance, μ, from both frequency bands to a single curve Tb (μref), by reducing all values to a common reference frequency of 100 GHz; they also extended their frequency range by including measurements by Bastian et al. (1993) at 350 GHz and found a linear relation between Tb and μ100. Subsequently, they inverted the equation of transfer,
[image: image]
where τ is the optical depth, to obtain the electron temperature, Te as a function of τref.
The inversion was done by noting that a linear (or polynomial) Te (log  τ100) relation leads also to a linear (or polynomial) Tb (log  μ100) relation, thus the coefficients of the former can be computed from the coefficients of the latter, determined from a fit to the observed data. For example, a third degree polynomial expression for the electron temperature:
[image: image]
gives a brightness temperature of:
[image: image]
with.
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(see Appendix A in Alissandrakis et al., 2022.)
A similar approach was employed by Alissandrakis et al. (2020) (see their figure 4 for a comparison of the observed CLV with the model); these authors cross-calibrated band 6 with respect to band 3 using the CLV curves, something that was not necessary for the data used by Alissandrakis et al. (2017).
We note that the parameters derived from the fit can be used for the computation of the brightness temperature spectrum at the center of the solar disc. Such a computation was done by Alissandrakis et al. (2020), see their figure 3, and the derived spectrum was compared with older measurements compiled by Loukitcheva et al., 2004, which is a highly inhomogeneous data set and has a lot of scatter. Several points were near the ALMA spectrum, but most of them were below.
In a recent work Alissandrakis et al. (2022) used ALMA Band 7 (347 GHz, 0.86 mm) data instead of the measurements by Bastian et al. (1993); this, more homogeneous data set, revealed a flattening of the Tb (log  μ100) curve at large μ, with a third degree polynomial fitting the data better. The results are shown in Figure 9 (left). The left top panel gives the CLV curve derived from the combination of all three available ALMA frequencies and its fit with a third degree curve. The thick black curve in the left bottom panel shows the result of the inversion, which is compared to the predictions of models A (internetork), C (average quiet Sun) and F (network) of Fontenla et al. (1993), as well as of model C7 of Avrett and Loeser (2008). The physical parameters of these models were used to compute τ100 as a function of the height, z, and, though the Te(z) relation, the optical depth as a function of Te.
[image: Figure 9]FIGURE 9 | Atmospheric modeling from ALMA CLV data Left, top: Combined CLV curve, Te (log  τ100), from ALMA Band 3, Band 6 and Band 7 observations obtained in January 2020, adapted from Alissandrakis et al. (2022). The solid line shows a third degree fit and the dash-dotted line shows a linear fit up to log  μ100 = 0.8. Reproduced with permission ⓒ ESO. Left, bottom: The electron temperature as a function of optical depth (thick black line) obtained from the inversion of the CLV curve. Also shown are the predictions of atmospheric models discussed in the text. Adapted from Alissandrakis et al. (2022). Right: Comparison between observed CLV (blue curves) and the predictions of models C (dotted lines) and SSC (continuous black lines). The dashed line represents the quiet Sun. From Selhorst et al., 2019 ⓒ AAS, reproduced with permission.
The observational result is very close to the prediction of model C of the Fontenla et al. (1993), as already noted by Alissandrakis et al. (2017), and very different from that of the Avrett and Loeser (2008) model, which predicts too small a temperature variation in the chromosphere. The flattening at high optical depths is probably an indication that we approach the region of temperature minimum. As the observations are very close to the model, there is no need to invoke spicule absorption.
In a different approach, Selhorst et al. (2019) compared their CLV measurements of the commissioning observations with model C of Fontenla et al. (1993) and with their own SSC model (Selhorst et al., 2005). As shown in Figure 9 (right), they found that the SSC model gave a better fit to the observations. The same authors reported average polar brightening of 10.5% and 17.8% at 100 and 230 GHz, respectively. Finally, Sudar et al. (2019) fitted the CLV, again from the commissioning data, with a quadratic curve in μ and used their results for image corrections, without performing any comparison with model predictions.
4.3 Formation height and the solar radius
In order to pass from the observationally determined Te(τ) to the variation of temperature as a function of height, Te(z), we need a relation between τ and z. This implicates the opacity and hence the density as a function of height, for which we have no direct observational information; the situation is further complicated by the fact that temperature variations change the degree of ionization and hence the electron density, in a way that is complicated due to departures from local thermodynamic equilibrium (LTE). Thus, no attempt to derive Te(z) from mm-λ Te(τ) has been made yet.
Qualitative information about the formation height can be provided through the comparison of the morphology of ALMA images with images in other spectral regions. Already Alissandrakis et al. (2017) noted the similarity of chromospheric network structures in ALMA and AIA 1600 Å and 304 Å images, putting their formation height between the two; this is consistent with the fact that AIA 304 Å channel is dominated by the He ii lines which form around Te = 50,000 K (O’Dwyer et al., 2010), much above the mm-λ brightness temperature. We note that, in the cm-λ range, where radiation forms higher, Bogod et al. (2015) found a better correlation of RATAN-600 data with 304 Å AIA images.
Indications about the formation height can be obtained from the association of the observed disk center brightness temperature to the electron temperature predicted by models. For model C of Fontenla et al. (1993), this gives heights of 1.09, 1.25 and 1.82 Mm above the τ5000 = 1 level, which is the level where the optical depth at 5,000 Å is unity, for radiation at 0.85, 1.26 and 3 mm, respectively.
The solar radius is another indicator of the formation height; however the radius reflects the maximum height of formation rather than the average, the presence of spicules complicate the measurement, while it cannot be accurately determined from the relatively low resolution full-disk ALMA images. Alissandrakis et al. (2020) compiled various height measurements in their Table 4; they gave heights of 2.4 ± 1.7 Mm and 4.2 ± 2.5 Mm above the τ5000 = 1 level, for the limb at 1.26 and 3 mm respectively. Both are between the measured heights of the 1600 Å and the 304 Å emissions, but below the heights measured in eclipse observations (see also Section 5.2 below). Selhorst et al. (2019) obtained average values of the solar radius of 965.9 ± 3.2″ at 3 mm and 961.6 ± 2.1″ at 1.26 mm, which correspond to heights above the τ5000 = 1 level of 4.6 ± 2.3 Mm and 1.5 ± 1.5 Mm respectively and are within the error margins of Alissandrakis et al. (2020). More recently, Menezes et al. (2022) gave values of 968 ± 3″ for the solar radius at 3 mm and 963 ± 2″ at 1.26 mm, corresponding to heights of 6.1 ± 2.1 Mm and 2.5 ± 1.4 Mm respectively, above the τ5000 = 1 level.
5 HIGH RESOLUTION ALMA OBSERVATIONS
Several ALMA observing sessions focused on quiet Sun regions both on the disk and at the limb. The small field of view of ALMA has not allowed a global view of the Sun at high resolution, while, using mosaicing techniques, two larger regions near the limb were imaged during the commissioning period with fields of view of 60″ by 60″ at 1.26 mm and 190″ by 180″ at 3 mm (Figure 10). Most of the published results are at 3 mm, where atmospheric conditions are more favorable than at 1.26 mm, whereas no high resolution observations in Band 7 (0.85 ṁm), recently made available for solar observing, have been presented yet.
[image: Figure 10]FIGURE 10 | ALMA images near the S and E limbs obtained during the commissioning period, together with the corresponding AIA 1600 Å images. A plage region is visible near the E limb. All images have been corrected for CLV, by subtracting 85% of the azimuthally averaged intensity; AIA images were smoothed to the ALMA resolution of 1.76 by 1.01″ at 239 GHz and 5.45 by 4.00″ at 100 GHz. Solar north is up. Figure made by the authors from data set ADS/JAO. ALMA. 2011.0.00020. SV.
5.1 Structures on the solar disk and the chromospheric network
The most complete set, covering seven regions from the center of the disk to the limb at 3 mm with a resolution of 2.4″ by 4.5″, is that of Nindos et al. (2018); these authors extended the ALMA field of view to a diameter of 120″, twice that of the nominal and were thus able to make better comparisons with simultaneous AIA 1600 Å and 304 Å images, smoothed to the ALMA resolution (Figure 11). They thus confirmed the association of the bright mm-λ structures to the chromospheric network, discussed in Section 4 and also visible in Figure 10. In a subsequent work, Nindos et al. (2021) presented observations of a very quiet region in both bands 3 and 6, obtained on the same day, with a resolution of 2.7″ by 1.7″ for band 3 and 1.6″ by 0.7″ for band 6 (Figure 12). In addition to the similarity with AIA 1600 Å and 304 Å images, Figure 12 reveals a similarity with negative, broadband, Hα images from the GONG network. A similar association of ALMA and Hα features was reported by Alissandrakis et al. (2022) from full-disk 347 MHz (0.85 mm) images. Nindos et al. (2021) attributed this similarity in terms of absorption in Hα by dark mottles (spicules), located above network elements, implying that the mottles are transparent at 3 mm and that ALMA images show the network points below them. An alternative interpretation, in terms of Rutten’s (2017) models, is that ALMA sees a part of opaque fibrils. Observationally, it is hard to distinguish between the two; opaque fibrils should appear more elongated than the hitherto images show (see also Figure 14 below), but this could be masked by the ALMA beam (resolution).
[image: Figure 11]FIGURE 11 | ALMA and AIA images of the quiet Sun. Top row: Composite of seven 3 mm ALMA images from the limb (at left) to the center of the disc. Second and third rows: Composites of AIA 1600 and 304 Å images for the same time intervals and FOVs as the ALMA images, convolved with the ALMA beam. The photospheric radius is 964.8′′. From Nindos et al., 2018, reproduced with permission ⓒ ESO.
[image: Figure 12]FIGURE 12 | Average ALMA images of the network in Band 6 (top-left) and in Band 3 (bottom-left), together with the corresponding HMI magnetograms (saturated at ± 50 G), as well as AIA 304 Å and Hα negative images from GONG. The insert at the top right corner of the images shows the ALMA resolution. The circles in the non-ALMA images mark the ALMA field of view. All images are oriented with the celestial north pointing up (from Nindos et al., 2021, reproduced with permission ⓒ ESO).
Alissandrakis et al. (2020) used the observations presented in the previous paragraph, as well as commissioning data (see their Table 6), to measure the CLV of the brightness temperature for the network and cell interior (internetwork); from that, they computed the electron temperature as a function of the optical depth for these components, as described in Section 4.2. As in the case of the average quiet Sun, they found linear relations between Te and log  τ100. Two segregation schemes were employed, one attributing equal number of pixels in network and cell interior and another, closer to that used in classic models. The latter gave a network/cell temperature difference of [image: image] K (ratio of [image: image]), considerably less than [image: image] K (ratio of [image: image]) predicted from models F and A of Fontenla et al. (1993).
Brightness temperature measurements from interferometric ALMA images at 3 mm were also published by Loukitcheva et al. (2019) and Wedemeyer et al. (2020). Loukitcheva et al. (2019) observed a region 200″ SW of the disk center with 1.6″ resolution and reported an extended low brightness area which they called “chromospheric ALMA hole” (Figure 13, left). As a matter of fact, this was the interior of a large supergranule with an average brightness (deduced from the histograms of their figure 2A) of 6,440 K, considerably below the average cell interior value of 7,060 K used by Alissandrakis et al. (2020), whereas the average brightness of what they called “bright network” was 7,850 K, compared to 7,690 K of Alissandrakis et al. (2020). Another region near the center of the disk was observed with a resolution of 1.4″ by 2.1″ by Wedemeyer et al. (2020) (Figure 13, right), who reported average Tb values of 7,228 and 7,588 K, for cell and network respectively, while their radiative MHD model predicted average values of 6,688 and 7,977 K for the cell and network respectively.
[image: Figure 13]FIGURE 13 | ALMA images at 3 mm. Left: A low intensity region at 3 mm from data used by Loukitcheva et al. (2019), together with an HMI magnetogram saturated at ± 200 G and a 304 Å AIA image (prepared by the authors using data from ALMA project 2016.1.00202. S and from SDO). Right: A quiet region at 3 mm together with an HMI magnetogram and a 171 Å AIA image; the diameter of the field of view is [image: image] (adapted from Wedemeyer et al., 2020).
In a recent work, Kobelski et al. (2022) analyzed 3 mm ALMA data of a bipolar region of enhanced network, in conjunction with Hα images obtained with the Interferometric BIdimensional Spectrometer (IBIS), mounted on the Dunn Solar Telescope. They reported a strong association between ALMA emission and Hα line width (see also the article by Tarr et al., in this collection), confirming a similar finding by Molnar et al. (2019) for a plage region. From the publicly available data set of Kobelski et al. (2022) and SDO data we compiled a set of images, displayed in Figure 14. We note that the Hα linewidth image (panels b and i) is very similar to the negative broadband (1 Å) Hα image (panels c and j); this is not unexpected, as dark structures on the disk are known to have broad line profiles. This shows that the finding of Molnar et al. (2019) about the linewidth is one and the same thing with the finding of Nindos et al. (2021) and Alissandrakis et al. (2022) about the broadband Hα images. In addition, these images confirm the association of mm emission with the network features seen in the magnetogram and in the 1600 Å band; moreover, a low brightness region appears in the interior of a large supergranule, north of the image center, similar to the one reported by Loukitcheva et al. (2019).
[image: Figure 14]FIGURE 14 | ALMA images at 3 mm. Top row: ALMA image together with IBIS Hα images and SDO images; the insert at the lower left corner shows the instrumental resolution (beam). Bottom row: Same as in the upper row, with the images smoothed to the ALMA resolution. Produced by the authors using data from Kobelski et al. (2022) and SDO.
5.2 Observations of spicules
Spicules, near the limits of instrumental resolution even at O/UV wavelengths, have not been well-studied at mm/submm-λ because the necessary resolution has been unavailable. Nevertheless, interferometric and single disk observations during times of solar eclipses placed constraints on the mean height of the chromospheric “limb extension” at various submm/mm wavelengths during the 1980s and 1990s (see also Section 4.3 above). Lindsey et al. (1983, 1986) showed that the limb extension from 30 to 200μ extended well above heights expected from the hydrostatic, one-dimensional models of Vernazza et al. (1981), a discrepancy that increased with wavelength as established by Labrum et al. (1978); Horne et al. (1981); Wannier et al. (1983) and later confirmed by Roellig et al. (1991); Lindsey et al. (1992); Belkora et al. (1992); Ewell et al. (1993). Braun and Lindsey (1987) interpreted these observations in terms of a purely spicular model where the additional opacity above 1,000 km was provided by a random and dynamic distribution of spicules. Belkora et al. (1992) noted the close correspondence in height between the 3 mm limb extension and the height of Hα spicules. Ewell et al. (1993) pointed out that extant observations of the chromospheric limb extension was in any case consistent with an effective density scale height of 1,200 km.
ALMA provides the necessary angular resolution and time resolution to map the brightness and kinematics of solar spicules at mm/submm-λ directly. These are important for the same reasons that they are for other problems of chromospheric physics (Section 2): observations at these wavelengths can make rather direct measurements of the temperature of spicules where they are optically thick and they can impose constraints on their densities that are wholly independent of O/UV observations.
As a relatively new capability, however, the number of studies of solar spicules has been small in number and scope. Yokoyama et al. (2018) reported the first observations of solar spicules (Figure 15 left). These were obtained at the southern limb at a wavelength of 3 mm with an angular resolution of 2.56” × 1.6”. These authors noted the presence of “sawtooth” irregularities on the limb and jet-like activity that appeared to correspond well to IRIS “jet clusters”. Interestingly, these limb irregularities seen at 3 mm were well-correlated with absorption observed in the SDO 171Å band; i.e., the EUV emission from plasma at coronal temperatures was absorbed by foreground chromospheric structures (see also Alissandrakis and Valentino, 2019). A dynamic feature rising at 40 km-s−1, showing a brightness excess of just 135 K was determined to have an electron density of 4.6–8.4 × 109 cm−3.
[image: Figure 15]FIGURE 15 | The first ALMA observations of spicules at 100 GHz (3 mm). Images reprocessed by the authors for better visibility. Reproduced from figure 11 of Alissandrakis (2020).
The presence of spicules or groups of spicules was also reported by Nindos et al. (2018), see middle panel of Figure 15, who also detected a discrete structure near the resolution of ALMA extending 15″ above the limb with a life time of [image: image] min and a brightness temperature of [image: image] K; these structures were identical to structures seen in simultaneous Hα images from the GONG network. Shimojo et al. (2020) also reported a dynamic limb feature observed at 3 mm (Figure 15 right) that they interpreted as being a macrospicule. It extended to 15” above the limb with an apparent brightness temperature of 240 K. With a filling factor assumed to be 0.25 the density inferred was [image: image] cm−3.
Clearly, work to date has only scratched the surface. Spicules are at the current limits of ALMA resolution and there are significant technical difficulties associated with the extraction of accurate brightness temperatures as evidenced by the wide range that has been reported so far. The difficulty has been highlighted by Shimojo et al. (2017) who point out that the bright solar limb causes interferometric “overshoot”, strong negative emission that is difficult to remove. Many more observations of spicules are needed in all of the ALMA solar observing bands–from 0.85 to 3 mm–to more comprehensive characterize their temperature, density, and kinematics at these wavelengths as well as their relationship to UV/EUV emission and absorption.
5.3 Visibility of spicules on the disk
Interestingly, no elongated structures in emission or in absorption, reminiscent of spicules appear in Figures 10–12, 14. Elongated structures (Figure 13, left) do appear in the data used by Loukitcheva et al. (2019) (Figure 13, left), but it is not clear if these are spicules or some other kind of loops; still, movies created by the authors from data in the SALSA archive (Henriques et al., 2022) did not reveal any motions reminiscent of expanding spicules. A set of compact loops joining opposite magnetic polarities was reported by Wedemeyer et al. (2020), visible in the ALMA and 171 Å images reproduced in Figure 13, right (upper part of the field of view); the same image shows other elongated structures. We add that Chintzoglou et al. (2021) observed a plage region and reported an evolving elongated structure which they identified as a type II spicule.
Using values of physical parameters (Te, Ne) derived from spicule models in O/UV, it is possible to compute their brightness on the disk at mm-λ. Values from such spicule models were compiled in Table 7 of Alissandrakis et al. (2018). A first look at the table shows that spicules on the disk should appear in emission, since Te values are above the mm-λ Tb. A simple calculation for a 500 km diameter vertical spicule, located 45° from the center of the disk and at a height of [image: image] km (projected distance from the spicule base of 6″) gives, for most models, brightness temperatures of the order of 5,000, 2000 and 1,000 K above the background at 3, 1.26 and 0.86 mm respectively; these values, even if they are corrected for spatial resolution of 1, 2 or 3″, by factors of 0.57, 0.33 and 0.22, respectively, predict that spicules should be prominent on the disk. Still, the “cold model” of Alissandrakis et al. (2018) predicts excess brightness of just 140, 61 and 34 K at the three wavelengths, after correction for instrumental resolution; this would be compatible with the absence of spicules in disk observations. Obviously, we have a lot to learn about spicules from ALMA.
6 SUMMARY AND FUTURE PROSPECTS
Five years after the first public release of the solar commissioning data, ALMA has provided valuable information that has improved our understanding of the quiet Sun. Both low resolution, full disk images and high resolution interferometric imaging have had their contribution to that end.
Full disk ALMA images, of much better quality than any prior single-dish observations, made possible the comparison of the mm-λ emission in three wavelength bands (Band 3, 3 mm, 100 GHz; Band 6, 1.26 mm, 236 GHz and Band 7, 0.86 mm, 347 GHz) with UV and EUV images of the solar atmosphere from the chromosphere to the corona. Practically all known solar features were identified in such images. In particular, the chromospheric network is very prominent in the QS, and comparison with AIA images puts the formation height of the mm emission between that of the 1600 Å and 304 Å AIA bands, thus confirming that the radiation comes from the chromosphere.
Combined measurements of the brightness temperature variation from the center of the solar disk to the limb in all three ALMA bands made possible the computation of the electron temperature as a function of the optical depth and the comparison with classic atmospheric models; the ALMA results were close to model C of Fontenla et al. (1993) and far from the model C7 of Avrett and Loeser (2008). Moreover, the band 7 data showed some flattening at high optical depth, a possible indication of approach to the temperature minimum.
Interferometric ALMA observations have been published mostly for band 3, with few in band 6. The association of the mm emission with the network is confirmed by these observations, while an association with negative broadband Hα images was also detected. As demonstrated in Figure 14 of this review, this is the same as the association of the emission with the Hα linewidth reported previously. This effect could be interpreted either in terms of Hα structures being transparent at mm-λ, in which case ALMA images lower-lying network elements, or in terms of opaque fibrils, directly observed by ALMA. Some cases of low brightness in the center of large supergranules were also reported.
Few ALMA observations are far from the center of the solar disk. These have allowed the measurement of the network/internetwork brightness ratio and its center-to-limb variation. Comparison with classic theoretical models showed that the network is less bright and the internetwork less dark than the model predictions.
There are only three published observations at the limb, at 3 mm, and all show spicular structure, mostly below the image resolution. Excess brightness temperatures in the range of 240–2000 K were reported, but these values probably suffer from the effects of insufficient spatial resolution and/or clustering of many structures.
ALMA is a fast developing instrument and so are the solar observing modes. For the quiet Sun we anticipate exciting new results as the available frequency bands increase, the spatial resolution improves, the pointing accuracy of interferometric observations is getting better, a more precise absolute calibration of full-disk images is achieved and circular polarization measurements are implemented. For details on the associated instrumentation issues we refer the reader to the article by Bastian et al. in this special Research Topic collection.
The availability of more frequency bands is important for all aspects discussed in this review. For solar atmospheric modeling in particular, we stress the importance ef extending to higher frequencies, which will take us closer to the temperature minimum. The extension to lower frequency bands is also important, as this will take us higher in the chromosphere and into the low chromosphere-corona transition region; it will also bridge the gap between ALMA and Nobeyama, as well as RATAN-600 observations. Intermediate bands (4 and 5) are no less important, as they will fill the frequency range between bands 3 and 6; we note that band 5 is already available, but no results have been published yet.
Improved spatial resolution, which can be achieved with more extended array configurations (at the expense of less precise imaging of large-scale structure) and/or at higher frequencies, will give us a more precise view of the fine structure. This will be a great advantage for limb observation of spicules. From brightness measurements at two or more frequencies with sufficient spatial resolution, it will be straight forward to compute their electron temperature and density. The ideal situation would be to have simultaneous multi-frequency observations, but this is not possible with ALMA, at least not until a sub-array observing mode is developed. Under the current situation we have to be content with statistical analyses of images taken at different times. Improved resolution could also give information on whether features on the disk are elongated, as expected in the case of opaque fibrils, or not, as expected in the case of network structures.
The absolute calibration of full-disk images is a rather complicated issue (see White et al., 2017), and problems in bands 6 and 7 have been reported and remedied by Alissandrakis et al. (2020) and Alissandrakis et al. (2022). Thus the need of a better absolute calibration of ALMA full-disk solar observations, using the moon for example, is imperative.
The pointing of interferometric solar ALMA images has a number of problems, discussed in the Bastian et al. article of this collection. A precise pointing, of the order of 1″ or better, is important for 1) accurate measurement of position of the limb and of the solar radius and 2) measurement of the shift of ALMA images with respect to images in other wavelengths and magnetograms, that will make possible to compute the height of the mm-λ emission, as was done by Alissandrakis (2019) for UV/EUV wavelengths.
Circular polarization measurements are of primary interest for regions with high magnetic field, such as sunspots, but the signal might be too low to measure in the quiet Sun. Bogod et al. (2015) reported values of the magnetic field in the range of 40–200 G in the cm-λ range for the QS, from observations with RATAN-600, which would give a polarization degree in the range of 0.22–1.1% at 3 mm. Even if this is not measurable, we will have an upper limit.
Solar ALMA work has greatly benefited from the synergy with ground and space based instruments operating in other wavelengths, such as AIA and HMI on SDO, IRIS, IBIS on the Dunn Solar Telescope and the Goode Solar Telescope (GST). As the ALMA resolution improves, this synergy will be enhanced in the near future with next-generation instruments coming online, such as the Daniel K. Inouye Solar Telescope (DKIST). It is therefore very important to plan coordinated observing campaigns.
Last but not least, the interferometric observations published so far have provided images with a small field of view and in regions mostly near the disk center; we thus lack a global view of what the mm-λ Sun looks like at high resolution. Mosaicking of the full Sun is out of question, but some large fov mosaics could be done, at the expanse of time resolution; in fact, no large mosaics have been attempted since the commissioning observations (Figure 10).
The remedy is one and only: more and more solar observations with ALMA.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
RB acknowledges the support by the Croatian Science Foundation under the project 7549 “Millimeter and sub-millimeter observations of the solar chromosphere with ALMA” and by the EU Horizon 2020 project SOLARNET (824135, 2019-2023).
ACKNOWLEDGMENTS
The authors thank Prof. Rob Rutten for long and interesting discussions. While this article was in the proof correction stage, Rob passed away at the age of 80. This article is dedicated to his memory. This work makes use of the following ALMA data: ADS/JAO.ALMA.2011.0.00020.SV, ADS/JAO.ALMA2016.1.00202.S and ADS/JAO.ALMA2016.1.00788.S. ALMA is a partnership of ESO (representing its member states), NSF (USA) and NINS (Japan), together with NRC (Canada), MOST and ASIAA (Taiwan), and KASI (Republic of Korea), in cooperation with the Republic of Chile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ. We also used images from AIA/SDO and HMI/SDO and we are grateful to all those that operate these instruments and make their data available to the community. Finally, we thank the authors of Kobelski et al. (2022) for making their data public. The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
FOOTNOTES
1This comparison is often made in terms of the plasma parameter β, which is the ratio of the gas pressure to the magnetic pressure.
2Some authors use the term fibrils instead of mottles; however, classically, fibrils are elongated structures seen in active regions where the magnetic field has a strong horizontal component.
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Comparisons between the Atacama Large Millimeter/sub-millimeter Array (ALMA) 3 mm emission and a range of optical and UV solar observations have found the strongest correspondence between the width of the hydrogen alpha line at 656.3 nm and the 3 mm brightness temperature. Previous studies on the oscillatory power of p-modes using ALMA Band 3 and Band 6 data in the 3–5 min period bandpass have found a confusing mix of results, with many reporting a complete lack of the p-mode enhancement typically found in other chromospheric observables. We study these issues using an extensive, publicly available coordinated data set targeting a region of weak network flux near disk center at time SOL 2017-03-17T15:42-16:45. We focus on the Interferometric Bidimensional Spectropolarimeter (IBIS) H-alpha and ALMA 3 mm data series. We confirm the strong correlation between the H-alpha line width and the 3 mm brightness temperature, but find a bimodal relation between the two diagnostics, with a shallower slope of 7.4e-5 Å/K in cooler regions and steeper slope of 1.2e-4 Å/K in hotter regions. The origin of the bimodal distribution is unknown, but does hold for the duration of the observations. Both slopes are steeper than a previously reported value, but this is likely due to systematic differences in the analysis. We then calculate the oscillatory power in the H-alpha and 3 mm data. The IBIS data clearly show the p-mode oscillations in spatially averaged power spectra while the ALMA data do not. However, when we remove IBIS data at times corresponding to the ALMA calibration windows, the spatially averaged power spectra for the two data series are nearly identical, with a Pearson correlation coefficient of 0.9895. Further, the power in the two bands remains strongly correlated when the spatial information is retained but the power is integrated over different temporal frequency bands. We therefore argue that the lack of observed p-modes in the ALMA data may be predominantly due to spectral windowing induced by the timing and duration of the calibration observations. Finally, we find that spatial maps of oscillatory power at 3 mm display the pattern of magnetic shadows and halos typically displayed by other chromospheric diagnostics.
Keywords: solar chromosphere, solar oscillations, solar physics, solar radio astronomy, solar activity, solar magnetic activity, chromospheric activity, ALMA band 3
1 INTRODUCTION
The solar chromosphere is a richly structured and dynamic plasma environment typified by increasing temperature, decreasing density, and the rapid transition of numerous plasma properties with height, such as ionization fraction (towards more highly ionized states) or the ratio of thermal to magnetic energy (towards magnetic dominance) (Bray and Loughhead, 1974; Leake et al., 2014). The chromosphere acts as a conduit for energy to propagate from the mechanical reservoir of the upper convection zone into the corona where it can heat the coronal plasma, accelerate the solar wind, and power flares and eruptions. Determining how the chromosphere is structured is a critical task towards identifying which energy transfer mechanisms are dominant in each type of solar environment—quiet Sun, plage, within coronal holes, at the center of sunspots, etc.—and how they evolve over time. Given the rapid transitions within the chromosphere, multiple radiative diagnostics that are sensitive to different properties of the plasma must be observed at the same time and understood as a whole in order to reconstruct the chromospheric structure.
A longstanding question in solar physics is the nature of chromospheric oscillations and their relative importance for the propagation of energy between the photosphere and the corona (see review by Khomenko and Calvo Santamaria (2013) and references therein). Observations at millimeter wavelengths provide a rather direct measurement of the chromospheric electron temperature and are therefore an important diagnostic of these oscillations (Loukitcheva et al., 2006) especially when obtained with the good spatial and temporal resolution provided by the Atacama Large Millimeter/sub-millimeter Array [ALMA; (Wootten and Thompson, 2009; Hills et al., 2010)]. However, reports of oscillations in the ALMA data sets have so far been rather mixed.
Jafarzadeh et al. (2021) presented results from a wide variety of solar data sets and features observed with Band 3 and Band 6 data during the ALMA Cycle 4 solar campaign. They found evidence what is expected to be nearly ubiquitous enhancement in oscillatory power in 3–5 mHz p-mode range typically found in chromospheric diagnostics (5 and 3 min periodicity, respectively) in just two of the ten data sets they analyzed. The two sets of observations that did contain evidence of chromospheric oscillations were studied in more detail in Nindos et al. (2021), who did detect p-mode power in both Band 3 and Band 6 ALMA data.
Patsourakos et al. (2020) found oscillatory power at p-mode frequencies in their Band 3 quiet Sun observations at multiple heliographic angles in a center-to-limb study. However, when looking for spatial coherence in the oscillatory power, they found no coherence at scales above the ALMA spatial resolution, and reported no correlation with the underlying pattern of either brightness structure or network/internetwork regions. They also reported that frequency-integrated maps of the power spectra in select bands did not reveal the power-shadow or -halo features typically found in photospheric and chromospheric diagnostics (Braun et al., 1992; Brown et al., 1992; Vecchio et al., 2007).
Narang et al. (2022) calculated the oscillatory power in a region of plage using ALMA Band 6 observations, which correspond to lower heights and cooler temperatures relative to Band 3, although there can be significant overlap between the contribution functions for the two channels (Wedemeyer et al., 2016). They investigated the spatially averaged power over the ALMA field of view as well as the spatial distribution of frequency-integrated power in different temporal frequency ranges. Similar to most of the data series analyzed by Jafarzadeh et al. (2021), these authors did not find significant power in the p-mode band of 3–5 min periods. They also did not find any strong correlations between the spatial distribution of oscillatory power in the ALMA data compared to transition region and coronal data sets from the Interface Region Imaging Spectrograph (IRIS) and the Atmospheric Imaging Assembly (AIA) on the Solar Dynamics Observatory (SDO).
Molnar et al. (2021) reported somewhat similar results to the above for power spectra of the Band 3 observations of a region of network flux near an active region. Their plots of the spatially averaged power spectra (e.g., their Figure 14) do not show any prominent peak at p-mode frequencies. They do, however, report fairly strong spatial variations in the power spectra that correlate with different temperature regimes, and all have the same power law trend. They also find several power enhancements above the power law trend in specific bands at higher frequencies, from 10 to 50 mHz.
Chai et al. (2022) found very clear indications of power at 5 mHz in a sunspot umbra with their ALMA Band 3 observations. These oscillations showed good correspondence with simultaneous velocity proxies in the Hα line. At higher frequencies, umbral and penumbral regions had essential the same spectrum. Their quiet Sun regions did not show any prominent enhancement in the 3–5 mHz range, but did show some excess power around 30 mHz, perhaps similar to the findings of Molnar et al. (2021).
Nindos et al. (2021) included an appendix considering the effect of observation duration and calibration windows on the measured power spectrum. Using a monochromatic source as an example, they found that the windowing effect for their ALMA cycle 4 observations did not reduce the spectral width of the recovered source (which is due to finite frequency resolution), but did reduce the peak power as well as modify the side-lobe size and pattern. We will use a multi-instrument data set to study the effect temporal sampling and calibration windows of the computed power spectrum in more detail.
We present here analysis of a combined data set described in Kobelski et al. (2022) that includes 3 mm (or 100 GHz; Band 3) interferometric observations from the ALMA, sensitive to the chromospheric temperature, and spectral-imaging observations of the hydrogen Hα line at 656.3 nm from the Interferometric Bidimensional Spectropolarimeter [IBIS; (Cavallini, 2006)]; at the Dunn Solar Telescope. The combined data set covers [image: image] of observations of a small, bipolar region of network flux located near disk center on 2017-03-21. The millimeter radiation provides a direct measure of the electron temperature in the chromosphere, but exactly where the emission forms, how it varies based on dynamic phenomena or on the surrounding magnetic structure, and how it relates to other diagnostics is still under investigation (Alissandrakis et al., 2020; Wedemeyer et al., 2020; Narang et al., 2022).
Our aim in this paper is to explore spatial and dynamic correlations in our observations of network magnetic fields. Molnar et al. (2019) found a strong positive correlation between the ALMA 3 mm brightness temperature and the Hα line width in an area of network flux near an active region. A linear fit to the trend gave a slope of 6.12 × 10−5 Å/K. Kobelski et al. (2022) confirmed this strong correlation between the two quantities for a region of weakly enhanced network magnetic field in the quiet Sun. They reported a steeper slope of 1.1 × 10−4 Å/K over a narrower range of observed temperatures, due to their more quiet target region. They also used a slightly different definition of the line width compared to Molnar et al. (2019), which affects the value of slope but not the goodness of fit. In any case, the correspondence between the 3 mm brightness temperature and the width of the Hα line is striking, to the extent that the two observables, when sampled at the same spatial scale, cannot readily be distinguished.
By comparing the power spectra derived from the Hα line width to those derived from the 3 mm data, we argue in this paper that the lack of detected p-modes in the ALMA data in previous studies may be an effect of the windowing due to the timing of calibration data acquisition.
In Section 2 we describe the observations used in the analysis. In Section 3 we describe how we prepped the original data, specifically how we characterised the Hα data for use in later analyses. In Section 4 we discuss properties of the joint distribution of the Hα and 3 mm data series. In Section 5 we discuss aspects of each time series of data in terms of the average power spectra and spatial distribution of oscillatory power. We briefly discuss the results in Section 6 and finally conclude in Section 7.
2 OBSERVATIONS
The present work uses two data series taken from the more extensive coordinated data set described in Kobelski et al.(2022) 1. The full data set includes coordinated observations between ALMA and multiple instruments at each of the Dunn Solar Telescope (DST), IRIS, Hinode spacecraft, and SDO facilites; the Nuclear Spectroscopic Telescope Array (NuSTAR) also observed the same solar target within several hours of our observations. The calibration of each data series, the coalignment of all series to each other, and the solar target are fully described in that paper, so here we only provide a short overview of the details relevant to the present work. Kobelski et al. (2022) have made the full data set publicly available at https://share.nso.edu/shared/dkist/ltarr/kolsch/.
ALMA was operated in configuration C43-1 and observations were taken using Band 3, with a central frequency of 100 GHz (3 mm wavelength) and a bandwidth of 18 GHz. With this configuration and frequency, ALMA’s spatial resolution is approximately 3″ on the sky, though the beam shape is elliptic. The data series was self-calibrated using the CLEAN algorithm and produced output at a 2 s cadence, or 1,515 spatial maps of the relative brightness temperature ΔTB over the entire time series. The time series includes five [image: image] minute acquisitions, each separated by 3 min of calibration data. Given the quiet Sun target and its proximity to disk center, we use the mean temperature of 7300 K reported in White et al. (2017) for quiet Sun disk center ALMA 100 GHz observations to define the zero point of these observations, i.e., TB = ΔTB+7300 K. The details of the ALMA data set are described further in Kobelski et al. (2022). The spatial maps show features over approximately a 60″ diameter field of view, see Figure 1A. We note, however, that the spatial reconstruction of this interferometric data does not produce a hard cutoff in the field of view. Comparison to the Hα data carried out in §3 does show well-correlated variations out to the edge of the IBIS field of view, which does have a hard cutoff due to the circular field stop. With this in mind, care must be taken when comparing the two data series.
[image: Figure 1]FIGURE 1 | (A) ALMA Band 3 brightness temperature relative to the mean temperature, (B) intensity in the IBIS Hα blue wing at 656.19 nm, and (C) intensity near the Hα line core at 656.27 nm. In all three panels the red and blue contours mark the ± 50 Gauss line of sight magnetic field measured by HMI.
The dual Fabry-Pérot based IBIS instrument was used to scan the Hα line at 656.3 nm repeatedly, executing 1,800 scans during the observations. Each scan consisted of 26 unequally spaced wavelength positions, using tighter sampling in the line core of [image: image] and [image: image] in the line wing, and covering a total of ± 2 Å about line center. At each wavelength scan step, IBIS imaged a 2D spatial field of view 90″ in diameter. Each step in the spectral scan lasted .167 s, giving a total cadence of 4.3 s for a single complete scan of the spectral line; i.e., all 26 spectral points over the spatial field of view.
Our primary focus is on the [image: image] of observations with Band 3 of ALMA, which has a central frequency of 100 GHz or 3 mm in wavelength, and the spatially- and temporally-overlapping imaging-spectroscopic observations of the 656.3 nm Hα line that last [image: image] in total and completely overlap the ALMA observations. The target was a small, bipolar patch of enhanced network magnetic flux approximately (−60″, −50″) from disk center, observed on 21 March 2017. Figure 1 presents an overview of the region and our observations. Panel (a) shows the ALMA ΔTB. Panels (b) and (c) show intensity maps from two of the twenty six positions of the IBIS spectral scan, in the blue wing (656.19 nm) and near the center (656.27 nm) of the Hα line, respectively. The red and blue lines in every panel respectively mark the −50 and +50 Gauss contours of the line of sight magnetic field measured by HMI and pulled from the hmi.M_720s data series. The dark filament that can be seen in the Hα core lies along the polarity inversion line of the small bipole near the center of the IBIS field of view. The filament varies in extent and intensity, persists throughout the observation, and occasionally shows very strong signals in the blue wing around −.8 Å from the line core. Those dynamics will be considered in a separate work.
The magnetic flux in this area was likely associated with the decay of NOAA Active Region 12639 although by the time of our observations it had essentially merged with the background network. In fact, it had decayed substantially since being observed by another group in the ALMA Cycle-4 campaign (Shimizu et al., 2021) 2 days prior to our own observations, a happy coincidence that could be exploited in future studies. While decaying, Kuhar et al. (2018) were able to detect microflaring from this particular region a few hours after our observing window using X-ray data from NuSTAR with a total thermal energy of order a few × 1026 erg. Given their complex spatial and temporal morphology, and the ratio of thermal to non-thermal emission allowed by NuSTAR’s sensitivities, these authors conclude that the impulsive events in this region classify as (small) quiet Sun microflares, but not the elementary heating events proposed by Parker (1988).
For use in later analyses we define the set of ALMA times as {tA} and the set of IBIS times as {tI}, where times are defined at the center of the integration for ALMA and at the center of each spectral scan for IBIS. These sets exclude “bad” data frames during the calibration windows (ALMA) and periods of bad seeing (IBIS). We then define their set intersection as {tO} = {tA}⋂{tI}, where the new, “overlapping” set is defined as the set of all closest-in-time pairs (one ALMA, one IBIS) with no repeated times from either data series.
To elaborate further, the ALMA data have a nominal cadence of 2 s, but approximately every 10 min it has an approximately 3 min data gap due to the calibration window. The IBIS data have a nominal cadence of approximately 4.3 s, but have occasional spans of bad data that we do not use due to poor seeing. We wish to pair up elements from each data series. The goal of this task is not to temporally co-align the two data series (for that purpose we would simply interpolate the data), but instead to generate data series with similar characteristics in terms of duration and sampling, from which we may calculate the temporal power spectrum of each series and understand the effect of sampling on these calculated spectra by comparing them to the power spectra calculated from each of the full time series. To achieve the best statistics, we wish to use the maximum number of samples from each data series without using any sample twice. In a very rough sense, this means that every other sample from the ALMA time series will be paired with one IBIS sample. But because the two cadences are not related by an integer multiple, and because there are (independent) data gaps present in each data series, the actual pairing is more erratic. Given the ratio in sampling between the two data series, roughly every 8–10 IBIS timesteps an additional ALMA timestep is skipped, but this is of course modified any time there is missing data from either time series.
The final result of the set intersection produces 685 pairs of samples from the ALMA and IBIS time series, with a (very roughly) 4 s cadence. We do not enforce a maximum allowed time difference between any pair of elements in {tO}. The largest temporal offset between any pair of ALMA-IBIS samples is 1.7 s, eight pairs have Δt > 1 s, and the remaining 677 pairs are essentially evenly distributed between 0 < Δt < 1 s in 0.2 s bins.
3 HΑ LINE WIDTH MEASUREMENTS
Following in the footsteps of Molnar et al. (2019) who found the remarkable relation between the width of the Hα line and the 3 mm brightness temperature, we begin by characterizing the Hα line in terms of the minimum intensity, center wavelength (i.e., Doppler velocity), and spectral width.
We characterize the line independently at each spatial location and each time in the data series using the method described in Kobelski et al. (2022)§4.2, which in turn is based on Cauzzi et al. (2009); Figure 2 shows the various steps in the process where the final result, the line width, is indicated by the red dashed line. The method is, in effect, a version of the full width at half max, but modified to isolate only the chromospheric portion of the line profile around the line core. First, we construct a spline-interpolated model (green dashed line) of the measured line profile (blue “+” symbols and straight lines). We define the center wavelength as the center of the best-fit Gaussian (orange) to the central 12 measured points. The intensity minimum (red cross; Imin) is the value of the spline model at the center wavelength. Next we define an upper threshold as the average intensity at ± .75 Å from the line center (marked by the green and purple dots) using the spline model. The intensity midpoint between the upper threshold and the minimum is marked in each wing of the line by the red stars. The final width δλ is the distance between them calculated using the spline model, shown as the red dashed line.
[image: Figure 2]FIGURE 2 | Example calculation of the Hα line width. The x-axis is wavelength in Å from the nominal line core, while the y-axis is the profile intensity, normalized to the maximum of the average profile over the whole sample. This figure is reproduced from Kobelski et al. (2022) by permission of the AAS.
We use ± .75 Å to define the upper intensity threshold in order to avoid the influence of a telluric H2O line at +1.5 Å relative to Hα. In contrast, Molnar et al. (2019) used ± 1.0 Å as their upper bound, as their data were obtained under drier atmospheric conditions at the DST and do not appear to suffer from telluric H2O contamination. The clean signal they obtained throughout the entire line allowed those authors to vary the parameters defining the line width and test the resulting correlation between the width and the ALMA brightness temperature. They found that, while the slope of a linear fit between δλ and TB varied depending the parameters, the correlation coefficient was relatively similar. We address this point further in the discussion in §6.
Figure 3 presents an overview of the data analyzed at a single time, 15:42:12 UT. In the top row we plot (a) a spatial map of the ALMA Band 3 relative brightness temperature ΔTB and b) the calculated IBIS Hα line width δλ at full IBIS resolution. In panel (c) we show a map of the line width after being convolved with a 2D Gaussian (described next) and interpolated to the locations of the ALMA pixel centers. Panel (d) shows the line-of-sight Doppler velocity of the Hα line at full IBIS resolution. Contours of both data sets are shown in Panel (c) [see labels in Panel (a)] and provide a by-eye demonstration of the good correlation between ΔTB and δλ. An animation of these four panels for the 685 time steps in tO is available in the online material. Panel (e) shows the joint distribution of TB and δλ calculated using only pixels within the red circle from panels (a) and (c), or 2,813 pixels for this single time. This 45″ diameter circle marks the conservatively-defined overlapping FOV for the two instruments, as described below.
[image: Figure 3]FIGURE 3 | Overview of the primary data series used for this study: (A) ALMA Band 3 relative brightness temperature ΔTB; (B) full resolution IBIS Hα line width; (C) convolved and spatially down-sampled line width; (D) full resolution Hα Doppler velocity; and (E) the joint probability distribution of brightness temperature and the line width within the 45″ diameter red circle, which is a conservative estimate of the overlapping FOV. (C) shows contours of the ALMA 7300 K level (orange) and IBIS 1 Å line width level (dark red). An animation based on (A–D) is included in the online material.
We now discuss our methodology for spatially smoothing and interpolating the IBIS data to best match the ALMA data. In general, the ALMA spatial resolution pattern is returned by the CLEAN algorithm as a best-fit ellipse to the primary beam. An equivalent circular Gaussian resolution element can be defined by [image: image] where bmin and bmax are the major and minor radii of the ALMA beam projected onto the sky. The beam shape changes over the course of our observations at the 2% level, with maximum, minimum, and median values of the Gaussian FWHM of 3.28″, 3.21″, and 3.236″, respectively.
Instead of using the reported ALMA beam parameters we empirically determine the circular Gaussian kernel that minimizes the RMS difference between the convolved and interpolated IBIS Hα line widths and the ALMA brightness temperature maps. The minimization is performed independently at each time in the overlapping set {tO} and then averaged over the time series to produce a final convolution kernel with standard deviation of 1.28″, or a FWHM of 3.03′′. This is comparable to the ALMA beam size determined by CLEAN. As a side effect, during the minimization process we found an additional spatial offset of (1.65″, .22″) between the IBIS and ALMA data series that exists in the Kobelski et al. (2022) data set. The additional offset has been included in all of the present work. We stress that a single spatial offset is applied to the entire self-aligned data series, as opposed to a different offset being applied to each time step; the latter would bias our results. After convolution we interpolate (and therefore down sample) the IBIS data to the same spatial locations as the ALMA pixel centers. The excellent correlation between the ALMA brightness temperature and the Hα line width, together with the higher spatial resolution and the long-duration and uninterrupted nature of IBIS data series, allow us to study the effects of the spatial and temporal features of the ALMA Band 3 data.
4 JOINT DISTRIBUTION
Figure 4 shows the joint distribution between the relative brightness temperature ΔTB, the convolved and interpolated Hα line width, and the convolved and interpolated Doppler velocity for all times in the set {tO}. The figure was created with the corner. py python module (Foreman-Mackey, 2016), which produces a rasterized histogram with contours in equal steps of quintiles (20% of the data) in the high-density regions of the distribution function, and individual clouds of points in the lowest (outer) regions with the final 20% of the data. The distribution is generated from all pixels within a 30 pixel (22.5″) radius of the ALMA beam center. We used this rather conservative definition of the cospatial field of view between the instruments in order to avoid oversampling outer regions of the reconstructed ALMA images where the contrast diminishes, and also avoid potential issues at the edges of the IBIS field of view discussed below. This reduced field of view still retains enough pixels, [image: image] million throughout the overlapping 685 time steps in the set {tO}, to give good statistical weight to our results. Panels (a), (c), and (f) show the 1D distributions of ΔTB, δλ, and vdop, respectively. Panel (b) shows the joint distribution for (ΔTB, δλ), Panel (d) for (ΔTB, vdop), and Panel (e) for (δλ, vdop).
[image: Figure 4]FIGURE 4 | 1D distribution for the relative Band 3 brightness temperature (A), Hα line width (C), and Hα Doppler velocity (F), and the 2D joint distributions for (ΔTB, δλ) (B) (ΔTB, vdop) (D), and (δλ, vdop) (E), generated from pixels within a 22.5″ radius from the ALMA beam center. The distributions contain a total of 1.92 × 106 pixels over the 685 joint time steps {tO}. The contours in the joint distributions mark the 20% quintiles, e.g., 20% of the data is between each contour, and the remaining 20% (or 3.8 × 105 pixels) are in the outer cloud of individual points. The blue (yellow) dashed lines show fits to the cores of the cooler (hotter) regions. The zero point of the ALMA temperature scale is the average over the data and should be close to the value of 7300 K reported by White et al. (2017).
The joint distribution between the Hα line width and the 3 mm brightness temperature in Figure 4B shows a bimodal distribution, with a low-TB, low-δλ cluster and a high-TB, high-δλ cluster. The two lobes show different linear trends but have large scatter. We estimated the linear trend of each lobe using the central moment of each distribution core, defined as the inner 20% of the data. This definition primarily excluded the broad, high temperature spread of points in the upper right of the distribution, and the resulting fits should be treated as “by eye.” The lower temperature, narrower line width region has a shallower slope of 7.4 × 10–5 Å/K (blue line in the figure), and the higher temperature, larger line width region has a steeper slope of 1.2 × 10–4 Å/K (yellow line). The hotter regions are typically cospatial with the underlying strong magnetic field concentrations (see Figure 1). Looking at the animations of Figure 3 it is clear that the collection of high temperature and broad line width points in the upper right are associated with short-lived dynamic events. A single linear fit to all the data gives a slope of 9.4 × 10–5 Å/K.
The two lobes in the full joint distribution which were used for the low temperature and high temperature fits in Figure 4 are barely discernible in the joint distribution for individual times, making instantaneous fits unreliable. Given the spread in slopes for the high-T, low-T, and full fits, a reasonable estimate for the uncertainty is simply ± 2 × 10−5 Å/K. The variation of 2 × 10–5 is consistent with the spread in slopes determined using a single linear fit to the joint distribution at individual times (e.g., without trying to separate into hotter and cooler distributions). On the other hand, the fitted slope at any given individual time has a 95% confidence level of ≈ ± .15 × 10−5 Å/K, so the time variation of the determined slope has much more variation than allowed by the fit to the slope at any particular time. The variation in slope seems to be due to a combination of dynamic events and the relative distribution of hotter versus cooler regions in the small, cospatial FOV; see the animation of Figure 1 and discussion below.
We generated multiple similar distributions by varying the radius that defines the overlapping field of view for the two data series. As we mentioned in the introduction, ALMA’s spatial sensitivity gradually reduces away from the beam center. This causes a reduction in the contrast of TB with respect to the center of the field of view, in addition to smoothing of the spatial features. For the IBIS data, the variable seeing conditions at the DST during our observations caused the field of view to occasionally shift. Although we corrected these shifts post facto during the self-alignment of the IBIS data (17, §2.5.1), they still make the edges of the nominal field of view subject to intermittent data loss2. Using a safely smaller field of view, centered on the ALMA beam center, mitigates both of these issues but limits the range of solar features being sampled and consequently can alter the properties of the measured distribution.
In our case, the ALMA FOV is fairly well centered near the north end of the negative polarity on the western side of the underlying magnetic bipole, as seen in Figure 1A, so the area closest to the beam center is slightly biased towards higher temperatures. Immediately north of the beam center is the large, somewhat “W”-shaped region that has the lowest values of temperature, magnetic flux, and line width. The regions of more moderate temperature and line width, with reduced physical contrast, are in fact further out from the ALMA beam center, in the region of reduced instrumental sensitivity. As we increase the area used to generate the distribution, the bimodal lobes in Figure 4B tend to fill in towards each other. The same two-slope character remains, but the “knee” on the bottom side of the distribution becomes even more prominent at the intersection of the two lobes around (−100 K, .95 Å). Note that unlike the ALMA data, there is no a priori reason for the IBIS data to trend toward the mean at the edge of the field of view.
In summary, our choice of a 45″ diameter circle to define the cospatial FOV, indicated by the red circle in Figure 3, is our attempt to balance these two competing forms of bias (effects at the edge of the field of view versus uneven sampling of solar features). The most important point is that the main features of the joint distribution (TB, δλ) in Figure 4B are essentially unchanged regardless of our chosen field of view, even though the individual underlying 1D distributions can change appreciably: for instance, which peak dominates the Hα line width distribution (.9 Å or 1.05 Å) in panel (c) varies with the FOV as it covers more or less of one of the features. We thus conclude that the bimodal distribution with two different slopes is a real feature of the data, although we are not certain what physical effect would cause it, or if it could be due to some other unknown systematic error.
The joint distributions involving the Doppler velocity also show a change in behavior for the cooler regions versus the hotter regions, Figure 4 Panels (d) and (e). The joint distribution of ALMA with the IBIS Doppler velocity shows essentially no trend below the median ALMA temperature at ΔTB = 0 and a positive trend above that (Panel d). This same behavior is found in the joint distribution of the IBIS line width and Doppler velocity using only the IBIS data (Panel e), which again gives us confidence that the trend is physical. This may be a signature of hot upflows surrounding magnetic concentrations, possibly with dynamic counterparts, but those details will need to be investigated in a subsequent work.
5 TIME SERIES ANALYSIS
The IBIS Hα line width data series, with its longer baseline and more continuous coverage, provides a useful reference for understanding the characteristics of the power spectrum of the ALMA 3 mm brightness temperature fluctuations. The ALMA and IBIS data series each have non-uniform temporal sampling due to the intermittent calibration observations (ALMA) and occasional bad atmospheric conditions (IBIS). Both constitute missing data in what are otherwise quite regularly sampled time series, but the character of the missing data is very different between the two data series. For IBIS, the data have short pauses with essentially random spacing and duration, whereas the calibration sequences for ALMA are extensive (3 min) and regular (every 10 min). The latter produces especially strong windowing effects that can significantly affect the interpretation of power spectra generated from the data (VanderPlas, 2018). We therefore used the method of Lomb (1976) and Scargle (1982) as implemented in the astropy. LombScargle package and described in (VanderPlas et al., 2012; VanderPlas and Ivezić, 2015) to estimate the power spectral density (PSD) of each data series. We calculated the power spectra using the same range of frequencies and spectral bins for all data series, but have verified that this produced identical power spectra to the case of letting the software package algorithmically determine the optimal set of bins.
The astropy package allows for several different normalizations of the PSD. We used the default normalization which, for a time series s(t) sampled at N times {tn}, calculates the power spectrum normalized to the total power of the mean subtracted time series:
[image: image]
[image: image]
is the mean squared deviation, sn = s (tn), and χ2(f) is the goodness-of-fit of the least-squares fit of a sinusoidal model to the measured data at a given frequency, i.e.
[image: image]
The standard Lomb-Scargle power spectrum given in Eq. 1 is normalized to the total power in a measured (and mean-subtracted) time series, [image: image] which makes it a measure of the relative distribution of power over frequency for a given time series (a single spatial location in the ΔTB, δλ, or vdop data series). At a given frequency 0 ≤ PSD(f) ≤ 1, where 0 would mean that the best-fit model has zero amplitude (a = b = 0), and 1 would mean that the entire time series is perfectly fit by a single frequency sinusoid f. For evenly sampled data, the Lomb-Scargle spectrum is related to the Fourier spectrum by
[image: image]
where [image: image] are the typical Fourier frequencies. In this section Figure 5 displays total power in physical units and all the remaining figures use the arbitrary Lomb-Scargle normalized units (ADU).
[image: Figure 5]FIGURE 5 | Total time-averaged power maps for different data series: (A) δλ, (B) vdop, (C) ΔTB, each calculated over the respective time series {tI} and {tA}. (D) and (E) repeat the first two panels for the IBIS data, but use the down sampled, overlap time series {tO}. The spatially averaged total power is given for each data series in the lower right panel.
In Section 5.1, we calculate the spatially averaged power spectra for each data series and compare how temporally downsampling the sets {tA} and {tI} to the set {tO} affects the average power spectra. This analysis provides evidence that at least some of the previously reported lack of oscillatory power in the 3–5 min period range for the 3 mm observations (Jafarzadeh et al., 2021) may be an artifact of the calibration sequences.
We then consider the spatial distribution of oscillatory power computed for each of data series in Section 5.1. Here we see the spatial patterns typically found in other, similar chromospheric data sets. By using temporal and spatial downsampling of the Hα we confirm that the spatial variations in power the ALMA brightness temperature fluctuations follow those for the Hα line width, which provides further evidence that the calibration windows are masking the detection of p-mode power in the ALMA data.
5.1 Spatially averaged power spectra
Figure 5 shows spatial maps of the temporally averaged total fluctuation power for the various data sets in physical units, e.g., [image: image] from Eq. 2 evaluated at spatial location (x, y). Panel (a) shows the power in the line width fluctuations, b) in the Doppler velocity, and c) in the brightness temperature, calculated using the full temporal set for each variable ({tI} for IBIS and {tA} for ALMA). Panels (d) and (e) show the average power for the line width and Doppler data using the reduced time series {tO}. The spatial average over the FOV for each map is given in the lower right panel of the figure; RMS variations can be obtained by taking the square root of the provided values.
The primary effect of temporally down sampling the IBIS data from {tI} to {tO} is the introduction of the [image: image] min ALMA calibration windows into the IBIS time series. Comparing panels (a) and (d) to (b) and (e), this down sampling appears to have a greater effect on the calculation of power in fluctuations of the line width than for the Doppler velocity. This is borne out by comparing the spatially averaged power in each case, which is reduced by 25% for the former but only 11% for the latter. The power in the ALMA brightness temperature fluctuations bears some resemblance to that of the line width data, particularly the “W” shaped suppressed power near the center of network cell around (−75″, −30″), and some of the brightest kernels in the ALMA data, but the correspondence is not particularly striking.
We next calculated the power spectral density for each of the data series described in Sections 2 and Sections3, i.e., the full resolution ALMA and IBIS data series as well as the temporally and/or spatially down sampled versions of each. We are not concerned with the joint distribution here, so the individual field of view for each instrument was used, as opposed to the 45″ common field of view considered in Section 4. As described by Eq. 1, the power spectrum of a single signal (i.e., a single spatial location) is normalized to its total power. The power spectra at different spatial locations can then be ensemble averaged to determine the relative distribution of power across all frequencies.
Figure 6 shows the spatially averaged power spectral density of the ALMA 3 mm brightness temperature using four different ways of spatially or temporally downsampling the data. The blue curve shows the power spectrum computed using the full temporal cadence {tA} and a 67″ diameter FOV about the beam center. The orange curve is the PSD for the full temporal cadence averaged over a 45″ FOV. The green curve is the PSD calculated with the reduced cadence overlapping time series {tO} and averaged over the 67″ FOV. Finally, the gray curve uses the overlapping set {tO} and smaller FOV.
[image: Figure 6]FIGURE 6 | Spatially averaged power spectra for different sub-samples of data series. ALMA temperature, large 67″ FOV (blue); ALMA temperature, small 45″ FOV (orange); ALMA temperature large FOV, {tO} (green); ALMA temperature small FOV, {tO} (grey).
The power spectra are essentially identical for all cases below about 10 mHz and show an apparent spectral break around 5 mHz, from a shallower to steeper slope. The larger FOV has slightly more power relative to the smaller FOV at high frequencies, above [image: image]. The temporal down sampling has a more dramatic effect, increasing the white-noise floor above about 40 mHz and producing a conspicuous bump at 30 mHz. A similar bump at 30 mHz appears to be present in Figure 5D of Chai et al. (2022), which shows power spectra for ALMA in quiet Sun regions. Finally, we note that the strong deviations from the trend at low frequencies, near 1.5 mHz and 2.5 mHz, are artifacts of the time series window function (see VanderPlas (2018)).
In Figure 7 we repeat the analysis of Figure 6 for the IBIS Hα line width data with the original resolution and several down sampled versions. The power spectrum for the temporal down sampled ALMA data from Figure 6 (green curve) is included for context. The black curve is calculated using the IBIS data at full spatial and temporal resolution, the red curve uses the convolved and spatially down sampled IBIS data, and the translucent purple curve uses the spatially and temporally down sampled IBIS data, i.e., IBIS sampled at the ALMA spatial resolution and in the set {tO}. Here we see that spatially down sampling has little effect on the power derived from the line width data while temporally down sampling the IBIS data to include the ALMA calibration windows results in power spectral density curves that lie nearly on top of each other. To quantify the above statement, the Pearson correlation coefficient between the temporally-and-spatially down sampled IBIS data and the temporally down sampled ALMA data, i.e., what should be the two most similar data sets, is .9895. For comparison, the correlation coefficient for the full resolution version for each curve (blue line from Figure 6 to black line from Figure 7) is .9731, and the full ALMA series (blue) to spatially reduced IBIS (red) is .9464.
[image: Figure 7]FIGURE 7 | Spatially averaged power spectra for different sub-samples of data series. All IBIS line width data (black); spatially down sampled IBIS line width (red); spatially and temporally down sampled IBIS line width (purple); ALMA temporally down sampled temperature 67″ FOV (green).
The relative offset between the full temporal IBIS power curve (black or red) and the temporally down sampled power (purple) is due to the standard Lomb-Scargle normalization, which does not include a factor for the number of sampled times N. If present, this factor would differ between the two time series by the ratio of the elements in the set {tI} versus {tO} (that is, 1787 to 685, or roughly 2.6:1), and be uniformly applied over all frequencies, thus producing a constant offset in the log-scaled plot. Because we are currently analyzing only the relative distribution of power over frequency (e.g., the shape of each curve), we opt not to perform any additional normalization when plotting our results in this section. Thus, the difference in number of sampled times from the underlying signal manifests as a constant offset in the log-scaled plots while, at the same time, preserving their shape. In the current context, this actually helps to distinguish between the various power curves: the power spectra resulting from a single continuous signal’s time series with two different samplings, but both being well sampled, will be shifted by the ratio of the sampling, while changes in the shape of the power spectra will be due to under-sampling or windowing effects.
To place each curve on a roughly appropriate physical power scale the relative curves in Figures 6–8 should be divided by the appropriate number of timesteps included in the data set as well as the average power indicated in Figure 5. However, we caution that these temporally unevenly sampled datasets, each of which include some level of spatial coherence that are folded into the spatial average, make a precise calculation of the absolute power a more involved analysis than we are attempting here.
[image: Figure 8]FIGURE 8 | Spatially averaged power spectra of the IBIS Doppler velocity time series averaged over the full IBIS field of view for different spatial and temporal sampling schemes. The spectrum derived from the full data set is shown in blue, spatially down sampled in brown (which nearly overlaps the blue line below 10 mHz), and spatially-temporally down sampled in orange. The line width power spectra from Figure 7 are included for reference.
The prominent bump at 4 mHz in the black curve in Figure 7 marks the solar p-mode frequency band in the full resolution Hα line width data. That band contains considerable power across the typical 3 and 5 min oscillation windows. The effect of either spatially or temporally down sampling the data is immediately apparent by comparing the translucent red or purple curves to the black curve. Spatial down sampling the IBIS data does not eliminate the p-mode signal (red), while temporally down sampling the IBIS data does (purple). The temporal down sampling does produce the vertical shift in the line by the ratio of the number of sampled times, as discussed above, while the change in shape is due to undersampling the signal with the new temporal sampling. The temporal down sampling produces a power spectrum that is closely matches the ALMA PSD up to 10 mHz (compare the purple curve to the green curve) and remains well correlated at higher frequencies. Given that the temporal down sampling of ALMA data from 2 to 4 s cadence produced very little change in the resulting power spectrum below [image: image], this analysis provides strong evidence that the apparent lack of p-modes in the ALMA data is a spectral effect due to the interval and duration of the calibration sequences.
As a final comparison, we calculate the spatially averaged power spectra, including spatially and temporally down sampled versions, of the IBIS Hα Doppler velocity data. The results are shown in Figure 8 where we also include the curves for the Hα line width for comparison, using the same colors as in Figure 7. The power spectrum for the full resolution Doppler data is shown in blue, spatially downsampled in light brown, and both spatially and temporally downsampled in orange. The Doppler velocity power spectra shows markedly different behavior than those for the line width (black, red, purple) or brightness temperature (not shown, but the purple line here is largely the same). The p-mode bump is again prominent in the Doppler data but with a different distribution compared to that in the line width. The temporal down sampling does not appear to suppress the p-modes in the Doppler velocity data as it did for the line width data and, presumably, the ALMA data. However, this may be due to the flat slope of the Doppler power distribution below 2 mHz in the original data combined with the strong apparent oscillations from the windowing function at 1.5 and 2.5 mHz.
5.2 Frequency integrated maps of power spectral density
As mentioned in the introduction, there have been conflicting reports as to how the spatial distribution of power in different frequency bands varies across the ALMA Band 3 field of view. Some authors find substantial variations (Molnar et al., 2021; Chai et al., 2022), others do not (Patsourakos et al., 2020; Narang et al., 2022) or find somewhat ambiguous results (Jafarzadeh et al., 2021). We find ourselves in the former camp, with seemingly well resolved spatial variations in oscillatory power across the field of view. As we will see, the variations in the ALMA brightness temperature align well with those derived from the Hα line width once the two data series were spatially and temporally sampled on the same grids.
In Figures 9, 10, 11, 12 we show the spatial distribution of power in different temporal frequency bands for each of the data series. Figure 9 is generated using the full spatio-temporal IBIS Hα Doppler velocity, Figure 10 the full spatio-temporal IBIS Hα line width, Figure 11 the ALMA Band3 brightness temperature, and Figure 12 the IBIS Hα line width after spatial convolution and interpolation to the ALMA resolution and pixel locations. The sub-panels in each figure show the frequency-integrated power in the ranges: (a) .42–2.78 mHz, (b) 2.78–4.16 mHz, (c) 4.16–8.33 mHz, (d) 2.78–8.33 mHz, (e) 8.33–10 mHz, (f) 10–40 mHz, and (g) 40–100 mHz. Phenomenologically, these bands correspond to (a) low frequencies, (b) the 5 min p-modes, (c) the 3 min p-modes, (d) the total p-mode range, and (e, f, g) three higher frequency bands that attempt to capture the transition from evanescent waves just above the acoustic cutoff (if one can reasonably be defined) to more freely propagating MHD waves in regimes where the WKB3 approximation is expected to hold, e.g., where the characteristic wavelength of a disturbance is smaller than the typical gradient scale of the medium.
[image: Figure 9]FIGURE 9 | Spatial maps of the frequency-integrated power spectral density of the IBIS Hα Doppler velocity over the seven frequency bands indicated in the upper left. These bands correspond to: (A) low frequencies; (B) 5 min oscillations; (C) 3 min oscillations; (D) combined p-modes; (E) near-cutoff; (F) mid frequencies; (G) high frequencies. The spatial coordinates correspond to the solar position at the beginning of the ALMA observations at 2017-03-21 15:42:13 UT. Note that the color scale is adjusted separately for each panel as the data span [image: image]. Higher power is bright yellow, lower power is dark blue. The white lines are the 50 G contours of unsigned LOS magnetic flux from HMI.
[image: Figure 10]FIGURE 10 | The same as Figure 9 but for the full temporal and spatial resolution IBIS Hα line width. The frequency bands correspond to: (A) low frequencies; (B) 5 min oscillations; (C) 3 minute oscillations; (D) combined p-modes; (E) near-cutoff; (F) mid frequencies; (G) high frequencies.
[image: Figure 11]FIGURE 11 | Same as Figure 9 but for the ALMA 3 mm brightness temperature and a slightly larger field of view. The outer boundary has a 67″ radius while the red dashed circle shows a 45″ diameter, both relative to the ALMA beam center. The white dotted rectangle in (D) indicates the IBIS FOV. The frequency bands correspond to: (A) low frequencies; (B) 5 min oscillations; (C) 3 minute oscillations; (D) combined p-modes; (E) near-cutoff; (F) mid frequencies; (G) high frequencies.
[image: Figure 12]FIGURE 12 | Same as Figure 11 but for the IBIS line width data spatially convolved and downsampled to match ALMA, and temporally subsampled to the overlapping times {tO}. The frequency bands correspond to: (A) low frequencies; (B) 5 min oscillations; (C) 3 minute oscillations; (D) combined p-modes; (E) near-cutoff; (F) mid frequencies; (G) high frequencies.
Comparing the Doppler velocity power in different frequency bands in Figure 9 makes it immediately apparent how the different dynamics correspond to different features on the Sun. The distribution of power in the low frequency band shown in Panel (a) is essentially the inverse of that found in the 5 mHz (c) and higher bands. The areas of highest power at low frequency lie above the stronger network magnetic flux concentrations that can be seen in HMI or Hinode/SP observations (see Figure 1 and Kobelski et al. (2022); Figure 2) but cover a much larger physical area as the magnetic field expands to form the magnetic canopy in the chromosphere. These same regions have suppressed power at higher frequencies, at least up to 40 mHz in panel (f), though this trend has essentially disappeared above that frequency, as seen in panel (g). These features are well known and define the so-called magnetic shadows and acoustic halos (Braun et al., 1992; Brown et al., 1992; Judge et al., 2001; Vecchio et al., 2007; Vecchio et al., 2009). We note that the largest, strongest region does show a compact suppression of power at its center near (−75″, −50″) in the lowest frequency bin, as seen in panel (a), but this behavior in the other magnetic patches is less conclusive.
The distribution of power in the line width data, Figure 10, shows a much different pattern. Here the most prominent concentrations of power are seen in the 5 mHz band in the quiet Sun regions to the southeast of the central magnetic bipole. This is also the region with rather moderate line widths, not the large line width regions surrounding the network flux patches, nor the very narrow width region immediately north of the central bipole (Figure 3). The strong power in the quiet Sun regions is likely due to acoustic shocks (Vecchio et al., 2009).
The final two figures in this section show the spatial power maps for the ALMA 3 mm brightness temperature, in Figure 11, and the convolved, downsampled IBIS Hα line width, in Figure 12. According to our results in §4 and §5.1, these two figures should be very similar, and indeed they are. The ALMA data in Panel (a) at low frequencies show a slight enhancement in the central portion of the field of view relative to the surrounding area. This pattern is consistent with the full resolution IBIS Hα line width data in Figure 10A and the interpolated data in Figure 12A. In contrast, the V-shaped (or heart-shaped) central area of the ALMA field of view shows lesser power than the surrounding areas in all the frequency bands above 3 mHz, panels (b–f). Again, this same pattern is visible in the PSD maps of the sub-sampled IBIS data in bands up to 10 mHz, Figures 12B–E, but becomes less apparent the two higher frequency bands. This behavior is consistent with the spatially averaged spectra in Figure 6, where the ALMA and IBIS data series match well up to around 10 mHz, then diverge (compare the purple curve to either the blue or orange curve).
At the highest temporal frequencies we consider in Figure 11G, the ALMA data shows a strong radial pattern that appears dominated by the sensitivity of the spatial reconstruction more than anything else. Still, some of the features continue to line up between the ALMA and IBIS PSD maps, such as the compact high power point near (−50″, −40″) that is discernable in panels (f) and (g) of Figures 10–12.
6 DISCUSSION
We have confirmed the result of Molnar et al. (2019) that the 3 mm brightness temperature and Hα line width are strongly correlated. We find a bimodal distribution in the 2D histogram of these variables, corresponding to hotter network regions and cooler internetwork regions. The Hα line width increases more steeply with respect to the ALMA brightness temperature in hotter regions than in the cooler regions. The slope that we find is different than Molnar et al. (2019), and some change in slope might be due to the different definition of the Hα line width from the IBIS data. The slope and clustering may depend on the variety of observed solar features in the two sets of observations. Our modest network patch, located very close to disk center, has a greatly reduced range of observed ALMA temperatures compared to the somewhat stronger network patch near an active region studied in Molnar et al. (2019) and Molnar et al. (2021). Understanding the underlying reason for the significant variation in the range of observed temperatures in Band 3, even for relatively similar solar features, will require further investigation.
Our use of the intensity at ±.75 Å to set the upper “continuum” threshold introduces crosstalk in the Hα line width measurement when the line is sufficiently broad to suppress the wing intensity at those wavelengths. This appears to cause the metric to saturate at a maximum line width of around 1.2 Å, but also an increasing reduction of the expected line width values for widths above 1.0 Å. The saturation is clearly evident when reprocessing the Molnar et al. (2019) data (from April 2017) to more closely match the data and line-fitting parameters in the current analysis. However, the greatly reduced temperature range of the March 2017 data series appears to stay mostly in the linear regime. This makes a direct comparison between the two data sets difficult to interpret. In general, using the wing intensity at ± 1.0 Å or greater in the calculation of the line width is generally preferred as it avoids this saturation effect.
What is certain, despite the disparities just discussed, is that the ALMA Band 3 brightness temperature and Hα are strongly correlated diagnostics. That good correlation provided us with an independent reference to help separate systematic effects in the ALMA data from observed solar behavior in the subsequent power spectral analysis. In particular, we have attempted to address the confusing melange of reports of oscillatory power in the ALMA Band 3 data. In summary, we found:
• When averaged over space, the p-modes are only clearly visible in the IBIS Hα data, and show up clearly in the power spectra of both δλ and vdop.
• Spatially down sampling IBIS δλ data to ALMA spatial resolution does not remove p-mode signature.
• Temporally down sampling IBIS δλ data does remove the obvious p-mode signature.
• The preceding steps make the spatially averaged δλ and the TB power spectra match extremely well, especially below 10 mHz.
• Both the spatially averaged ALMA PSD curve and the spatially resolved power maps show little difference for the full versus temporally overlapping subsets below 15 mHz; e.g., temporally downsampling from [image: image] to [image: image] seconds does not significantly alter the ALMA power spectra.
• The spatial maps of ALMA oscillatory power match the maps of spatially and temporally downsampled Hα line width power.
• A conspicuous bump at 30 mHz is present in the temporally downsampled ALMA data, but in no other data series in our data set. It does seem to be present in the average quiet Sun PSD reported in Figure 5D of Chai et al. (2022), and in the network flux near an active region reported in Molnar et al. (2021).
In §5.1 we showed that for our data series the lack of significant power in the p-mode bands in the ALMA data is consistent with it being an artifact of the temporal sampling, particularly the duration and spacing of the calibration windows. This conclusion is based on the transition from a clear p-mode signal in the full Hα δλ power spectrum, as calculated over the entire time series, to a lack of such signature after applying the ALMA calibration windows to the Hα data and then recomputing the spatially averaged power spectrum. The latter now closely matches the ALMA spectrum, as shown in Figure 7. This result likely holds for other data series as well. Our conclusion required the combination of the 3 mm brightness temperature and the more continuous Hα line width data.
It is clear from Figures 12B–D that the strongest concentrations of p-mode power in the IBIS H α δ λ data are in the quiet Sun just outside the network flux regions, following the typical magnetic shadow/acoustic halo pattern (Braun et al., 1992; Brown et al., 1992; Rajaguru et al., 2013). While less clear in the lower resolution ALMA data, we find that the spatial variation of p-mode power is still present. Loukitcheva et al. (2004) predicted strong p-mode signals at sub-mm wavelengths in non-magnetic atmospheres. This was seemingly confirmed by observations with the BIMA (Loukitcheva et al., 2006). With the preceding arguments, we find that it holds in our data series as well. Significantly, we find spatial distributions in the 3 mm power, and these vary with frequency band in tandem with the line width power maps. Contrarily, Patsourakos et al. (2020) reported no such spatial variation in their band-integrated power maps (see discussion immediately preceding their §2.1).
Chai et al. (2022) found unambiguous detection of 3 min oscillations in sunspot umbra, but not the surrounding penumbra or quiet Sun in the ALMA data. In contrast, cotemporal Hα observations also displayed clear 5 min oscillations in the penumbra, but unfortunately did not extend into the quiet Sun. The ALMA observations had 3.6 min calibration scans in between 10.25 min blocks of on-target observations, similar to our own, which suggests that the lack of a prominent p-mode signature in the quiet Sun could be due to the calibration sequences. However, this could also be influenced by proximity to the sunspot, whose magnetic canopy has a much larger extent compared to our humble bipolar network patch.
Jafarzadeh et al. (2021) provide extensive examples of Lomb-Scargle power spectral density similar to what we have presented in this work. Their examples cover both ALMA Band 3 and Band 6 observations and a wide variety of solar targets. Their power spectra display a similar knee, or apparent spectral break, to that seen in Figure 6 with no obvious peak at the p-mode frequencies for eight out of the 10 datasets they analyzed (see their Figure 11). They attribute the lack of clear p-mode signals to the spatial distribution of strong magnetic elements in and around the FOV in the majority of their datasets: “While we discussed above various possible scenarios to explain these oscillatory behaviours, we conjecture that the lack of 3-min (5.5 mHz) oscillations may be a result of (a) the “umbrella” effect due to the magnetic canopy, (b) power suppression in the presence of strong magnetic fields, (c) significant variations in the height of formation, or (d) waves not displaying temperature fluctuations at these frequencies”.
We do find some enhanced p-mode power in our ALMA data in the quiet regions just outside of magnetic network concentrations, as seen in Figure 11D. The magnetic field in the present data set is not markedly different from some of the data sets for which Jafarzadeh et al. (2021) reported a lack of p-mode oscillations. The higher resolution and complementary view provided by the map of PSD derived from the Hα δλ in Figure 10D shows more clearly the familiar pattern of power shadows and halos centered on the magnetic concentrations (Braun et al., 1992; Brown et al., 1992; Judge et al., 2001; Vecchio et al., 2007; Vecchio et al., 2009; Rajaguru et al., 2013). Comparing Figures 9–11, the exact pattern of shadows and halos depends on the frequency band of the map and physical properties of the diagnostic, e.g., oscillations in velocity versus intensity, and formation height. In the p-mode band for all diagnostics we find some power at the very center of the strong magnetic patches, surrounded by the lower power shadow, and the strongest power in the quiet regions surrounding the shadows. This is most evident for the strongest magnetic element in our FOV, the negative footpoint of the central bipole at (−75, −50″). In terms of oscillatory power, our small bipolar region acts like a miniature active region, despite the fact that the magnetic concentrations are not strong or large enough to produce even a micropore. Again, this is consistent with previous work (Vecchio et al., 2007). In contrast, Patsourakos et al. (2020) did not find evidence for shadows or halos in their band-integrated power maps, and Narang et al. (2022) also found little spatial variation in the maps of oscillatory power across the field of view in their Band 6 observations targeting a region of plage. While we have not studied Band6 data, given our findings for the Band 3 data, it is possible that the calibration sequences have affected their results.
7 CONCLUSION
We presented results that combine optical and millimeter wavelength diagnostics using several of the publicly available data series described in Kobelski et al. (2022) and accessible at https://share.nso.edu/shared/dkist/ltarr/kolsch/. By undertaking a joint analysis of two related diagnostics, namely the ALMA Band 3 brightness temperature and the IBIS Hα line width, we found evidence that the previously reported lack of observed p-modes in at least some of the ALMA Band 3 data may be an artifact of the temporal sampling. While we cannot conclusively demonstrate that p-modes are present in our ALMA Band 3 observations, our combined findings of their clear presence in the Hα data, the strong correspondence in the spatially-averaged Hα and ALMA PSDs, and the strong correspondence between the two diagnostics in band-integrated spatial maps are all highly suggestive. This result provides strong motivation for adjusting the operational model for solar observations with ALMA from what was done in Cycle-4. Calibration windows could be shorter and/or less frequent, albeit with an impact on the reliability of the phase corrections. Alternatively, semi-random spacing of calibration windows would reduce temporal windowing artifacts. We also find that spatially resolved maps of oscillatory power in Band 3 data integrated over temporal frequency bands do reveal suppression of power near magnetic concentrations and (slight) enhancements outside of those suppression regions. Given the weakness magnetic field, it is not yet obvious what magnetic configuration is associated with the enhancements.
The spatial pattern in the power maps of the ALMA data correspond well to maps of power generated from the spatially downsampled Hα line width data. However, the variance in the spatial distribution of power is much lower in the downsampled Hα data compared to the original data. Given the strong correlation between the line width and brightness temperature and the nearly equivalent spatially-averaged power spectra of the two data sets once placed on the same spatial and temporal grids, we believe that our identification of magnetic shadows and power halos around the network concentrations in the ALMA data is correct.
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FOOTNOTES
1In keeping with their terminology, we use data series to refer to data from a single instrument and data set to refer to the entire collection of coaligned data series from all instruments.
2The solid yellow patch at the bottom of the IBIS FOV in Figure 7A is due to one of these intermittent data losses.
3See Weinberg (Weinberg, 1962) for a complete description of applying Wentzle-Kramers-Brillouin approximation to the MHD equations.
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The chromosphere is one of the most complex and dynamic layers of the solar atmosphere. The dynamic phenomena occur on different spatial and temporal scales, not only in active regions but also in the so-called quiet Sun. In this paper we review recent advances in our understanding of these phenomena that stem from the analysis of observations with the Atacama Large Millimeter/submillimeter Array (ALMA). The unprecedented sensitivity as well as spatial and temporal resolution of ALMA at millimeter wavelengths have advanced the study of diverse phenomena such as chromospheric p-mode-like and high-frequency oscillations, as well as small-scale, weak episodes of energy release, including shock waves. We review the most important results of these studies by highlighting the new aspects of the phenomena that have revealed as well as the new questions and challenges that have generated.
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1 INTRODUCTION
The solar chromosphere is traditionally defined as a ∼2000-km-thick layer lying above the photosphere. Its emission can be detected in strong optical and UV spectral lines as well as in infrared, millimeter-wavelength (mm-λ) and submillimeter-λ continua (e.g. see Rutten, 2007; Carlsson et al., 2019, and references therein). The pertinent spectral observations indicate that the chromosphere is highly inhomogeneous and dynamic. A dominant feature of the quiet chromosphere is the so-called chromospheric network, which consists of narrow bright emission lanes enclosing dark cells (the terms cell interior or internetwork are commonly used for these darker areas). The diameter of individual internetwork areas is about 20,000 km. The network coincides with the borders of supergranules, i.e. large-scale convection cells with similar sizes in the photosphere (Leighton et al., 1962). The network lanes host strong magnetic fields which are deformed and dragged there by the supergranular flows (e.g., Orozco Suárez et al., 2012; Jafarzadeh et al., 2014, and references therein). The most well-known features of the quiet chromosphere when observed in Hα are the spicules which are thin, dark, elongated structures apparently emerging above the network boundaries. Their exact drivers, however, remain unidentified (Pereira et al., 2012). When seen at the limb, spicules show as bright jet-like features rising to heights of up to ∼10,000 km and then either diffuse in the corona or fall down.
In active regions the chromosphere consists of sunspots and their surroundings, plages (i.e. bright regions with magnetic fluxes that are larger than those of the quiet Sun, but smaller than those of sunspots), and a multitude of dark and bright fibril-like features (see, e.g., Jafarzadeh et al., 2017a, and references therein). Filaments, i.e. narrow, dark, elongated thread-like features associated with chromospheric material that penetrates into the corona and is suspended by the magnetic field may appear both in and away active regions, along magnetic polarity inversion lines (e.g. see Vial and Engvold, 2015, and references therein).
The chromosphere has long been known to deviate from hydrostatic equilibrium (e.g. see Zirin, 1988). Furthermore, it is a particularly dynamic layer hosting a multitude of intermittent dynamic phenomena on different spatial and temporal scales. First of all, wave and oscillatory phenomena are ubiquitous throughout the chromosphere (e.g. see Jess et al., 2015, and reference therein). Their most traditional manifestation is probably the chromospheric oscillations with periods from three to 5 min. These oscillations may represent the penetration of the photospheric p-mode oscillations into the corona (Jefferies et al., 2006). In addition to them, and owing to its inhomogeneous and magnetic nature, a complex picture of wave phenomena, including reflections, interferences, mode conversions and shock waves has been attributed to the chromosphere (e.g. see Bogdan et al., 2003; Wedemeyer-Böhm et al., 2009).
Episodes of small-scale energy release are also ubiquitous in the chromosphere, not only in active regions but also in the quiet Sun (e.g. see Tsiropoula et al., 2012; Shimizu, 2015; Henriques et al., 2016, and references therein). These may range from small events whose detection limit is determined by the sensitivity and resolution (spatial, spectral, and temporal) of the instrument to microflares and sub-flares. There is no unique name for them in the literature, but in this paper we adopt the term “transient brightenings.”
Both the dissipation of magnetic waves (e.g. see Hollweg, 1981; De Pontieu et al., 2007b; McIntosh et al., 2011) and the braiding and reconnection of magnetic fields followed by energy release (e.g. see Parker, 1988; Klimchuk, 2006; Cirtain et al., 2013) are considered leading candidates for the heating of the upper layers of the solar atmosphere. Therefore both the wave phenomena observed in the chromosphere as well as its transient brightenings (no matter whether the latter are attributed to shock waves or magnetic reconnection) could be relevant to the heating of the chromosphere.
Although several of the observational building blocks of the chromosphere have been established a long time ago, the physics dictating their properties and dynamics is not. Several difficulties have contributed to this situation. First of all the chromosphere is intrinsically complex. It is the layer of the solar atmosphere where the transition from a plasma-dominated regime to a magnetic-field-dominated regime takes place. It is also a region where interactions between ions and neutrals can be relevant. Furthermore, although it is only heated to a few thousand degrees above the photosphere, the higher chromospheric densities, compared to those of the corona, imply that up to two orders of magnitude more energy is required to heat the chromosphere than the corona, making the problem of chromospheric heating much more demanding in terms of energy input compared to coronal heating. Moreover, the small spatial and temporal scales of the chromosphere call for high spatial and temporal resolution observations.
In addition to the above issues, the formation of the chromospheric spectral lines are associated with non-equilibrium effects, for example, non-local thermodynamic equilibrium (NLTE) and time-dependent ionization of hydrogen (see Carlsson and Stein, 1992, 2002). The situation is better at millimeter wavelengths; the mm-λ emission of the non-flaring Sun is due to the thermal free-free mechanism under LTE. Therefore, the source function is Planckian and the observed brightness temperature is directly linked to the electron temperature via the radiative transfer equation (e.g. see Shibasaki et al., 2011; Wedemeyer et al., 2016). Unfortunately, old mm-λ data suffered from low sensitivity, low spatial resolution, and absolute calibration problems, which limited their contributions to understanding the chromosphere and its dynamics.
The relatively recent (since 2016) availability of solar mm-λ observations with ALMA at 3 mm (Band 3) and 1.25 mm (Band 6) offers the potential to significantly advance our knowledge of the chromosphere owing to the instument’s unprecedented spatial resolution and sensitivity (Shimojo et al., 2017a; White et al., 2017). So far, several publications reporting ALMA observations have appeared (those published before 2019 have been reviewed by Loukitcheva, 2019) covering diverse subjects, such as the structure of the quiet chromosphere, off-limb and on-disk spicules, comparisons of observations with models, oscillations and small-scale transient phenomena, plages, and sunspots.
In this paper we review the new findings concerning dynamic phenomena in the chromosphere that have been brought by ALMA observations. We do not cover dynamics of spicules because it is a subject of a separate review in this Special Research Topic collection. We also do not cover flares because up to now no ALMA observations of flares have been released (note, however, that the potential of mm-λ observations to clarify open issues in flare research is reviewed by Fleishman et al. in this Special Research Topic collection). The structure of our paper corresponds to the two major sub-topics of the subject (wave phenomena in Section 2 and transient brightenings in Section 3) for which measurable progress has been reported by using ALMA data. We present conclusions and discuss prospects for future work in Section 4.
2 OSCILLATORY PHENOMENA
2.1 p-mode oscillations
2.1.1 Magnetic environment
The p-modes can propagate through both non-magnetic and magnetic environments (known as magneto-acoustic waves in the latter) where the magnetic field acts as a guide for their efficient propagation through the solar atmosphere. These different environments include 1) sunspot umbrae, resulting in the so-called umbral flashes in the chromosphere due to shock formation (Beckers and Tallant, 1969; Beckers and Schultz, 1972), 2) sunspot penumbrae, forming running penumbral waves along the magnetic-field lines (Giovanelli, 1972; Löhner-Böttcher et al., 2016), and 3) small-scale magnetic structures, manifested as point-like or fibrillar features in intensity images (Jafarzadeh et al., 2017b,c).
The characteristic periodicity of p-modes in the solar chromosphere has been known to be 3 min through a multitude of studies (e.g. Cram, 1978; Fleck and Schmitz, 1991), either as a “global” property (averaged over a relatively large field of view, FoV), or in specific magnetic structures (e.g., in sunspot umbrae; Centeno et al., 2006; Jess et al., 2020; see also Section 2.3). While in the former case, FoVs may often contain both non-magnetic and strong field-concentration regions, the contribution of the non-magnetic environments usually becomes more important in large quiet Sun FoVs where only small scale magnetic concentrations exist, covering a small fraction of the entire area.
The magnetic fields expand with height and bend over their surrounding areas as they extend into the upper atmosphere, creating the so-called magnetic canopies (Gabriel, 1976; Giovanelli and Jones, 1982; Solanki et al., 1991; Rosenthal et al., 2002). The magnetic canopies may be detected through the entire solar atmosphere, and their heights depend on the field strength of their photospheric footpoints (Jafarzadeh et al., 2017a). Thus, such magnetic canopies at chromospheric heights, seen as fibrillar structures in intensity images (in, e.g. Hα spectral line), may obscure the dynamics, including p-modes, coming from underneath –the “umbrella effect”. However, Rutten (2017) suggested that although the same effect should also exist in mm-λ observations, the dense fibrillar structures may not be visible in brightness temperature images due to their reduced lateral contrast (i.e., an insensitivity to Doppler shifts).
Jafarzadeh et al. (2021) examined ten different ALMA datasets (six in Band 6 and four in Band 3) for the presence of global p-modes. They found that only two datasets, out of 10, showed enhanced power at around 4 mHz. Figure 1 shows the mean power spectra of the 10 ALMA datasets (left panel), along with those computed for the same FoVs observed in 1600 Å with the Atmospheric Imaging Assembly (AIA; Lemen et al. (2012), onboard the Solar Dynamics Observatory (SDO; Pesnell et al., 2012). The latter samples heights corresponding to the temperature minimum/lower chromosphere. From these plots it is obvious that while the global p-modes are clearly observed in all ten datasets sampling the low chromosphere, they show up in only two ALMA datasets that sample the upper chromosphere (one in Band 3 and one in Band 6).
[image: Figure 1]FIGURE 1 | Mean power spectra from 10 ALMA datasets (averaged over the entire FOVs) observed in Band 3 and Band 6, sampling the mid-to-upper chromosphere (left) and from their lower chromospheric counterparts observed with SDO/AIA in 1600 Å (right). Images reproduced from Jafarzadeh et al. (2021).
Jafarzadeh et al. (2021) additionally calculated magnetostatic potential field extrapolations from photospheric magnetic fields simultaneously observed with the SDO’s Helioseismic and Magnetic Imager; (HMI Schou et al., 2012). From the extrapolations, the magnetic topologies associated with the areas observed by ALMA could be inspected. Figure 2 shows observations and calculations for a contrasting pair of such Band 3 observations. For each dataset we show the ALMA brightness temperature map (panels a, e), spatially averaged power spectra (panels b, f), corresponding HMI magnetogram associated to a larger FoV compared to that of ALMA (panels c, g), and a top view of the field topology above the ALMA FoV at upper chromospheric heights (panels d, h). The averaged power spectra are shown from two different spectral analysis methods, Fast Fourier Transform (FFT; Cooley and Tukey 1965) and Lomb-Scargle approach (Lomb, 1976; Scargle, 1982). The latter is particularly relevant since the ALMA observations have a 2–3 min gap between blocks of [image: image] min. On the extended photospheric magnetograms, the ALMA FoVs are marked with dashed squares. The randomly plotted magnetic field lines on the field-topology map are colored with the unsigned inclination angle, changing from vertical (dark blue) to horizontal (dark red). Figure 3 shows the same plots as in Figure 2, but for two contrasting datasets sampled in Band 6.
[image: Figure 2]FIGURE 2 | Panels (A–D): the 22 December 2016 Band 3 dataset used for the detection of mm-λ oscillations. (A) An ALMA brightness temperature map in Band 3. (B) Spatially averaged brightness temperature power spectra from FFT (dash-dotted black line) and Lomb-Scargle (solid red line) transforms. Period ranges corresponding to the 3 and 5 min windows (each with a width of 1 min) are respectively depicted with the purple and yellow stripes. (C) The SDO/HMI line-of-sight photospheric magnetogram for a FOV twice as large as ALMA’s. The ALMA’s FOV is marked with the dashed square. (D) A top view of the field topology at upper chromosphere heights above the ALMA’s FOV. The colors identify inclination angles, from vertical (blue) to horizontal (red). Panels (E–H): same as panels (A–D) but for the 12 April 2018 Band 3 dataset. Figure reproduced from Jafarzadeh et al. (2021).
[image: Figure 3]FIGURE 3 | Same as Figure 2 but for the 22 April 2017 Band 6 dataset (panels A–D) and the 12 April 2018 Band 6 dataset (panels E–H). Figure reproduced from Jafarzadeh et al. (2021).
The importance of magnetic field environment in observation of p-modes in the mid-to-upper chromosphere (sampled by the ALMA Band 3 and 6 observations) may better be understood when the datasets appearing in Figure 2 for Band 3 and Figure 3 for Band 6, are compared. As evidenced in Figures 2A–D, the photospheric counterpart of the ALMA observations samples a very quiet region, while a strong enhanced-network patch in its immediate vicinity (the lower-right corner) creates the overarching highly inclined magnetic canopy over the entire FoV at the heights sampled by ALMA Band 3. As a result, the averaged power spectrum does not show any power enhancements at around 3–5 mHz. In comparison, when both the ALMA FoV and its surroundings pose very quiet areas in the photosphere (Figures 2E–H), the magnetic topology at chromospheric heights is organized in smaller-scale and less dense loops compared to those rooted in strong kG fields. Thus, the p-modes are not fully obscured, resulting in power enhancements in the 3–5 mHz frequency range. The first example shown in Figures 3A–D for ALMA observations in Band 6 refers to a plage area in both ALMA FoV and its surroundings, as illustrated in the HMI magnetogram. Hence, both nearly vertical fields and a dense magnetic canopy can be observed at the heights sampled by the ALMA Band 6. On the other hand, the p-modes show well in the other Band 6 dataset presented in Figures 3E–H which corresponds to the same target that was presented in Figures 2E–H.
The absence of power enhancements around 3–5 mHz (thus, lack of p-mode detection) could be the result of a combination of various phenomena. In the magnetic canopy regions, both the “umbrella” effect, where the magnetic canopy obscures oscillations coming from lower heights, and possibly the large field inclination angles (Heggland et al., 2011) could be responsible for the absence of p-mode observations. In addition, in the strong field concentrations, where the field is nearly vertical at chromospheric heights, acoustic power suppression (known as “magnetic shadows”; Leighton et al., 1962; Title et al., 1992) may develop due to multiple wave-mode conversions at the plasma-β ≈ 1 level(s), where interactions between p-mode oscillations and the embedded magnetic fields occur (Moretti et al., 2007; Nutto et al., 2012).
2.1.2 Properties of p-mode oscillations
Patsourakos et al. (2020) and Nindos et al. (2021) analyzed spatially-resolved observations of p-mode oscillations in the quiet Sun and deduced their physical characteristics. This was achieved by analysis of the spatially averaged Power Spectral Density (PSD) either for the entire observed FoV or by employing appropriate spatial masks for the cell and network separately. The resulting PSDs for frequency windows encompassing the p-mode peaks were fitted by the sum of a linear and log-normal function of the logarithm of frequency meant to reproduce the background and p-mode peak, respectively. From the log-normal part of the fitting function, the p-mode frequency, amplitude and width were deduced.
In Patsourakos et al. (2020) Band 3 quiet Sun observations with a spatial resolution of typically 2.5″ × 4.5″ and a 2-s cadence were analyzed. The employed FoVs were 80″ × 80″ and scanned quiet Sun targets from disk center to the limb. Spatially resolved chromospheric oscillations with frequencies of 4.2 ± 1.7 mHz were detected in both cell and network. While individual pixels exhibited brightness temperature fluctuations of up to a few hundred K, the spatially averaged PSDs corresponded to fluctuations in the range 55–75 K, which amounts up to the 1% of the spatio-temporal averaged brightness temperature. A moderate increase of the relative p-mode strength (i.e., root mean square, rms, brightness temperature divided by the average brightness temperature) from disk center to limb was also registered.
In Nindos et al. (2021) a quiet Sun region near disk center was observed at both Band 6 and Band 3 at a 1-s cadence. The spatial resolution (FoV) was 1″, 2″ (30″ × 30″, 60″ × 60″), for Band 6 and Band 3, respectively. The resulting PSDs are given in Figure 4. In both bands, p-mode oscillations with frequencies in between 3.6 and 4.4 mHz were found with amplitudes of 103 and 107 K for Band 6 and Band 3, respectively. The associated relative brightness temperature fluctuations with respect to the spatio-temporal average of the brightness temperature were 1.7–1.8%. Bringing the superior [image: image] spatial resolution of the Band 6 observations to the resolution of the Band 3 observations [image: image] led to a decrease of the rms of the Band 6 oscillations by a factor of 1.6. Furthermore, the reduction of the full Band 3 FoV to that of Band 6 (i.e. factor of four in area reduction) had a smaller effect in the resulting rms of the oscillations (factor of ∼1.1).
[image: Figure 4]FIGURE 4 | Quiet-Sun p-mode oscillations observed at 3 and 1.25 mm by ALMA. Black lines correspond to the spatially averaged PSDs, red lines to their fittings, and blue lines to the absolute residuals between the observed PSDs and the associated fittings. Panels (A,B) correspond to the original Band 6 and Band 3 observations, panel (C) to Band 6 observations at Band 3 spatial resolution and panel (D) for Band 3 observations corresponding to the Band 6 FoV (from Nindos et al., 2021). Reproduced with permission © ESO.
The p-mode oscillations corresponded to the 0.5–0.6 of the spectrum-integrated power (i.e., PSD integral over the entire considered frequency range), which suggests they correspond to a significant fraction of the observed brightness temperature fluctuations. On the other hand, the energy density of the p-mode oscillations in Band 6 was about 3 × 10–2 erg cm−3, which is roughly equivalent (see Nindos et al., 2021, for details) to a power per unit area that is about an order of magntitude smaller than the energy losses of the quiet chromosphere.
Comparing with previous mm-λ quiet Sun observations at 3.5 mm at a spatial resolution of 10″ with Berkeley- Illinois-Maryland (BIMA) presented by White et al. (2006) and Loukitcheva et al. (2006), the ALMA observations discussed above, due to their superior spatial resolution, allowed, for the first time, to spatially resolve cell and network oscillations and also to deduce higher oscillation amplitudes.
2.2 High-frequency oscillations
High-frequency oscillations are of particular importance since they can carry a vast amount of energy to the upper solar atmosphere. Such waves, of different magneto-acoustic (magnetohydrodynamic) types, have previously been observed in the ultraviolet to infrared wavelength range and have shown to be energetic enough to potentially heat the solar chromosphere and beyond (De Pontieu et al., 2007a; Kuridze et al., 2012; Kubo et al., 2016; Jafarzadeh et al., 2017c; Gafeira et al., 2017). However, in the pre-ALMA era most studies, with an exception of that by Okamoto and De Pontieu (2011), have not identified high-frequency waves in the upper chromosphere. Only recently, such high-frequency oscillations have also been detected at millimeter wavelengths, thanks to high-quality observations provided by ALMA. As such, Guevara Gómez et al. (2021) studied the dynamics of small-scale bright features observed with ALMA Band 3 (supposedly sampling heights that correspond to the upper chromosphere). They found that the majority of their small, likely magnetic, structures exhibit oscillations in brightness temperature, size, and horizontal motion, with periods on the order of 90 ± 22 s, 110 ± 12 s, and 66 ± 23 s, respectively.
Recent publications have begun investigating properties of high-frequency oscillations and p-modes at millimeter wavelengths in the solar chromosphere, using state-of-the-art numerical simulations (Eklund et al., 2021b). However, Fleck et al. (2021) showed that such numerical models should be treated with great caution. They compared various simulation codes and found that the height dependence of wave power, particularly for high-frequency waves, varied between the models by up to two orders of magnitude.
2.3 Sunspot oscillations
Sunspot oscillations are one of the most well known oscillatory phenomena in the solar atmosphere. The oscillations are detected as intensity and velocity variations (e.g. see the review by Khomenko and Collados, 2015, and references therein). In the umbra, at photospheric heights, oscillations with periods in both the 5-min range and the 3-min range have been established. Higher up in the chromosphere, oscillations with periods of 150–200 s exhibit larger amplitudes and are detected in the inner part of the umbra. Sunspot oscillations are directly linked with the propagation of MHD waves. The 5-min oscillations are thought to be driven by the p-modes while the traditional interpretation of the 3-min oscillations considered them as produced by a resonant cavity provided by the sunspot itself (e.g. see Bogdan and Judge, 2006; Khomenko and Collados, 2015; Jess et al., 2020). Detection of such chromospheric resonances appears to be challenging (Felipe, 2021) and may depend on the spatial resolution and quality of observations (Jess et al., 2021). It has also been advocated that the 3-min oscillations indicate upward-propagating waves that pass through the gravitationally stratified gas (Felipe et al., 2010; Chae and Goode, 2015). The sunspots’ magneto-acoustic oscillations in the solar chromosphere are also responsible for observable changes in coronal plasma composition (Baker et al., 2021; Stangalini et al., 2021).
Using ALMA 3 mm observations, Chai et al. (2022) reported the first detection of spatially resolved 3-min oscillations of the mm-λ emission above the umbra of a sunspot. The detected modulation of the mm-λ emission is linked to the temporal variability of the chromospheric electron temperature through the free-free emission. These authors calculated the spatial distribution of the 3-min power amplitude (see Figure 5) which correlated well to similar maps made from observations at several locations along Hα line except at +0.8 Å where the oscillatory power was weak. From the 3-mm and Hα time profiles they found that there was a rather constant phase offset among ALMA brightness temperature and Hα sub-band intensities. Comparison of the properties of the mm-λ oscillations with the acoustic hydrodynamic model by Chae and Goode (2015) revealed that the ALMA intensity fluctuations were consistent with the propagation of an acoustic wave above the umbra. Furthermore, the 3-mm oscillations exhibited a slower rise and faster fall which may indicate nonlinear wave steepening or shock behavior above the umbra.
[image: Figure 5]FIGURE 5 | Spatial distribution of the 3-min oscillation power amplitude in 3 mm (top row) and in various sub-bands along the Hα line. The columns correspond to different ALMA solar scans, each of duration of about 10 min (from Chai et al., 2022). © AAS. Reproduced with permission.
3 WEAK TRANSIENT ACTIVITY
3.1 Statistical properties of transient brightenings
In addition to oscillations, several studies have reported transient brightenings in both quiet Sun (Yokoyama et al., 2018; Eklund et al., 2020; Nindos et al., 2020, 2021) and active region (Shimojo et al., 2017b; da Silva Santos et al., 2020; Chintzoglou et al., 2021b; Shimizu et al., 2021) observations with ALMA. In relation to the ALMA frequencies used, most of these reports utilize Band 3 observations with the exception of the papers by Nindos et al. (2021) who presented both Band 3 and Band 6 observations and Chintzoglou et al. (2021a) who analyzed Band 6 data. No observations in Band 7 (0.86 mm) recently made available for solar observing have been published thus far.
Obviously, any meaningful statistics of the properties of such events requires their detection in sufficient numbers. Large numbers of events have indeed been reported by Nindos et al. (2020, 2021), and Eklund et al. (2020). These authors analyzed ALMA quiet Sun data and the identification of their events resulted from the application of algorithms designed for that purpose. Nindos et al. (2020, 2021) applied intensity and temporal thresholds to the light curves of all pixels after they removed the effect of p-mode oscillations (see section 2.1.2). The resulting active pixels were further constrained by applying a spatial clustering criterion determined by the size of the ALMA beam and combined with a synchrony tolerance of ±2 min between time profile peaks of the selected adjacent pixels. Eklund et al. (2020) searched for intensity peaks in excess of 400 K in the light curves of all pixels. Then the selected pixels were grouped together by employing a k-means clustering algorithm.
Nindos et al. (2020) detected a total of 184 3-mm transient events in six quiet Sun regions located from close to the limb to disk center (Nindos et al., 2018), each one observed for about 10 min. Nindos et al. (2021) detected 77 and 115 events at 1.25 and 3 mm, respectively, in a very quiet region that was observed close to disk center for about 40 min. These numbers correspond to occurrence rates per unit area of about [2–5] × 10–22 events per cm2 s. However, the number of ALMA events with AIA counterparts (either at 1600 or 304 Å) was about 6–10 times smaller (see Figure 6). This might be due to the different temperature ranges sampled by the ALMA-AIA datasets with the ALMA events probing cooler material whose temperature increase may not be sufficient to give rise to emission in the 304 Å passband. On the opposite side, the AIA events may be rather weak to energize the layers probed by ALMA. Furthermore all ALMA-AIA events in these studies should be optically thick and since 3 mm emission must be coming from higher layers than 1600 Å (Howe et al., 2012; Alissandrakis et al., 2017; Patsourakos et al., 2020), it is not surprising that the higher 3-mm transients do not correlate well with the 1600-Å transients that appear lower down because, at 3 mm, we cannot see down to those heights.
[image: Figure 6]FIGURE 6 | The different colors mark the pixels participating in transient brightenings in 1600 Å (green), 3 mm (red) and 304 Å (blue) 10-min data of a quiet Sun region. In panels (A–D) all events identified at a given wavelength are displayed. In the bottom row, panels (E,F) display the events appearing both at 3 mm and 1600 Å while panels (G,H) display the events appearing both at 3 mm and 304 Å (from Nindos et al., 2020). Reproduced with permission © ESO.
The events detected by Nindos et al. (2020, 2021) exhibited brightness temperature increases from ∼40 K to more than 500 K above background levels. Most of them were weak; for example the 3-mm event of Figure 7 can be detected only after the average image is subtracted from each snapshot (compare panels of rows (a) and (b)). They were all of the gradual rise-and-fall type (see the bottom panel of Figure 7 for a characteristic example) with mean durations (quantified by the FWHM of the event’s light curves) of about 50 s. The gradual nature of the light curves suggests the events result from thermal free-free emission (e.g. see Nindos, 2020). Although the presence of nonthermal electrons has been reported in previous studies of microwave transient brightenings (e.g. Gary et al., 1997; Krucker et al., 1997; Nindos et al., 1999), model calculations (White and Kundu, 1992) indicate that one needs to invoke a population of MeV-emitting electrons to obtain appreciable gyrosynchrotron emission at 1–3 mm. We also note that Nindos et al. (2020, 2021) found power-law behavior for the maximum intensity, duration, and size of their brightenings with indices in the interval of 1.93–3.11 which is broadly consistent with those for EUV transient brightenings (e.g. see Joulin et al., 2016, and references therein).
[image: Figure 7]FIGURE 7 | A quiet Sun transient event observed at 3 mm and 304 Å. Panel (A) shows characteristic ALMA snapshots while panel (B) shows the same snapshots after the average 3 mm image has been subtracted. Rows c–f: same as (A,B) but for the 304 (C,D) and the 1600 Å data (E,F). The white arrows mark the transient brightening. The field of view is 35″ × 35″. Bottom row: light curves of the event emission at 3 mm (black) and 304 Å (blue) before and after processing (left and right panel, respectively) (from Nindos et al., 2020). Reproduced with permission © ESO.
Eklund et al. (2020) detected 552 3-mm events in a quiet region that was observed for about 40 min (Wedemeyer et al., 2020). The occurrence rate per unit area of these events was almost two orders of magnitude larger than those reported by Nindos et al. (2020, 2021). This discrepancy could be interpreted in terms of either possible intrinsic differences among the regions considered or differences in the detection algorithms (for example Eklund et al., 2020, might have not removed oscillations prior to the application of their search criteria).
It is worth mentioning that the number of ALMA detected events in the publications mentioned above could be considered as lower limits to their actual numbers due to smearing introduced to the data by the finite spatial resolution (see Eklund et al., 2021b), thus leaving some of the weak events undetectable. The simulations performed by Eklund et al. (2021b) indicate that the situation improves as spatial resolution becomes better; therefore it is advisable to search for weak transient brightenings using the wider ALMA array configurations.
In contrast to the events discussed above, the active-region transient events studied by da Silva Santos et al. (2020) were EUV-selected, i.e. they were first identified in AIA EUV images and then their 3 mm counterparts were detected in ALMA data. da Silva Santos et al. (2020) reported the detection of nine transient ALMA events in a field of view of 60″ throughout their 60-min observing run. Their occurrence rate per unit area is about two to eight times higher than the occurrence rate per unit area of the ALMA-AIA paired events that were registered by Nindos et al. (2020, 2021).
In the above studies, the locations of the ALMA transients show diversity which is related to different properties of the target regions. The 3 mm events detected by Nindos et al. (2020, 2021) show a weak tendency (about 70%) to appear at the boundaries of network cells in agreement with the visual inspection of Figure 6C. The situation is somehow different in the 1.25 mm events detected by Nindos et al. (2021) where more than half of the events are located in internetwork regions. This difference is a natural consequence of the fact that much of the field of view of the 1.25 mm observations by Nindos et al. (2021) was covered by the interior of a supergranular cell whereas that was not the case for the 3-mm observations by Nindos et al. (2020, 2021).
The quiet Sun events detected by Eklund et al. (2020) show a tendency to occur in regions of lower magnetic field strength. This is obvious in Figure 8 where the white spaces of panel (b) that are not associated with any events correspond to the stronger magnetic field concentrations that appear in panel (a). This was one of the arguments used by Eklund et al. (2020) to interpret the origin of their events in terms of propagating shock waves (see Section 3.4).
[image: Figure 8]FIGURE 8 | (a) HMI magnetogram of a quiet Sun region with the magnetic field displayed in gray contours as well as blue, white, and red shades. The green dashed-dotted curves distinguish network regions from internetwork regions. The dotted circle marks the 30″-diameter region whose transients were analyzed. (b) The color marks the pixels participating in transient events with a brightness temperature [image: image]400 K and duration shorter than 200 s. The contours have the same meaning as in panel (a) (from Eklund et al., 2020). Reproduced with permission © ESO.
The region studied by da Silva Santos et al. (2020) was centered at a group of pores in the periphery of a large sunspot (see Figure 9); part of that region was the site of magnetic flux emergence during the ALMA observations. These authors identified Ellerman bombs in their 1700 Å AIA data but did not find any conspicuous brightenings associated with them in the ALMA data. This result may indicate that Ellerman bombs are reconnection events that are formed at heights around temperature minimum (e.g. see Georgoulis et al., 2002; Archontis and Hood, 2009; Watanabe et al., 2011; Hansteen et al., 2019), that is, well below the formation height of the 3-mm continuum emission. It appears that ALMA 0.86 mm observations that may probe lower heights than Band 6 might be more appropriate to search for mm-λ counterparts of Ellerman bombs.
[image: Figure 9]FIGURE 9 | A small active region observed by SDO and ALMA. The left image is a longitudinal magnetogram from HMI/SDO, the middle image has been obtained by AIA/SDO while the right image shows the ALMA 3 mm emission. The dotted circles show the ALMA field of view. In the magnetogram the crosses mark the locations of Ellerman bombs. The triangles indicate locations of transient brightenings detected by both AIA and ALMA (adapted from da Silva Santos et al., 2020). Reproduced with permission © ESO.
Contrary to the null detection of Ellerman bombs, da Silva Santos et al. (2020) reported the detection of bright (above 9000 K and up to 14,200 K corresponding to excess emissions of up to ∼5000 K above background) 3-mm events that were better correlated with transient EUV brightenings than UV ones (see Figure 10). This may indicate that these 3 mm-λ brightenings may probe material from the upper chromosphere with overlapping contributions from the transition region and even the corona. Therefore these transients are more reminiscent of the UV bursts identified by Guglielmino et al. (2018), that is small, bright transients occurring higher than the photospheric/low chromospheric layers where the usual small-scale UV active region transient brightenings occur (e.g. see the review by Young et al., 2018, and references therein).
[image: Figure 10]FIGURE 10 | The two leftmost columns show characteristic snapshots of flaring fibrils in an HMI magnetogram, several AIA channels and ALMA 3 mm data. The contours mark a 3-mm brightness temperature of 104 K. The two rows at the top-right part of the figure show results from an r-MHD simulation. Panels (A,F) show Hα line wing and integrated Si IV 1393 Å intensity while panels (B–E) show the simulation’s emission in AIA 94, 171, 304 Å and 3 mm, at its original spatial scale. In panels (G–J) the spatial resolution of the simulation has been degraded resulting to pixel size of 0.3″. The top and bottom arrows mark the locations of an Ellerman bomb and a UV burst, respectively. The remaining columns at the bottom-right part of the figure show time profiles (3 mm, 1700, 1600, 304, 171, and 94 Å from bottom to top) of the events marked NF1, NF2, NF3 at the two left columns (adapted from da Silva Santos et al., 2020). Reproduced with permission © ESO.
3.2 Morphology of transient activities
Most studies of ALMA transient brightenings have come out of observations obtained with a 3-mm spatial resolution of [image: image], and the detected transients are unresolved (see Figure 7 for a typical example) with sizes comparable to the size of the synthesized beam. This indicates that the typical size of the mm-λ transients should be smaller than [image: image], and that the few resolved ones may, on average, represent rather energetic events.
The first detection of a resolved transient brightening has been reported by Shimojo et al. (2017b) (see Figure 11 for a snapshot around the peak of the event). The event was associated with an X-ray bright point near a sunspot. The bright point was visible in soft X-ray, EUV, and 3-mm images. The location of the brightest part of the 3-mm source (left box of the top left panel of Figure 11) matches the loop top of the X-ray bright point. Hence, it is hard to think that the 3-mm source is located in the chromosphere, and the source might not be optically thick.
[image: Figure 11]FIGURE 11 | Images of a plasmoid ejection close to the time of its maximum emission. From left to right and top to bottom we present images at 3 mm (ALMA), 1700, 304, 131, 171, 193, 211, 335, and 94 Å (all from AIA), and Al-poly filter soft X-rays (from Hinode XRT) (from Shimojo et al., 2017b). © AAS. Reproduced with permission.
The time evolution of the event in the EUV and soft X-ray images is similar to that of coronal jets (e.g. see Shimojo et al., 2007; Moore et al., 2010; Raouafi et al., 2016). At first, the X-ray bright point flares up, small flare loops are created, and an elongated jet structure develops simultaneously from near the loop top. Then a plasmoid blob ejects from the bright point. Interestingly, the apparent direction of motion of the plasmoid is slightly different from the direction of motion of the jet. In the 3-mm images, emission from both the flaring bright point and the plasmoid can be seen (see Figure 11). Shimojo et al. (2017b) argued that the plasmoid was neither a chromospheric object nor was it optically thick. Their analysis indicated that the plasmoid consisted either of isothermal [image: image] K plasma which was optically thin at 3 mm, or a 104 core with a hot envelope. Subsequent spectral analysis has favored the latter conditions as opposed to the fully optically thin case (Rodger et al., 2019).
Transient ejecta have also been revealed in other ALMA observations. For example Yokoyama et al. (2018) presented the ejection of a small blob at 3 mm which was associated with a spicule appearing in Mg II images obtained with the Interface Region Imaging Spectrograph (IRIS De Pontieu et al., 2014). This may suggest a relationship between the ejection of plasmoids and the development of spicules. We note that the mm-λ emission from solar structures mainly arises from continuum processes (see Section 1). Therefore even when the velocity of the emitting structure increases rapidly, we will still be able to track its motion in contrast to what might happen in spectral line observations due to their narrow band-pass. In this respect, ALMA images may serve as a valuable tool for tracing ejecta.
We note in passing that Yokoyama et al. (2018) also revealed that there is a correspondence in the solar limb location between 3-mm ALMA images and 171 Å images obtained by AIA/SDO. Since the limb is populated by dynamic structures like spicules, this result can be used both for the coalignment of ALMA and EUV images and for constraining the variation of their density with height.
Figure 10 indicates that some of the events detected by da Silva Santos et al. (2020) (see Section 3.1) were also resolved and showed an elongated shape bridging regions of opposite magnetic polarities and exhibiting proper motions with high apparent velocities (37–340 km s−1). da Silva Santos et al. (2020) compared their results with a snapshot from a radiative MHD (r-MHD) simulation of magnetic flux emergence (see top part of right column of Figure 10). The simulation region contained an Ellerman bomb and an UV burst marked by the top and bottom arrows in panels (a)-(j), respectively. In agreement with the observations there is no signature of the Ellerman bomb in the simulated 3-mm emission but the presence of the UV burst, probably a signature of magnetic reconnection following flux emergence, is captured as a rather elongated structure in good qualitative agreement with the UV and 3-mm observations that appear in the left column of Figure 10.
3.3 Energetics of transient brightenings
The importance of transient brightenings as potential contributors to the heating of the upper layers of the solar atmosphere has been highlighted in Section 1. Therefore it is not a surprise that in some of the papers reporting on ALMA transient brightenings, estimates of their energy content are provided. The mm-λ emission is considered to arise from thermal free-free emission. Three approaches to the subject have been developed: 1) Direct use of the ALMA brightness temperature enhancements for the calculation of the thermal energy supplied to the chromosphere by the transients (Nindos et al., 2020, 2021; Shimizu et al., 2021). 2) Combine ALMA data with EUV or soft X-ray data to constrain the temperature and density of the event’s plasma and then use these results to estimate its thermal energy content (Shimojo et al., 2017b). 3) Calculate heating rates from a pertinent MHD simulation and compare the results with ALMA observations (da Silva Santos et al., 2022a).
In approach 1) the mm-λ brightness temperature enhancement is considered to be equal to the electron temperature increase of the plasma which is correct only if the mm-λ emission is optically thick. Nindos et al. (2020, 2021) and Shimizu et al. (2021) used the electron temperature values resulted from invertions of center-to-limb variation curves performed by Alissandrakis et al. (2017, 2020) with the corresponding model densities from pertinent Fontenla et al. (1993) models and verified that that was indeed the case in their events. In these studies it was assumed that the density did not change during the events and was taken from models (Fontenla et al., 1993; Loukitcheva et al., 2015). That is a rather crude treatment of the problem which, however, is justified by the lack of appropriate data to perform differential emission measure (DEM) analysis.
Nindos et al. (2020, 2021) found that the thermal energies of their transient brightenings ranged from [image: image] to [image: image] erg at 3 mm and from [image: image] to [image: image] erg at 1.25 mm. At both frequencies power laws with indices of 1.65–1.75 were established for the frequency distribution of the events versus energy (see Figure 12). These indices are well below values of [image: image] which should appear if the energy released by weak events could heat the upper layers of the atmosphere (e.g., Hudson, 1991). Furthermore, the above properties are consistent with those of quiet Sun EUV events reported in previous publications (e.g. see Joulin et al., 2016, and references therein). We note that the lower end of the energy distribution of the 1.25 mm events detected by Nindos et al. (2021) is among the smallest ever reported irrespective of the observing wavelength. The power per unit area of their events was [image: image] erg cm−2 s−1 which can account for about 1% of the radiative losses from the quiet low chromosphere (e.g. see Withbroe and Noyes, 1977).
[image: Figure 12]FIGURE 12 | Energetics of quiet Sun ALMA transients. In the top panel, the black curve outlines the frequency distribution of 1.25-mm transients. The gray band marks the uncertainties while the red line represents the power-law fit (with index of 1.64) of the frequency distribution for energies [image: image] erg. In the bottom panel the energetics of 3-mm transients are shown with a layout indentical to the top panel. The only exception is that the red line represents the power-law fit (with index of 1.73) of the frequency distribution for energies [image: image] erg (from Nindos et al., 2021). Reproduced with permission © ESO.
Shimizu et al. (2021) performed an in-depth analysis of a microflare event observed at 3 mm as well as in UV, EUV, and soft X-rays. The thermal energy supplied to the chromosphere by the event was 2.2 × 1024 erg. This estimate was derived from the 3 mm emission at the footpoint of a (micro-)flaring loop that emitted in soft X-rays. The soft X-ray data were used to estimate the event’s thermal energy that was supplied to the corona. It was found that the coronal excess energy was about 100 times larger than the chromospheric one. The fact that compared to the soft X-ray emission, the event’s emission at 3 mm was 1) more impulsive, 2) clearly reached its peak before the soft X-ray emission, and 3) was associated with a microflare’s footpoint while the soft X-ray emission came from the loop led Shimizu et al. (2021) to argue that the energy measured from the 3 mm data can be viewed as a proxy to the energy carried by the non-thermal electrons that impinge deeper and denser atmospheric layers. This result may reflect that the non-thermal energy is not adequate to account for the thermal component in this event because of a deficit of such energetic electrons. Warmuth and Mann (2020) reached a similar conclusion for a set of weak flares they analyzed.
When an event’s mm-λ emission is optically thin, the observed excess brightness temperature is not equal to the plasma electron temperature increase. In such case if the event has been co-observed in EUV or soft X-rays, the variation of the assumed electron density and temperature may reveal parameter spaces that can reconcile the intensity enhancements in both EUV/soft X-rays and mm-λ. That was the strategy adopted by Shimojo et al. (2017b) who found that in their plasmoid event (see Section 3.2) the appropriate pair of electron temperature and density (105 K and 3 × 109 cm−3, respectively) yields a thermal energy of 5 × 1024 erg.
An alternative, albeit less straightforward approach, is to constrain the energetics of mm-λ transient events by comparing their observations with MHD simulations. This path was followed by da Silva Santos et al. (2022a) who found enhanced heating rate of up to 5 kW m−2 in the upper chromosphere part of a simulation box that contained small emerging loops interacting with the overlying canopy field in a situation that resembles the events studied by da Silva Santos et al. (2020) (see also Figure 10). The simulation reproduced well the observations and indicated that the observed 3 mm brightness temperature may form as a weighted average of significant contributions from different layers along the line of sight (see Martínez-Sykora et al., 2020).
3.4 Detection of shock waves
Significant attention has been drawn to the detection of possible signatures of propagating shock waves in ALMA data because: 1) dissipation of shock waves may have a bearing on the heating of the chromosphere and corona, and 2) 1D hydrodynamic simulations (see Loukitcheva et al., 2004, 2006) as well as 3D radiative MHD simulations (see Wedemeyer-Böhm et al., 2007; Loukitcheva et al., 2015; Eklund et al., 2020, 2021a, and also the review by Wedemeyer et al. included in this special Research Topic collection) have revealed that the signatures of such shocks could be identified in ALMA data.
Typically, snapshots from 3D simulations of propagating shock waves show, especially in regions of small magnetic field strength, a pronounced small-scale mesh-like pattern of elongated structures which is produced by propagating shock waves. Wedemeyer et al. (2016) (see also Wedemeyer-Böhm et al., 2007) concluded that the larger building blocks of such pattern can still be visible at a spatial resolution of 0.9″. However, such resolution, although feasible with ALMA at 1.25 mm, is probably at or beyond the instrument’s capabilities at 3 mm where most of solar observing programs have been executed; the so-far most used Band 3 antenna configuration, C3, yields spatial resolution of [image: image]. Therefore, it is not a surprise that the predicted shock-induced spatial pattern has yet to be identified with clarity in ALMA images.
Simulations also show how a number of plasma and radiation macroscopic parameters may change with height and time during the propagation of a shock wave. As an example in Figure 13 (top left panel) we show the gas temperature as a function of time and height at the location of a shock wave detected in the simulations by Eklund et al. (2021a). In the same panel the formation heights at optical depth τ = 1 for two ALMA Band 6 sub-bands (SB1, 1.298–1.309 mm, and SB4 1.204–1.214 mm) are also plotted (see the blue and green circles). It is clear that the ∼1.25 mm emission tracks well the shock front as it propagates from about 1 Mm up to about 1.4 Mm where it decouples from it. Note, however, that the shock front keeps moving upward. The decoupling occurs due to the lower opacities for the 1.25 mm emission at heights above ∼1.4 Mm. Panel (b) of Figure 13 shows the corresponding time profiles of the SB1-SB4 brightness temperatures as well as the associated gas temperature time profiles at heights where τ = 1. The event’s FWHM is 41 s and the shock-related increase of brightness temperature is about 5000 K.
[image: Figure 13]FIGURE 13 | Top left [panel (A)]: Gas temperature as a function of time and height for a simulated shock wave. The blue and green dots indicate the formation heights for emission at 1.309 (SB1) and 1.204 mm (SB4), respectively. Top right [panel (B)]: Time profile of the brightness temperature at SB1 (solid blue) and SB4 (solid green) as well as of the gas temperature at the τ = 1 heights of the corresponding wavelengths (blue/green dotted). Bottom panels: same as top panels but for the vertical velocity of the gas (from Eklund et al., 2021a).
In the left bottom panel of Figure 13 we show the material’s vertical velocity associated with the same simulated shock as a function of time and height. The pre-shock region is dominated by a bulk downflow of relatively cool material which is followed by the upflow of hotter material that is associated with the development of the shock. The upflow velocity reaches a value of ∼10 km s−1 at the formation heights of the 1.25 mm radiation but velocities as double as that are registered higher up. On the other hand, the velocity of the vertical propagation of the shock front as can be depicted along the sharp shock-related height-time slopes in the left panels of Figure 13 lies in the range of ∼20–80 km s−1.
The shock-related excess brightness temperature in the simulation we presented in Figure 13 is similar to those reported in other simulations (e.g. see Wedemeyer-Böhm et al., 2007) whereas the transient brightenings detected by Eklund et al. (2020) showed lower excess brightness temperatures up to 1200 K with typical values in the range 450–750 K. However, such discrepancies can be largely reconciled when the simulation results are degraded to the inferior ALMA spatial resolution (see Eklund et al., 2021b). Furthermore, Eklund et al. (2021b) reported that the degraded spatial resolution also affects the lifetime (i.e. FWHM) of shock-related transients because the 3 mm emission is not sensitive to some of the cooler pre-shock material; therefore the ALMA events will tend to be shorter than those detected by simulations. However, these discrepancies (differences on the order of about 15%) should not be as serious as those associated with their brightness temperatures.
Overall, the comparison of the simulation results with ALMA data may lead to the following criteria for the identification of shock signatures in mm-λ transient brightenings (see also Eklund et al., 2020; Chintzoglou et al., 2021b)
• Excess brightness temperature on order from a few hundred to more than a thousand degrees Kelvin.
• Temporal FWHM on the order of tens of seconds.
• Small lateral motions (i.e. with speeds smaller than the local sonic and Alfven speeds) during their lifetime since they are supposed to represent upward-propagating disturbances along magnetic field lines of minimal inclination.
• Occurrence in regions of relatively small magnetic field strength.
• Brightness temperature increases and decreases which should be consistent with undulatory intensity changes recorded in wavelegth-time cuts of the emission from chromospheric lines. This criterion probably provides the most compelling evidence for the presence of a shock wave (see below for the discussion of a particular example).
Eklund et al. (2020) concluded that most of the 552 transients events they detected were consistent with the first four of the criteria listed above (no spectroscopic data were available to them). As an example, in Figure 14 we show one of their best events. The event was largely spatially unresolved, its lifetime was 67 s and the brightness temperature increased by ∼1100 K. Its location corresponds to the cross marked “A” in Figure 8, i.e. it was associated with small magnetic fields. Furthermore, the space-time cuts (panels f–g of Figure 14) yielded an apparent motion of the brightest pixel at the peak of the event (which coincided with the center of the field of view) of about 22 km s−1. This value is somewhat larger that the nominal chromospheric sound and Alfven speeds (which are on the order of ∼10 km s−1, e.g. see Priest, 2014, and references therein) and, in any case, lies toward the high-end limit of the lateral apparent velocities registered by these authors.
[image: Figure 14]FIGURE 14 | Panels (A–E) show characteristic snapshots of a transient brightening attributed to a propagating shock wave. The center of the field of view is marked by the blue “x.” Panels (F,G) show vertical and horizontal cuts, respectively, across the center of the field of view which is indicated by blue dots for the times of panels (A–E). Blue and white lines indicate apparent velocity slopes for 10 and 20 km s−1, respectively. Panel (H) shows the brightness temperature time profile of the center of the field of view (from Eklund et al., 2020). Reproduced with permission © ESO.
When a shock passes through the chromosphere one expects wavelength-time (λ-t) cuts of chromospheric line emission to show a repetitive pattern of a blueshifted excursion that gradually drifts toward the red wing of the line. Such pattern should yield a “sawtooth” modulation in the λ-t cuts. That is exactly what was observed by Chintzoglou et al. (2021b) (see Figure 15) who studied coordinated ALMA 1.25 mm and IRIS UV observations of a plage region. In Figure 15 the time profile of the 1.25 mm emission for the same location of the plage is also displayed; its behavior is similar to the UV wavelength-time drift trends attributed to the propagation of shocks in the chromosphere; note in particular the correlation of 1.25-mm brightness temperature increases and UV blueshifts.
[image: Figure 15]FIGURE 15 | Wavelegth-time plot for Mg II k (panel B) and its temporal derivative (panel A) of a 1″ × 1″ area above a plage with recurrent shock waves. Panels (C,D) same as panels (A,B) but for Si IV. In all panels the 1.25 mm emission is overplotted (red curves). The rest-wavelegth position is marked with a dotted line. The arrows point to blueshifts and correlated 1.25-mm emission increases (from Chintzoglou et al., 2021b). © AAS. Reproduced with permission.
Chintzoglou et al. (2021b) concluded that the 1.25-mm plage emission was sensitive to localized heating of the upper chromosphere by propagating shocks. The pertinent brightness temperature jumps were of the order of 10–20% from a reference value of about 7500 K with a decay time of about 60–120 s and a recurrence at about 120 s. This temporal behavior may indicate that multiple shocks from different directions and at different timings could have passed through the specific plage location they considered.
4 CONCLUSIONS AND PROSPECTS FOR THE FUTURE
Oscillations, wave phenomena, and transient brightenings, along with turbulence, non-periodic temporal variations, and instrumental noise, all contribute to the observed time variability at any location in the chromosphere. Therefore, for any meaningful study of chromospheric dynamics care must be taken to separate these components. Despite the difficulties several important new results about the dynamic chromosphere have come out since the relatively recent (2016) initiation of regular solar observations with ALMA. The most important findings are summarized below.
• Magnetic field strength and topology largely influence the oscillatory behavior of the chromosphere; the traditional 3-min p-mode oscillations appear at mm-λ only above regions showing small amounts of overlying horizontal magnetic flux, i.e. over weak-field quiet Sun regions.
• When the p-modes are present, they represent brightness fluctuations of about 1–2% with respect to the average quiet Sun. But they correspond to ∼0.5–0.6 of the spectrum-integrated power, i.e. they represent a significant fraction of the observed mm-λ brightness temperature fluctuations. For the first time, their power has been spatially resolved, thanks to the unprecedented ALMA’s spatial resolution. Similar p-mode frequencies have been established both in the network and cell interior.
• High frequency (periods of 66–90 s) oscillations in brightness temperature, size, and horizontal motion of small-scale bright features have been detected for the first time in mm-λ observations.
• The first detection of spatially resolved mm-λ oscillations above a sunspot exhibited properties consistent with the propagation of magneto-acoustic waves above the umbra with some indications of nonlinear steepening.
• A multitude of weak transient brightenings, both in the quiet Sun and active regions, has been detected in ALMA data. Their excess brightness temperature may lie from about 40 K up to about 5000 K above background. Most of them are spatially unresolved. Some of the resolved ones are associated with ejecta that are likely caused by magnetic reconnection.
• The thermal energy of the transient brightenings is between 2 × 1023 and 1024 erg. The computed lower end of their energy distribution is among the smallest ever reported irrespective of the observing wavelength. However, their power per unit area can account for only ∼1% of the radiative losses from the quiet low chromosphere.
• Brightness temperature increases in mm-λ transient brightenings could result from acoustic/magnetoaccoustic shocks or from magnetic reconnection. Those associated with ejecta are probably induced by reconnection while those showing brightness temperature modulations that are consistent with undulatory intensity changes recorded in λ-t cuts of the emission from chromospheric lines may arise from shocks. A multitude of transients has been attributed to propagating shocks.
The above list highlights ALMA’s great potential to address open issues in chromospheric physics. The major advantage of ALMA data is probably their ability to directly probe the spatial distribution and temporal variability of the electron temperature of the plasma without the need to address complicated effects arising from the non-LTE conditions prevailing in the formation of chromospheric spectral lines.
On the other hand, the major difficulties associated with solar ALMA observations include the small field of view, relatively low spatial resolution compared to state-of-the-art observations in other wavelengths, the availability of a small number of frequency bands, as well as the demanding processing of the visibility data. The field of view can be enlarged by invoking mosaicking techniques at the cost of reduced cadence. With such a setup, only slowly varying phenomena can be tracked and this partly explains why in most of the studies that we reviewed in this paper, Band 3 data were analyzed; it is the frequency band providing the largest FOV, nominally 60″, for solar observing (the other part of the explanation is that, due to weather/atmospheric conditions, the execution of observations becomes increasingly demanding with frequency).
The study of the height dependence of dynamic phenomena requires observations at as many frequencies as possible. Currently ALMA is capable of observing one frequency band at a time. Things will improve by using subarrays, i.e. splitting an array configuration into pieces that observe different frequency bands at the same time or/and by adding new frequency bands to the solar observing programs. For example, the recent addition of Band 7 (0.86 mm) will help us probe lower heights than Band 6. At lower frequencies, a possible future addition of Band 1 (7.25 mm) will probe higher layers where the impact of oscillations should be lower, and thus the detection of weaker transient brightenings could be facilitated. Currently, making snapshot images at different spectral windows within the same ALMA band (see Jafarzadeh et al., 2019; Rodger et al., 2019) could act as a feasible, albeit not completely satisfactory (due to the limited range of sampled heights) alternative, to obtain spectral information about dynamic phenomena. Guevara Gómez et al. (2022b) and also in a work in preparation Guevara Gómez et al. (2022a) have shows that the combination of such spectral windows (to improve the signal-to-noise ratio) at two separate spectral regions within Band 3 yields height separations on the order of 70 km, as well as the approximate determination of propagating speeds of transverse waves identified in ALMA sub-bands and in synthetic data.
Throughout this paper the need for observations with the highest possible spatial resolution has been highlighted because several of the phenomena we discussed (for example transient brightenings) exhibit spatial scales at or below ALMA’s current spatial resolution. Since ALMA’s Cycle 7 (October 2019–October 2021, which includes the observatory’s shutdown period due to the COVID-19 pandemic) the C4 antenna configuration array, whose most extended baseline is over 700 m, has been enabled for solar observations. With the C4 configuration a spatial resolution of about 1″ can be achieved at 3 mm, which constitutes an improvement of a factor of two over the resolution of the Band 3 observations reviewed in this paper. Unfortunately, there has been no paper yet reporting observations of waves or transient events with the C4 configuration. However, the potential to observe with ALMA at sub-arcsecond resolution has been demonstrated by da Silva Santos et al. (2022b) who reported on the fine structure of a filament.
The implementation of circular polarization (Stokes parameter, V) measurements to future solar ALMA observing programs is anticipated to help constraining the magnetic field in the chromosphere. However, we note that the expected low degree of circular polarization outside of active regions demands high sensitivity and will certainly require the development of advanced calibration and imaging procedures. At the time of writing of this paper it is not yet known when solar V ALMA observations will become available. However, synergies between ALMA and high-sensitivity, high spatial and spectral polarimetric observations of photospheric and chromospheric magnetic fields (like the ones that will become available by the Daniel K. Inouye Solar Telescope, DKIST, instrumentation Rimmele et al., 2020) will certainly advance our knowledge on the topics discussed in this paper by shedding light on the upward propagation of waves through the magnetized solar atmosphere and by constraining the magnetic configuration where transient brightenings occur.
We also tried to emphasize that an important ingredient of the recent advances in the study of the dynamic chromosphere is the synergy between the ALMA observations and observations at (E)UV and X-rays. In particular, several spectral lines observed by IRIS (e.g., Mg II h and k) are formed at about the same height as the mm-λ continua observed with ALMA, but probe different plasma properties, thereby providing a highly complementary dataset to the ALMA data (e.g. see Bastian et al., 2017). Last but not least, the coordination of the anticipated sub-arcsecond DKIST and Solar Orbiter (Müller et al., 2020) observations with ALMA has the potential to provide information on the small-scale structure of several chromospheric dynamic phenomena together with their photospheric and transition region counterparts in an unprecentedly long wavelength range from UV to mm-λ.
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The Atacama Large Millimeter/submillimeter Array (ALMA) offers new diagnostic possibilities that complement other commonly used diagnostics for the study of the Sun. In particular, ALMA’s ability to serve as an essentially linear thermometer of the chromospheric gas at unprecedented spatial resolution at millimeter wavelengths and future polarization measurements has great diagnostic potential. Solar ALMA observations are therefore expected to contribute significantly to answering long-standing questions about the structure, dynamics, and energy balance of the outer layers of the solar atmosphere. In this regard, current and future ALMA data are also important for constraining and further developing numerical models of the solar atmosphere, which in turn are often vital for the interpretation of observations. The latter is particularly important given the Sun’s highly intermittent and dynamic nature that involves a plethora of processes occurring over extended ranges in spatial and temporal scales. Realistic forward modeling of the Sun therefore requires time-dependent three-dimensional radiation magnetohydrodynamics that account for non-equilibrium effects and, typically as a separate step, detailed radiative transfer calculations, resulting in synthetic observables that can be compared to observations. Such artificial observations sometimes also account for instrumental and seeing effects, which, in addition to aiding the interpretation of observations, provide instructive tools for designing and optimizing ALMA’s solar observing modes. In the other direction, ALMA data in combination with other simultaneous observations enable the reconstruction of the solar atmospheric structure via data inversion techniques. This article highlights central aspects of the impact of ALMA for numerical modeling of the Sun and their potential and challenges, together with selected examples.
Keywords: radio radiation, atmosphere, magnetic fields, radiative transfer, magnetohydrodynamics (MHD), millimeter and submillimeter astronomy, solar physics, chromosphere and corona
1 INTRODUCTION
When pointed at the Sun, the Atacama Large Millimeter/submillimeter Array (ALMA, Wootten and Thompson, 2009) mostly observes radiation that originates from the solar chromosphere. This atmospheric layer, which is situated between the photosphere below and the transition region and the corona above, is highly dynamic and intermittent and shows variations on a large range of spatial and temporal scales. Plasma with chromospheric conditions can also be found in the corona in the form of prominences and coronal rain. These structures are integral components of the solar corona in the sense that they not only reflect specific physical processes of the corona but also influence its evolution (Vial and Engvold, 2015; Antolin and Froment, 2022). The investigation of the thermodynamic conditions and morphology of these dense and cool structures supported by the magnetic field is therefore also a major field to which ALMA can make a major contribution.
Despite very active research regarding the chromosphere, which involves observations at many different wavelength ranges supported by numerical simulations, many fundamental questions concerning this layer remain open. The main reason is that the chromosphere is notoriously difficult to observe. Only a small number of spectral lines and continua are formed in the chromosphere, usually across extended height ranges. The formation of chromospheric spectral lines involves non-equilibrium effects such as non-local thermodynamic equilibrium (NLTE1, see Unsöld, 1955; Mihalas, 1978; Carlsson and Stein, 1992, and references therein) and time-dependent hydrogen ionization (Carlsson and Stein, 2002). Consequently, the few currently available diagnostics like the spectral lines of singly ionized calcium and magnesium are difficult to interpret, in particular, in combination with instrumental limitations. As a result, the physical properties of the observed atmospheric region can only be derived with rather large uncertainties, hampering the progress in understanding this important part of the solar atmosphere.
Observations of the solar continuum radiation using ALMA, as offered on a regular basis since 2016, provide unprecedented diagnostic possibilities that are complementary to other chromospheric diagnostics (Bastian, 2002; Karlický et al., 2011; Benz et al., 2012; Wedemeyer et al., 2016; Bastian et al., 2018). The radiation continuum at submillimeter/millimeter ((sub-)mm) wavelengths, including the range accessed by ALMA, forms essentially under conditions of local thermodynamic equilibrium (LTE) so that the observed brightness temperature, Tb, is closely related to the actual (electron) temperature of the chromospheric gas in a (corrugated) layer whose average height roughly increases with the selected observing wavelength. Unfortunately, observations at (sub-)mm wavelengths prior to the use of ALMA had too low spatial and temporal resolution for resolving the small spatial and short temporal scales on which the intricate chromospheric dynamics occur. For instance, the Berkeley–Illinois–Maryland Array (BIMA) had a spatial resolution corresponding to a restored beam size of [image: image] at a wavelength of λ = 3.5 mm (White et al., 2006; Loukitcheva et al., 2009). The full diagnostic potential of millimeter wavelengths has therefore only been unlocked by ALMA because of its high temporal and (comparatively high) spatial resolution, which significantly exceeds the resolution achieved by previous millimeter and radio observatories. It should be noted that the millimeter wavelengths addressed in this article are also referred to in terms of their corresponding frequencies (a few 10 s GHz up to ∼1 THz) and as (ALMA) receiver bands2 that covered the discussed wavelength range. In particular, ALMA bands 3 and 6, which have been used most frequently for solar observations so far, refer to (central) wavelengths of 3.0 mm and 1.3 mm and corresponding frequencies of 100 GHz and 230–240 GHz, respectively.
Because ALMA is relatively new as a diagnostic tool for the solar chromosphere, many aspects are not understood well yet. For instance, the exact formation heights and, thus, the layers sampled by the different receiver bands of ALMA and, likewise, the oscillatory behavior seen in the ALMA observations are still debated (Jafarzadeh et al., 2021; Patsourakos et al., 2020; Narang et al., 2022; Nindos et al., 2021). On the other hand, as solar observing using ALMA is still in its infancy, its capabilities will continue to improve in the near future. However, any new ability to obtain unprecedented observations in any part of the spectrum always brings its own challenges in the interpretation of the resulting data. Fortunately, diagnostics and understanding of ALMA observations and their relationship to the coordinated observations in other spectral domains can benefit from dedicated numerical modeling.
Like in many other fields of astrophysics, numerical simulations have developed into an essential tool in solar physics. Also, in the context of solar observations with ALMA, simulations help to interpret observational data but can also be used to develop and optimize new observing strategies (Wedemeyer-Böhm et al., 2007; Loukitcheva et al., 2015; Fleishman et al., 2021a). In return, comparisons with observations provide crucial tests for the veracity of existing models of the solar atmosphere. In this brief overview article, the potential value of numerical simulations for solar science with ALMA is explored, ranging from forward modeling of thermal and non-thermal mm continuum radiation and the impact of magnetic fields (Section 2) to data inversion techniques and modeling of instrumental and seeing effects (Section 3). Examples of scientific applications are given in Section 4, followed by a summary and outlook in Section 5.
2 FORWARD MODELING AND ARTIFICIAL OBSERVATIONS
Forward modeling of the solar atmosphere is typically split into the following steps: (i) radiation (magneto) hydrodynamics simulations (Section 2.1), (ii) synthesis of observables via radiative transfer calculations (Section 2.2), and (iii, optional) application of simulated observational effects (e.g., limited angular resolution, see Section 2.3).
2.1 Radiation magnetohydrodynamics simulations
Semi-empirical models of the solar atmosphere like those by created by Vernazza et al. (1981), Fontenla et al. (1993), and Avrett and Loeser (2008) have been an important milestone and are still widely used for reference. Millimeter continuum observations were also used for the construction of these models, which therefore, give a first idea of where and under which conditions radiation continuum at different millimeter wavelengths is formed—on average. While the employed radiative transfer modeling, which even accounts for NLTE, is elaborate, this class of models can by nature not account for the pronounced temporal and spatial variations seen at the much increased resolution of modern observations.
The next step in the development toward realistic models was therefore to account for temporal variations in the chromosphere. The time-dependent one-dimensional simulations by Carlsson and Stein (1995) and variations therefore capture well the dynamics introduced by shock waves that propagate through the solar atmosphere and the resulting implications for the chromospheric plasma properties, i.e., the ionization degree of hydrogen and, thus, the (non-equilibrium) electron density (Carlsson and Stein, 2002). These simulations have been used for the synthesis of the millimeter continuum and thus provided first predictions of the brightness temperature variations that a telescope with sufficient resolution would be able to observe (Loukitcheva et al., 2008).
However, the solar atmosphere and, in particular, the highly dynamic and intermittent chromosphere is a truly time-dependent three-dimensional phenomenon, which poses significant challenges for realistic modeling capable of reproducing observational findings. Also, temporal variations on short timescales are typically connected to spatial variations across short-length scales. Consequently, accounting for the full time-dependence and multi-dimensionality of the solar chromosphere is a substantial step forward from one-dimensional approaches. In view of limited computational resources, early 3D simulations were restricted in the overall number of grid cells, seeking a compromise between the required resolution and the extent of the computational domain, and the physical processes that could be numerically treated (Skartlien et al., 2000; Wedemeyer et al., 2004). The enormous increase in computational power over the last decades now enables simulations with much higher numbers of grid cells and, thus, a better representation of the chromospheric small-scale structure and larger extents of the modeled region. However, self-consistent numerical simulations of whole active regions are still at the modeling frontier (Rempel et al., 2009).
Numerical two-dimensional (2D) and three-dimensional (3D) models produced using the radiation magnetohydrodynamics (rMHD) simulation codes Bifrost (Gudiksen et al., 2011) and CO5BOLD (Freytag et al., 2012) have already been used as the basis for the synthesis of mm continuum radiation (Wedemeyer-Böhm et al., 2007; Loukitcheva et al., 2015) but an increasing number of codes is developing the necessary functionality, e.g., MURaM (Przybylski et al., 2022). Both Bifrost and CO5BOLD solve the equations of magnetohydrodynamics and radiative energy transfer together with a realistic equation of state and realistic opacities and further relevant physics. A typical model includes a small part of the solar atmosphere (from a few Mm to a few 10 Mm, cf. Wedemeyer et al., 2016, and references therein) and extends from the upper convection zone into the chromosphere and/or low corona (Figure 1A). This way, the dynamics in the model are driven self-consistently and all layers mapped using ALMA are included. A simulation typically starts with an evolved model snapshot (or any other initial condition) and is evolved in time step-by-step, where the computational time steps are of the order of 1 ms–100 ms, depending on the magnetic field strength in the model. Simulation snapshots of the physical parameters can be output at a freely selectable cadence. Modeling the layers of the solar atmosphere above the temperature minimum in a realistic way requires the inclusion of additional physical processes and deviations from equilibrium conditions that are usually computationally expensive. As discussed in Section 2.2.1, the detailed treatment of time-dependent non-equilibrium hydrogen ionization, like it is implemented in Bifrost, is of particular importance for the continuum radiation at millimeter wavelengths. Also, adding non-equilibrium ionization of helium and ion-neutral interactions (ambipolar diffusion) significantly increases the computational costs. Consequently, so far, only a small number of models can account for these additional ingredients and are necessarily limited to 2.5D in order to render such modeling computationally feasible (Martínez-Sykora et al., 2020). These models suggest that the effective formation heights of the millimeter continuum in both the ALMA bands 3 and 6 are similar in active regions (ARs) and network regions, which contradicts results from previous simulations (see Wedemeyer et al., 2016, and references therein) and actual ALMA observations ( Hofmann et al., 2022). Clearly, the inclusion of more physical processes relevant under chromospheric conditions as implemented in the 2.5D simulations conducted by Martínez-Sykora et al. (2020) is an essential step in the right direction. However, given the complicated small-scale dynamics of the chromosphere, modeling this layer in full 3D at sufficient resolution is a critical requirement that comes with high computational costs.
[image: Figure 1]FIGURE 1 | Forward modeling of synthetic brightness temperatures at millimeter wavelengths starting with a 3D model snapshot (or a time series of such) from a Bifrost simulation (A). The model features an enhanced network region in the center surrounded by quiet Sun. The radiative transfer calculations with ART produce a brightness temperature map for the selected frequencies [shown here: 239 GHz, (B)] to which then a simple point spread function (PSF) equivalent to an idealized synthesized beam for ALMA can be applied (C). The PSF is shown in the top left corner of the panel. A more realistic simulation of atmospheric seeing and instrumental effects as performed using SASim (and then reconstructed using SoAP) results in stronger degradation (D) of the original image than the simple PSF. It is to be noted that only a moderate example is shown that corresponds to good observing conditions. The synthesized beam is shown in the corner of the reconstructed image in panel (D).
2.2 Spectrum synthesis
In the Sun, continuum radiation is mostly due to thermal emission mechanisms as discussed in Section 2.2.1 but non-thermal emission needs to be taken into account in flares (see Section 2.2.2). As discussed in the following section, this results in particular requirements for the forward modeling of meaningful millimeter radiation.
2.2.1 Thermal radiation
At (sub-)mm wavelengths, the main source of opacity is due to thermal free-free absorption (bremsstrahlung) from electron-ion free–free encounters and H− (see, e.g., Dulk, 1985; White et al., 2006; Wedemeyer et al., 2016). In other words, the free–free emission originates when free thermal electrons collide with ambient ions and atoms, the total amount of which depends on the electron and ion density, chemical composition, and temperature. All these three inputs vary strongly in the solar atmosphere. In particular, the thermal radiation continuum is sensitively dependent on the local electron density (or line-of-sight electron density). In the presence of a strong magnetic field, additional contribution from gyro emission (Anfinogentov et al., 2019) needs to be taken into account (see the following section).
Many radiative transfer codes commonly use electron densities derived from local plasma properties such as the gas temperature to calculate the thermal free–free emission under the assumption of instantaneous LTE conditions. As demonstrated convincingly by Carlsson and Stein (2002), the rapid variations of the plasma properties in the solar chromosphere due to propagating shock waves in combination with finite hydrogen ionization and recombination time scales result in significant deviations of the electron density from equilibrium values. A realistic calculation of synthetic continuum intensity maps at millimeter wavelengths therefore requires detailed non-equilibrium electron densities as input (see, e.g., Leenaarts and Wedemeyer-Böhm, 2006). However, including non-equilibrium hydrogen ionization in numerical 3D rMHD simulations is computationally expensive, resulting in only a small number of adequate simulations so far (Gudiksen et al., 2011; Loukitcheva et al., 2015; Carlsson et al., 2016).
Figures 2, 3 show the formation of the thermal continuum along vertical slices of two snapshots from publicly available3 Bifrost simulations: en_024048_hion—an enhanced network simulation, including non-equilibrium hydrogen ionization, and ch024031—a coronal hole simulation with LTE ionization. The heights at which the optical depth (τ) equals one are marked as a proxy for the formation height for simplicity. We note that, however, the contribution functions of the (sub-)mm continuum can potentially be wider and consist of several peaks due to the often complicated structure of the chromosphere leading to multiple optically thin contributions along the line of sight. Some ALMA observations indeed show occasional contributions from several layers (Wedemeyer et al., 2020a). For a detailed insight into the layers that actually contribute to the emission at any given wavelength, these more detailed contribution functions should be considered (e.g., Loukitcheva et al., 2015). The corrugated surfaces of optical depth unity—as corrugated as the chromosphere itself—underscore that the frequencies observed using ALMA probe different heights of the atmospheres at different spatial locations. Therefore, classical semi-empirical models of averaged spectra should be used with caution when interpreting spatially/temporally resolved data. The histograms in Figure 3 show that the formation heights [z (τ = 1)] are, on average, lower in the coronal hole atmosphere than in the enhanced network. Both the magnetic topology and detailed ionization balance influence the formation of the millimeter continuum through changes in the electron/proton densities and temperature, directly affecting the free–free opacities. Simulations of more active conditions naturally lead to higher formation heights than in quiet conditions (Martínez-Sykora et al., 2020). This is true even if non-equilibrium effects are not taken into account because the higher densities in ARs lead to higher (sub-)mm opacities (e.g., da Silva Santos et al., 2022a).
[image: Figure 2]FIGURE 2 | Simulated logarithmic gas temperature (gray-scale) in vertical slices of two 3D rMHD Bifrost simulations: (A) coronal hole and (B) enhanced network region. The solid lines represent the heights at which the optical depth is in unity at a wavelength of 1.2 mm (red) and 2.8 mm (white), which correspond to ALMA bands 6 and 3, respectively (see also Figure 3). It is to be noted that these heights are only rough proxies of typical formation heights, whereas the contribution functions can have multiple peaks along the line-of-sight as a result of the complicated thermal structure as can also be seen from the temperature response functions in Figure 4.
[image: Figure 3]FIGURE 3 | Distributions of the heights of optical depth unity [z (τ = 1)] for the two Bifrost models shown in Figure 2 for the continuum at 1.2 mm (blue) and at 2.8 mm (orange): (A) coronal hole and (B) enhanced network region.
Interestingly, even though the Bifrost-enhanced network simulation includes much of the relevant chromospheric physics, the averaged synthetic brightness temperatures in en_024048_hion are lower than what ALMA observations suggest. Loukitcheva et al. (2015) reported that [image: image]  ∼ 4,800 K and [image: image]  ∼ 6,100 K in that simulation, whereas White et al. (2017) obtained [image: image]  ∼ 5,900 K and [image: image]  ∼ 7,300 K from quiet Sun (QS) observations, values which, for the time being, are set as reference values for observational ALMA brightness temperatures. Alissandrakis et al. (2020) suggested an even higher value: [image: image]  ∼ 6,300 K for the QS. We note that it has also been shown that the simulation produces, for UV and visible chromospheric lines, widths and intensities weaker than the observed values in the QS regions, which suggests that the simulated chromosphere is overall cooler or/and less dense than the real Sun (e.g., Leenaarts et al., 2013). As already stated in Section 2.1, the inclusion of more physical processes relevant under chromospheric conditions as implemented by Martínez-Sykora et al. (2020) is an essential step in the right direction, albeit computationally costly.
While there are several codes that can be used for the synthesis of millimeter continuum radiation, the Advanced Radiative Transfer (ART; de la Cruz Rodríguez et al., 2021) code was developed with the aim of providing a very fast tool for the synthesis of millimeter continuum maps. ART uses non-equilibrium electron densities as provided by 3D simulations with Bifrost (Gudiksen et al., 2011) and 1D RADYN simulations (Carlsson and Stein, 1992), but otherwise assumes LTE conditions. The high computational throughput of ART makes it possible to quickly produce time series, even for all individual spectral channels of ALMA instead of just one representative wavelength per (sub-)band. ART has been used by Wedemeyer et al. (2020a) and Eklund et al. (2021a,b). An example is given in Figure 1B. As a comparison, RH 1.5D (Uitenbroek, 2001; Pereira and Uitenbroek, 2015), MULTI (Carlsson, 1986), and ART were used to synthesize ALMA band 3 radiation from a 1D RADYN simulation. The simulation, which was intended as a first experiment toward nano-flares, included a beam of electrons injected during a time interval of 10 s in an initial atmosphere which is then left to evolve. The differences in brightness temperatures between the results from the three codes, which for this experiment did not contain any non-thermal contributions, agreed within ≲ 15% while the beam was injected and on average less than 6% during the rest of the time.
Fleishman et al. (2021a) extended the theory of free–free emission to the case where the plasma can be composed of many chemical elements in various temperature-dependent ionization states. The theory takes into account that the plasma, in any resolution element (voxel), can have a distribution of the temperature described by the differential emission measure (DEM), rather than a single value of the temperature. Fleishman et al. (2021a) found that the chemical elements can enhance the free–free emission intensity by up to 30% depending on the plasma temperature. In the relatively cool chromosphere, where the plasma is only partly ionized, the code takes into account collisions of free electrons with neutral hydrogen and helium. The effect of the magnetic field on free–free polarization is also taken into account according to the exact magneto-ionic theory, which is important for modeling free–free emission from the chromosphere (Loukitcheva M. et al., 2017). Another effect controlled by the magnetic field is gyroresonant emission due to enhanced opacity of the emission at several gyroharmonics—integer multiples of the gyrofrequency (that is proportional to the ambient magnetic field). Fleishman et al. (2021a) extended the theory of gyroresonant emission to the case of multi-temperature plasma, which required introducing an additional differential density metrics (DDM) complementary to DEM. The code is fully open and available (see Kuznetsov et al., 2021). Although the main contribution to the radio emission at frequencies greater than ∼ 100 GHz (ALMA band 3 and above) comes from the chromosphere, coronal contributions are not negligible in ALMA bands 1 and 2, and the described code is needed to properly model and isolate the coronal contributions. In particular, the gyroresonant contribution can be strong at 34 GHz and above (Anfinogentov et al., 2019). In addition, the coronal contribution dominates at microwave frequencies, which bear extremely useful complementary information.
2.2.2 Non-thermal radiation
Non-thermal radiation is emitted by non-thermal electrons accelerated in solar flares or relativistic positrons produced due to nuclear interactions (Fleishman et al., 2013). The dominant emission mechanism is gyrosynchrotron emission due to spiraling of charged particles in the ambient magnetic field, while free–free emission is often important as well (see Fleishman et al. in this special issue). The theory of gyrosynchrotron emission is well-developed, but the expressions for the emissivity and absorption coefficients are cumbersome and computationally expensive. To facilitate the computation of gyrosynchrotron emission, Fleishman and Kuznetsov (2010) developed fast gyrosynchrotron codes that programmatically increase the computation speed by orders of magnitude. The initial versions of the codes permitted only a limited set of analytical distribution functions of the electrons over energy and pitch-angle to be employed in the computations. To facilitate numerical modeling with a broader range of numerically defined distribution functions, Kuznetsov AA. and Fleishman GD. (2021) extended the codes for the case of distribution functions defined by numerical arrays. This new version of the code (Kuznetsov A. and Fleishman G., 2021) also employs the improved treatment of the free–free emission described in Section 2.2.1.
2.3 Simulation of atmospheric seeing and instrumental effects
In order to ensure a fair and meaningful comparison between observations and synthetic observables based on numerical models, in principle, all effects due to the telescope and instrument, data processing, and Earth’s atmosphere must be considered in detail. Typically, for simplicity but often also in lieu of insufficient knowledge of the aforementioned factors, just the (modeled) telescope point spread function (PSF) is applied to synthetic intensity images, resulting in the degradation of the image to the same angular resolution as in the observations. Moreover, such PSFs are often very simplified as contributions such as stray light are usually not known (Wedemeyer-Böhm and Rouppe van der Voort, 2009). For such comparisons, it should therefore be kept in mind that the degradation effects applied to synthetic images tend to underestimate their effect.
Properly taking into account instrumental and seeing effects is even more challenging for interferometric imaging as performed with ALMA. For solar observations, ALMA’s 12-m array with up to 50 12-m antennas and the Atacama Compact Array (ACA) with up to 12 7-m antennas are correlated, including heterogeneous baselines, resulting in time series or mosaics. At the same time, the up to 4 total power (TP) antennas scan the whole disk of the Sun. The obtained visibility data are later calibrated before the brightness temperature maps are reconstructed via an involved deconvolution and imaging process, which is typically based on the CLEAN algorithm (Högbom, 1974; Rau and Cornwell, 2011). The resulting final synthesized beam, which is a byproduct of the CLEAN procedure, typically has an elliptical shape that changes with time as a result of the changing position of the Sun in the sky and, thus, the corresponding varying viewing angles of the array. While the synthesized beam is equivalent to a PSF and can thus be applied to synthetic intensity maps to match the resolution (see Figure 1C), it is still a simplification of the complicated instrumental setup described previously. An even more severe instrumental effect is the sparse sampling of the spatial Fourier space (“(u, v)-plane”), which is a direct result of the limited number of baselines between antennas. This effect is often compensated by following the source as it moves over the sky with time, thus filling different components in the uv-space. For the Sun, which changes on short time scales, this so-called rotation synthesis technique is not an option as the small structure would effectively be blurred out. Instead, brightness temperature maps of the Sun have to be reconstructed solely on the interferometric information retrieved over a very short time (“snapshot imaging”). The cadence of solar observations with ALMA has decreased from 2 s to only 1, which is a great capability for observing the highly dynamic chromosphere but is challenging for imaging based on sparse uv-sampling.
The Solar ALMA Simulator (SASim), which was developed in connection with the ESO-funded ALMA development study, “High-cadence Imaging of the Sun” (Wedemeyer, 2019), addresses this problem by aiming at a more realistic simulation of the degradation effects, including the atmosphere above ALMA, interferometric observations, and the imaging process. As input, the SASim uses currently synthetic millimeter brightness temperature maps that are produced with ART from a Bifrost simulation with snapshot output at 1 s cadence. Based on the simobserve task as part of CASA4, the maps are then converted into measurements set similar to what is produced from real ALMA observations of the Sun. In the process, the antenna configuration and the degradation properties of Earth’s atmosphere are prescribed. The resulting synthetic measurement set, which is an artificial ALMA observation of the Sun, is then used as input for the same deconvolution and imaging tool as real observations. For this purpose, the Solar ALMA Pipeline (SoAP) is used (Wedemeyer et al., 2020a; Henriques et al., 2022). An example is given in Figure 1D. Such artificial simulation-based observations enable the optimization of the imaging process as the resulting reconstructed images can be compared to the original (i.e., the SASim input) images for different imaging parameter combinations until the best match between the input and output is found. While this procedure is still computationally expensive, it will support the development of new and/or improved observing modes in the future and provide more realistic means for comparing observations with adequately degraded synthetic brightness temperature images.
3 ADVANCED RECONSTRUCTION OF MODEL ATMOSPHERES FROM ALMA OBSERVATIONS
3.1 Data inversion
Modern inversion techniques allow inferring the physical parameters of model atmospheres from the reconstruction of observed spectropolarimetric data. The model typically includes the stratification of temperature, line-of-sight velocity, microturbulence, and the three components of the magnetic field as a function of column-mass or continuum optical-depth at a reference wavelength. Inversion techniques have been applied systematically to study photospheric datasets with different levels of complexity (Ruiz Cobo and del Toro Iniesta, 1992; van Noort, 2012; Ruiz Cobo and Asensio Ramos, 2013; Scharmer et al., 2013; Pastor Yabar et al., 2021) under the assumption of LTE.
The extension of such inversion methods to chromospheric applications was possible by the assumption of statistical equilibrium and plane-parallel geometry in order to calculate the atom population densities (Socas-Navarro et al., 2000). The most used diagnostic has been the Ca ii 8542 Å line (e.g., Pietarila et al., 2007; de la Cruz Rodríguez et al., 2013; Henriques et al., 2020). More recently, the inclusion of lines originating from multiple species and the inclusion of partial redistribution effects have been made possible with the STiC code (de la Cruz Rodríguez et al., 2019), which has enabled the application of inversion methods to datasets including the Mg ii h&k lines (e.g., de la Cruz Rodríguez et al., 2016; Gošić et al., 2018; Sainz Dalda et al., 2019) and Ca ii H&K lines (Esteban Pozuelo et al., 2019; Vissers et al., 2019; Morosin et al., 2022).
The depth-resolution that can be achieved by inversions greatly depends on the number of spectral diagnostics (lines and continua) included as constraints in the process, as well as their sensitivities to the different regions represented in the model. The inclusion of more diagnostics improves the depth resolution and reduces potential degeneracies in the reconstructed model. However, because of the non-locality of the radiation field in the chromosphere and the consequent decoupling of the source function from the local temperature stratification, NLTE inversions can fail to accurately constrain temperature stratification in the chromosphere, especially when only one spectral line is included in the inversion.
ALMA millimeter observations provide a powerful diagnostic for chromospheric inversions (da Silva Santos et al., 2018). At those wavelengths, the background continuum samples the chromosphere and the source function can be described by the Planck function. However, while ALMA radiation can be described in LTE, the continuum opacity is set by the electron density and the hydrogen ionization/recombination balance, which are far from LTE in the chromosphere, and time-dependent NLTE hydrogen ionization should be included in the calculations (Leenaarts and Wedemeyer-Böhm, 2006; Leenaarts et al., 2007, see also Section 2.2.1). Inversion methods are not sufficiently developed to include time-dependent hydrogen ionization yet. An alternative approach, which is more accurate than assuming LTE, is to calculate H ionization in statistical equilibrium and account for this NLTE contribution in the electron densities by imposing charge conservation in each NLTE iteration. The STiC inversion code (de la Cruz Rodríguez et al., 2019) allows performing such calculations as part of the spectroscopic inversion process. To illustrate the importance of this effect, we have calculated the temperature response function (RF) along a vertical slice from a 3D rMHD simulation (cf. Section 2.1) in LTE, using the proposed statistical equilibrium approach (see Figure 4). The response function is representative of the sensitivity of each grid cell to temperature perturbations. For both receiver bands, the LTE response function has significant peaks around heights of 0.8 and 1.2 Mm. While the peak at the lower height tends to be more prominent for band 6 than for band 3, there are many locations for both bands where peaks at both heights occur, resulting in bimodal RFs. When NLTE H ionization is included in the calculation, the response function generally becomes less localized, basically extending across a height range from as high as 1.8–2.0 Mm to as low as [image: image] Mm for both receiver bands. Also, within this range, the NLTE RF often shows multiple peaks. The computationally easier LTE approach is clearly less accurate, particularly in cold atmospheric pockets after the passage of a shock wave, where a full time-dependent treatment would allow for higher ionization fractions than those predicted by statistical equilibrium. A detailed treatment of time-dependent hydrogen ionization is therefore essential for modeling chromospheric emission at mm wavelengths.
[image: Figure 4]FIGURE 4 | Temperature response function computed with the STiC code at 1.2  mm and 3 mm from a vertical slice of a 3D MHD model (Carlsson et al., 2016). In the middle row, the response function has been calculated with an NLTE equation-of-state where the hydrogen population densities are calculated in statistical equilibrium and charge conservation has been imposed in order to calculate the electron density. In the bottom row, an LTE case is shown. For context, we have indicated the location of the slice in the upper row over-imposed on the photospheric temperature, the line-of-sight velocity, and the vertical component of the magnetic field vector.
While it is not possible to constrain all the inversion parameters using ALMA continuum observations alone, the combination of ALMA data with spectroscopic/spectropolarimetric datasets from other facilities such as DKIST, the 1-m Swedish Solar Telescope (SST), BBSO, or NASA’s IRIS satellite is extremely powerful in inferring atmospheric models. For example, da Silva Santos et al. (2020a) utilized datasets from the IRIS and ALMA to constrain the average value of microturbulence in plage down to approximately 5 km s−1 within the range of the optical depths probed by the Mg II h and k lines (log  τ500 nm = [ − 6, −4]) using STiC. Furthermore, da Silva Santos et al. (2022b) used co-temporal SST/CRISP and ALMA observations to reconstruct a model atmosphere of an AR undergoing magnetic reconnection (Figure 5). The rightmost panels in Figure 5 show that the addition of the continuum intensities at 3 mm to NLTE inversions of the Fe i 6173 Å and Ca ii 8542 Å lines observed by CRISP has a significant impact on the inverted temperatures in the chromosphere (log  τ500 nm [image: image] − 4) where the temperature response functions at 3 mm peaks, and thus, provides more accurate models for, in this case, comparisons with rMHD simulations of magnetic flux emergence into the chromosphere. Hofmann et al. (2022) investigated inversion strategies for co-temporal ALMA and IBIS observations in the Na i 5896 Å and Ca ii 8542 Å lines using STiC and showed that performing the inversions on a column-mass scale, instead of an optical depth scale, helps to resolve the chromosphere, while the inclusion of the NLTE electron densities as described previously leads to a warmer chromosphere (by ∼1,000 K) than un the LTE case. ALMA band 3 continuum measurements were successfully inverted together with the spectral lines, but band 6 temperatures were difficult to reproduce. The latter could be due to the multi-modal contribution function at 1.2 mm (Loukitcheva et al., 2015) shown in Figure 3, introducing uncertainties in the determination of the height of the observed emission and the time-dependent opacity effects (mostly as a result of the variations of the electron density, see Section  2.2.1) not accounted for in the code.
[image: Figure 5]FIGURE 5 | NLTE inversions of SST/CRISP and ALMA observations of an active region (da Silva Santos et al., 2022a). From the left to the right: intensities in the continuum at 6173 Å and in the core of the Ca II 8542 Å line, ALMA band 3 brightness temperature map, temperature as a function of the logarithmic optical depth (solid lines) derived from CRISP and CRISP + ALMA inversions at the locations A and B, and temperature response functions at 3 mm in arbitrary units (dotted lines) for the CRISP + ALMA models.
Inverse modeling of ALMA brightness temperature maps along with spectroscopic or spectropolarimetric observations at higher frequencies entails several challenges in data acquisition and analysis, such as the non-simultaneity of the observations at different wavelengths, significant differences in spatial resolution, the uncertainties in the absolute flux calibration, and the simplifying assumptions in inversion codes, namely, hydrostatic equilibrium and 1D radiative transfer. Therefore, improving data inversions is ongoing work with large scientific potential but also requires further coordinated campaigns between ALMA and other observatories in order to produce the needed datasets.
3.2 Magnetic field reconstructions
Probing and modeling the coronal magnetic field is a key challenge in solar physics. Measurements of the coronal magnetic field are difficult and yet very rare (e.g., Lin et al., 2004; Brosius and White, 2006; Wiegelmann et al., 2014; Schad et al., 2016; Casini et al., 2017; Kuridze et al., 2019), giving modeling of the coronal magnetic field an even more important role. The most easily accessible, routine approach to this modeling is the use of nonlinear force-free field (NLFFF) reconstruction (e.g., Wiegelmann and Sakurai, 2012; Wiegelmann et al., 2014). Typically, such reconstructions are initiated with a vector boundary condition derived from a routine Zeeman diagnostics at photospheric heights. A challenge associated with this boundary condition is that the magnetic field is not necessarily in a force-free state in the photosphere, which is in conflict with the assumption that the field is force-free.
Fleishman et al. (2019) developed an advanced NLFFF code that can use additional (to the photospheric ones) magnetic constraints at various locations and various heights in the chromosphere and/or corona while performing the NLFFF reconstruction. The quality of the NLFFF reconstruction increases notably the more complete the set of additional constraints is. In this regard, multifrequency imaging spectropolarimetry in various ALMA spectral bands would enable measurements of the LOS magnetic field component at different chromospheric heights (Loukitcheva M. et al., 2017). Adding these measurements to the NLFFF reconstruction code promises a much improved magnetic model of a given AR. The necessary observing modes and post-processing steps are still under development but might be offered in the coming years, possibly starting with full polarization observations of the Sun in band 3 from as early as cycle 10 (i.e., 2023–24).
4 EXAMPLES OF SCIENTIFIC APPLICATIONS
4.1 Atmospheric stratification and center-to-limb variation
When observing the solar atmosphere not directly from the top but at an inclined viewing angle (i.e., μ = cos θ < 1), the line-of-sight traverses a longer path through the solar atmosphere for a given height difference, resulting in optical depth unity higher up in the atmosphere. As the change in viewing angle corresponds to the variation from observations at different distances from the disk-center (μ = 1) toward the limb (μ = 0), observations of the center-to-limb variation of the continuum emission contain information about atmospheric stratification (i.e., the height dependence of the underlying plasma properties) and can thus be used to constrain models of the solar atmosphere (see, e.g., Brajša et al., 2018). Alissandrakis et al. (2017, 2020) used ALMA brightness temperatures maps in the range ∼1–3 mm at different positions on the solar disk to infer a relation between kinetic temperature and optical depth, which was shown to be consistent with the widely used FALC QS model (Fontenla et al., 1993) within uncertainties. Using ALMA observations, Sudar et al. (2019) determined lower limits for the limb-brightening effect on the order of 10% in band 3 and 15% in band 6. These results agree with the range of values independently derived by Menezes et al. (2022). Such empirically derived model atmospheres provide crucial tests for numerical models (Section 2.1) for which the center-to-limb variation of the (sub-)mm can be computed by repeating the radiative transfer calculations (Section 2.2) under varying viewing angles.
4.2 Small-scale dynamics in quiet Sun regions
As established by observations using other chromospheric diagnostics such as the Ca ii K line, internetwork QS regions exhibit a highly dynamic mesh-like pattern produced by the interaction of ubiquitous propagating shock waves (e.g., Wöger et al., 2006), unless obscured by overlying fibrilar structures outlining the magnetic field. The expected appearance of these signatures of chromospheric shock waves at (sub-)mm wavelengths had already been simulated based on 1D simulations (Loukitcheva et al., 2004) and 3D simulations (Wedemeyer-Böhm et al., 2005, 2007) before the advent of ALMA. The simulations confirmed that sufficient spatial resolution, which is particularly challenging at (sub-)mm wavelengths, and a high temporal cadence are essential for enabling the detection of shock waves. However, the viewing angle and, thus, the location on the solar disk also impact the detectability of shock waves due to the potential superposition of structures at different heights along inclined lines of sight (cf. Section 4.1). As a consequence, ALMA is expected to observe the ubiquitous chromospheric shocks in the QS regions with higher contrast at the disk center than closer to the limb (Wedemeyer-Böhm et al., 2007).
As shown in Figure 2 for a Bifrost simulation, the formation height of the millimeter continuum varies significantly when the atmosphere is buffeted by shock waves. Consequently, the brightness temperature increases temporarily by up to several thousand kelvin, as long as the shock structure remains optically thick at a given wavelength (Eklund et al., 2021b). Comparable ALMA observations show bright small-scale features in the QS regions with typical lifetimes of ∼ 1–2 min and amplitudes of a few hundred kelvin above the background (Eklund et al., 2020; Nindos et al., 2021). Taking into account the impact of ALMA’s limited spatial resolution on the appearance of small-scale structures and the resulting reduction of the amplitudes of the dynamic bright features, the detected bright features are consistent with upward propagating shocks as predicted by numerical simulations (Eklund et al., 2020). Figure 1 shows the shock-induced chromospheric pattern before and after applying the effects of limited spatial resolution to simulated millimeter continuum images. The amplitude reduction of bright features in the Bifrost simulation at wavelengths corresponding to all ALMA receiver bands 3–10 (0.34 mm–3.22 mm) and the corresponding spatial resolutions with different ALMA antenna configurations were studied by Eklund et al. (2021a), providing conversion factors that could, in principle, be used to correct the amplitudes of bright features in observational data on a statistical basis, although with large uncertainties. Furthermore, propagating shocks create steep temperature gradients in the atmosphere. As numerical simulations show, the slope of the brightness temperature continuum can, in principle, be used to identify signatures of shocks and also the potential existence of multiple shock components propagating at different velocities as shown by Eklund et al. (2021b). The diagnostic potential of splitting ALMA datasets into sub-bands has recently been shown for the study of propagating transverse waves by Guevara Gómez et al. (2022) and for propagating shock waves by Eklund et al. (Forthcoming 2022).
Shocks may play a significant role in the heating of the quiet chromosphere, but addressing this science case with ALMA beyond pure detection requires follow-up observations with higher spatial resolution than the ones available so far. The use of a wider array of configurations in combination with improved imaging routines has the potential to reach a resolution of a few 0.1″ for ALMA’s higher receiver bands. Determining the exact requirements could be achieved through the modeling approach shown in Figure 1. In addition, studying the propagation of shock waves through the (sub-)mm continuum forming layers by means of the methods introduced in Sections 2, 3, which includes, in particular, inversions and detailed (statistical) comparisons of high-quality ALMA observations and artificial observations based on state-of-the art numerical 3D simulations, promises essential insights into the formation heights of the (sub-)mm continuum as a function of the wavelength and the atmospheric stratification for different regions on the Sun. da Silva Santos et al. (2020a) and Eklund et al. (2020, 2021a) conducted recent studies employing these methods.
4.3 Active regions and flares
Well-developed ALMA diagnostics could contribute significantly to progressing our understanding of the thermal and magnetic properties of ARs and flares. Modeling the magnetic topology of a steady-state AR is now routinely possible based on NLFFF reconstructions constrained by routinely available photospheric vector magnetograms (Fleishman et al., 2015; Fleishman et al., 2021b). At the same time, dynamic phenomena are particularly hard to reproduce in numerical simulations for several reasons: the time scales that need to be resolved span the evolution of ARs (from hours to days) to the rapid changes that occur during flares (i.e., to the fractions of seconds). The spatial scales, likewise, span a large range of values from the large extent of ARs (up to several 10 Mm) to the small computational cell size that is needed to adequately model all relevant processes (on the order of km toward sub-grid modeling at even much smaller scales). Finally, the presence of a stronger-than-average magnetic field, the occurrence of magnetic reconnection across different scales, the resulting impact on the chromospheric dynamics and, of particular relevance here, the emission at (sub-)mm wavelengths pose particularly challenging demands to numerical modeling (cf. Section 2). Consequently, forward modeling of the (sub-)mm continuum intensities emerging from semi-empirical models is therefore a natural starting point and, despite the obvious limitations, a complementary way of gaining an insight into the physics of AR phenomena through detailed comparisons between synthetic and observed brightness temperatures. Currently, there are a few examples of the application of this methodology in the literature. For instance, Loukitcheva MA. et al. (2017) compared brightness temperature measurements of a sunspot at two different wavelengths with the expected values computed from several 1D static, semi-empirical models in the literature and concluded that none of the models provided a good fit for the penumbra. This means that ALMA can provide constraints on the temperature gradient in those structures. Semi-empirical models have also been used to investigate the observed correlation between the width of the H α line and the brightness temperatures at 3 mm in the plage—which was explained based on the mutual dependence of both diagnostics on the hydrogen atom-level populations (Molnar et al., 2019). The agreement between empirical models and ALMA observations can also be improved in an automatic or iterative way using NLTE inversion codes (Section 3.1) when co-temporal spectroscopic observations at optical or ultraviolet (UV) wavelengths are likewise available (da Silva Santos et al., 2020a; de Oliveira e Silva et al., 2022; Hofmann et al., 2022; de Oliveira e Silva et al., 2022). Moreover, one-dimensional time-dependent simulations have been used to study the response of the solar atmosphere to flares. For instance, Simões et al, (2017) used RADYN simulations to evaluate the diagnostic potential of flare emission in the thermal infrared and sub-millimeter range.
As an example of the applications of multi-dimensional numerical models in the context of interpreting ALMA observations of the Sun, the comparison between ALMA band 6 observations of the AR plage supported by IRIS UV spectroscopy and synthetic spectra from a 2.5D Bifrost simulation suggests that an observed bright linear feature emanating from the plage region is an on-disk type-II spicule, confirming their multithermal nature (Chintzoglou et al., 2021a), while other small-scale plage brightenings at 1.25 mm could be signatures of magnetoacoustic shocks (Chintzoglou et al., 2021b). ALMA band 3 observations of the same plage region also show out-of-phase oscillations in brightness temperature, feature size, and horizontal velocities, which are evidence of sausage-mode and kink-mode waves (Guevara Gómez et al., 2021). AR transients akin to UV-bursts (Young et al., 2018) with nanoflare-like energies have been observed in a flux emergence region with band 3, and their characteristics agree with synthetic thermal emission from a 3D Bifrost simulation of flux emergence, showing several magnetic reconnection events (da Silva Santos et al., 2020b). For a microflare detected at 3 mm in coordination with the IRIS and Hinode/XRT by Shimizu et al. (2021), the timing of millimeter brightening with respect to the soft X-rays indicated that the upper chromosphere was being heated by non-thermal particles in this event. Such an effect has also been pointed out by Valle Silva et al. (2019) using lower resolution observations at 1.4 mm with the Solar Submillimeter Telescope. It should be noted that the formation of millimeter continuum emission under flaring conditions, similarly to what has been conducted for quiet conditions (Section 2.2.1), and the interpretation of those diagnostics have been addressed previously within the given instrumental capabilities (see, e.g., Stepanov et al., 1992; Kundu et al., 1993; Silva et al., 1996; Krucker et al., 2013).
Finally, full 3D modeling of ARs and flares requires a 3D model of the magnetic structure to start with, which can be obtained from an NLFFF reconstruction or other means. To make the modeling with such 3D data cubes realistic, a magnetic “skeleton” must be supplied by thermal plasma, non-thermal particles (in case of flares), placed at the right location at the Sun, and supplied by various means for emission computation and meaningful data-to-model comparison. Nita et al. (2015, 2018) developed a powerful dedicated tool, the GX Simulator, designed specifically for the aforementioned goals. More than that, the GX Simulator includes an integrated mean to create a 3D model and an automated model production pipeline (AMPP) with minimal input from the user: only the date and time of the event have to be defined along with the anticipated resolution and sizes of the data cube. Once specified, the AMPP will download all the required magnetic maps obtained with SDO/HMI and other context data and perform magnetic reconstruction, as well as several other steps that are needed to create a 3D model. Then, magnetic flux tube(s) can be interactively created and designated to serve as the model flare loop(s). The user can control the properties of the thermal and non-thermal components in these flaring loops, compute mm/radio, EUV, and X-ray emissions from the model, and compare the synthetic images and spectra with the observed ones, in particular, with ALMA data.
As outlined previously, there are many ways in which the ALMA observations of flares and corresponding numerical models could complement each other in order to advance our understanding of this intricate process that is essential for the heating of the solar atmosphere over a large range of scales from nano-flares to X-class flares and, for stars other than the Sun, even toward mega-flares. Owing to the complexity and still insufficient knowledge regarding central aspects, many simulations necessarily focus on particular parts of the flare phenomenon and/or have to make simplifying assumptions. There are, however, efforts to capture flares self-consistently in full 3D time-dependent simulations as those as attempted with the MURaM simulations by Cheung et al. (2019). Such simulations could be used for calculating the corresponding (sub-)mm emission as it could be observed with ALMA, though they do not include non-thermal particles responsible for a good portion of the flare emission in the ALMA bands yet. The comparison of both would then, as for the other examples described in this article, allow identifying potential shortcomings of the models, which is necessary for future improvements toward a more detailed and complete picture. ALMA observations of flare emission, either with the already available continuum mapping capabilities and even more so with future full polarization capabilities, would provide valuable information complementary to existing flare diagnostics. Unfortunately, to the authors’ knowledge at the time of writing, there are no good examples of flare observations with ALMA yet, maybe except for one microflare reported by Shimizu et al. (2021). Refer to Fleishman et al. in this issue for more information about how ALMA observations could advance our understanding of solar flares.
4.4 Solar prominences
In the field of prominence research, numerical simulations of (sub-)mm radiation observed using ALMA can help in two areas. The first is the visibility of large and small-scale structures of prominences and filaments in the ALMA observations and the connection between the structures observed at (sub-)mm wavelengths and in other parts of the spectrum. Methods that generate such simulated ALMA observations can be based on actual data observed at different wavelengths—e.g., the simulations of prominence fine structure visibility based on Hα observations performed by Heinzel et al. (2015)—or on the synthesis of the radiation at (sub-)mm wavelengths emerging from models of prominence plasma (cf. Section 2). The first synthetic ALMA-like imaging of simulated prominences was conducted by Gunár et al. (2016). These simulated ALMA data represent the way in which the 3D whole-prominence fine structure (WFPS) model of Gunár and Mackay (2015) would appear in different ALMA bands. This model combines realistic 3D magnetic field configurations with a detailed description of the prominence plasma located in the magnetic dips. In doing so, the 3D WPFS model emulates entire prominences with their numerous fine structures and offers high spatial resolution reaching the best potential capabilities of ALMA. However, we should note that the current ALMA observations of prominences (Heinzel et al. (2022a); Labrosse et al., 2022) or filaments (da Silva Santos et al. (2022b), in this special issue) do not reach such a resolution. This is because ALMA has not achieved yet its full potential for solar observations and offers only more compact antenna configurations for solar targets. For more details on the actual and simulated observations of prominences and the predictions of the visibility of prominence fine structures, see the review by Heinzel et al. (2022b) in this special issue.
The second area where numerical simulations can help the prominence research is the understanding of the potential of ALMA observations as diagnostics for the kinetic temperature of the solar plasma. It has been known for some time that a measure of the kinetic temperature of the observed plasma can be derived from simultaneous observations in at least two different (sub-)mm wavelengths (see, e.g., Loukitcheva et al., 2004; Heinzel and Avrett, 2012; Heinzel et al., 2015). However, only recent modeling efforts demonstrated that such a derivation is not entirely straightforward and that in order to achieve sufficient precision, the observed plasma needs to be optically thick at one of those wavelengths and optically thin at the other. It must be noted here that such observations would require a new capability that ALMA is currently not offering and likely will not offer in the near future, namely simultaneous solar observing with two sub-arrays, each in a different receiver band. In the absence of such simultaneous multi-band ALMA observations, thermal properties of the observed plasma can be derived from a combination of ALMA observations and observations in other wavelength ranges, e.g., in the Hα line (see Heinzel et al., 2022a; Labrosse et al., 2022).
The first study of ALMA’s diagnostic potential for determining the properties of prominence plasma was conducted by Rodger and Labrosse (2017). These authors used 2D cylindrical prominence models created by Gouttebroze and Labrosse (2009), both in the iso-thermal iso-baric configuration and in the configuration incorporating the prominence-corona transition region (PCTR). The study by Rodger and Labrosse (2017) showed that the realistic assumption of the presence of multi-thermal plasma along a line-of-sight leads to uncertainties in the determination of the kinetic temperature of the observed plasma. The authors then demonstrated that such uncertainties can be minimized by using ALMA observations at longer wavelengths (e.g., at 9 mm). At such wavelengths, the observed prominence plasma can be expected to be mostly optically thick, leading to reliable diagnostics of its thermal properties.
The relationship between the observed brightness temperature in various ALMA bands and the actual kinetic temperature of the observed plasma was further investigated by Gunár et al. (2018). To do so, these authors used the simulated ALMA observations of Gunár et al. (2016) at wavelengths at which the prominence plasma is optically thin (0.45 mm, corresponding to 666 GHz in band 9) and optically thick (9.0 mm, corresponding to 33 GHz in band 1). The resulting brightness temperature maps and the optical thickness maps are shown in Figure 6. The 0.45 mm and 9.0 mm wavelengths were chosen to assure that the studied plasma is completely optically thin (at 0.45 mm) and, at the same time, that a significant portion of the analyzed prominence is optically thick (at 9.0 mm). However, we should note that at the time of writing, solar observations with ALMA are offered only in bands 3, 5, 6, and 7, while bands 9 and 1 are not available yet. We also note that the current status of the development of band 1 indicates that it will reach a slightly shorter wavelength of 8.6 mm (35 GHz) instead of the 9.0 mm (33 GHz) used here. Moreover, ALMA band 10 will provide access to even shorter wavelengths than those covered by band 9 assumed here.
[image: Figure 6]FIGURE 6 | Synthetic brightness temperature maps [panels (A, C)] and optical thickness maps [panels (B, D)] showing the 3D whole-prominence fine structure model of Gunár and Mackay (2015) in a prominence view. The top two panels were obtained at a wavelength of 0.45 mm, which corresponds to the 666 GHz ALMA band 9. The bottom two panels were obtained at a wavelength of 9.0 mm (33 GHz ALMA band 1). Displayed color scales are unique for each panel. Adapted from Gunár et al. (2016).
The results of the study by Gunár et al. (2018) confirmed that the brightness temperature simultaneously measured by ALMA in the aforementioned bands can be used to derive the kinetic temperature in every pixel of the observed prominences, e.g., using the method described in Section 3 of Gunár et al. (2018). However, not all of the derived values of kinetic temperature accurately represent the thermal conditions of the plasma distributed along the lines-of-sight passing through individual pixels because the observed prominence cannot be generally assumed to be optically thick (i.e., have optical thickness above unity) in all pixels, even at the 9.0 mm wavelength. This can be clearly seen in the optical thickness map in Figure 6D, where large parts of the modeled prominence have an optical depth of τ9.0 mm < 1. Therefore, without the added information about the actual optical thickness, which is in this case provided by the model, the derived values of the kinetic temperature cannot be automatically assumed to be accurate in all pixels. This is because the basic approximation of the method used to derive the kinetic temperature is not valid if the plasma is not optically thick. Owing to the use of numerical simulations, Gunár et al. (2018) determined that the kinetic temperature values obtained in pixels with an optical thickness larger than 2 typically have an accuracy better than 1,000 K compared to the true kinetic temperature of the studied plasma. Such a study was possible because the authors used realistic numerical simulations, demonstrating the essential value of simulations for testing adequate methods for the interpretation of observations.
The 3D WPFS model of Gunár and Mackay (2015) contains detailed information about the properties of the prominence plasma including its kinetic temperature. Using the (sub-)mm radiation synthesis method described by Gunár et al. (2016), the authors could synthesize the specific intensities at any wavelength along any LOS crossing the simulated prominence. That led to an ideal set of co-spatial simulated observations (Figures 6A, C) coupled with the implicit knowledge of the corresponding optical thickness (Figures 6B, D). A major problem lies in the fact that the optical thickness values are not explicitly known based on ALMA observations alone—but can be derived from other observations, such as those in the Hα line (see Heinzel et al., 2015; Heinzel et al., 2022a; Labrosse et al., 2022). However, Gunár et al, (2018) showed that with the use of numerical simulations, it is possible to determine a criterion for the minimum value of the measured brightness temperature in the optically thin wavelengths (in this case, at 0.45 mm) above which the optical thickness at the optically thick wavelengths is, with great confidence, higher than the required value. The second part of the study conducted by Gunár et al. (2018) showed that the values of the kinetic temperature derived from the ALMA observations correspond to the mean kinetic temperature of the observed plasma weighted by the contribution function of the emission in the optically thick wavelengths. For more details see Sections 5–7 of the study by Gunár et al. (2018).
4.5 Coronal rain
In addition to the large prominence structures discussed in Section 4.4, condensation phenomena occur far more frequently in the solar corona in the form of coronal rain. This phenomenon, which is also thought to be the seeds leading to prominences, corresponds to cool (103–105 K) and dense (1010–1012 cm−3) plasma occurring in a timescale of minutes seemingly condensing out of nowhere at coronal heights, and flowing predominantly downward along loop-like trajectories under the action of gravity and gas pressure mainly (Kawaguchi, 1970; Leroy, 1972; Foukal, 1978; Antolin and Rouppe van der Voort, 2012). The leading explanation for coronal rain is thermal instability (TI) within a structure in thermal non-equilibrium and, therefore, reflects mostly the MHD thermal mode becoming unstable and generating a condensation from the localized loss of pressure (Antiochos et al., 1999; Antolin, 2020). Numerical simulations have shown that the easiest path toward thermal instability within a structure such as a coronal loop is to have strongly stratified and high-frequency heating (Klimchuk and Luna, 2019). This state, known as thermal non-equilibrium (TNE), leads to TNE cycles for heating that remain largely unchanged over time. The details of this process and the various observable signatures can be found in the study by Antolin and Froment (2022).
Various properties of coronal rain remain poorly understood. Similar to prominences, the observed rain morphology is filamentary (also known as multi-stranded) and clumpy, whose widths (a few hundred km size) are interestingly very similar to the smallest widths detected for EUV strands in high-resolution observations with Hi-C (Williams et al., 2020). It has been hypothesized that such sizes are set by granular spatial scales (Martínez-Sykora et al., 2018). This is supported by self-consistent 2.5D rMHD numerical simulations with Bifrost (see Figure 7 and also Section 2.1) but the details of this process remain unclear (Antolin et al., 2022). Observational validation could come from multi-instrument observations with ALMA (using extended array configurations with correspondingly high angular resolution) and IRIS simultaneously observing a bright point and its indirect effects (coronal rain) on the upper atmosphere. While dense, the very small sizes of the clumps make them optically thin most of the time in spectral lines in the optical and UV spectrum such as Hα and Mg ii k&h line (Antolin and Rouppe van der Voort, 2012; Antolin et al., 2021), and cannot be resolved in the present ALMA configuration. However, extended array configurations with higher resolution should allow their detection. This can be confirmed by forward modeling of Bifrost simulations with coronal rain (see Figure 7), demonstrating once more the essential role of numerical simulations for developing adequate observing modes.
[image: Figure 7]FIGURE 7 | Coronal rain event self-consistently produced in a 2.5D rMHD simulation with Bifrost (Section 2.1). (A) (Left to right): snapshot of the temperature (log), mass density (log), and Alfvén speed in a portion of the modeled atmosphere. Thermal instability occurs locally in a coronal loop that is in a state of thermal non-equilibrium, thereby leading to the formation of a condensation (coronal rain clump) falling toward the loop footpoint. (B) (same quantities in same order) shows the white rectangular inset seen in the upper panels (the three color bars on the right of each row correspond uniquely to that particular row). Taken and adapted from Figures 2, 3 of Antolin et al. (2022).
Most coronal rain clumps do not occur in isolation independently from each other. Rain clumps are produced in groups called showers (Antolin and Rouppe van der Voort, 2012) due to a syncing cross-field mechanism known as sympathetic cooling (Fang et al., 2013). These showers have been found to successfully identify coronal loops in the “coronal veil” produced by optically thin radiation (Sahin and Antolin, 2022; Malanushenko et al., 2022). The detection and quantification of rain showers is important for coronal heating since it is a proxy for the coronal volume in TNE (and thus subject to specific spatial and temporal heating conditions). The detection of showers using ALMA remains a target that should be feasible at medium resolution as it is currently offered. The fact that no rain showers have been detected using ALMA so far may be simply due to a lack of off-limb observations (with good seeing conditions) of an AR and the additional complexity of interferometric imaging off-limb. Also, low opacity of rain showers at ALMA wavelengths might prevent their detection. The latter can and should be checked through forward modeling of numerical simulations with, e.g., Bifrost.
Coronal rain has been shown to be largely multi-thermal with probably high ionization levels due to its relatively low lifetime. A very thin corona condensation transition region (CCTR) is expected at the boundaries of rain clumps (similar to the PCTR for prominences), with different plasma conditions ahead and behind the condensation due to a piston-like effect produced by the downward motion (Antolin et al., 2022). Accordingly, the pressure restructuring is expected to be the leading cause for the observed lower than free-fall speeds (Schrijver, 2001). An interesting mass–velocity relation has been numerically obtained but remains to be observationally validated (Oliver et al., 2014). The good correlation between Hα intensity and brightness temperature measured by ALMA in prominences (Heinzel et al., 2022a; Labrosse et al., 2022) suggests that ALMA could also serve as a proxy for prominence and coronal rain mass, and therefore, shed light into the mass–velocity relation. Indeed, the emission measure in Hα is known to be strongly correlated to the absolute intensity in Hα (Gouttebroze et al., 1993), and this has been used to infer the densities of rain clumps in Hα observations with the SST (Froment et al., 2020).
Future ALMA observations may be able to provide detailed measurements of the morphological, thermodynamic, and kinematic properties of coronal rain. Such measurements can serve as unique proxies for coronal heating conditions and improve our understanding of fundamental plasma and MHD processes such as thermal instability. As outlined previously, numerical simulations would be essential for several aspects, ranging from the development of adequate observing modes and capabilities to supporting the detailed interpretation of ALMA observations.
5 SUMMARY AND OUTLOOK
Synthetic brightness temperature maps for millimeter wavelengths based on 3D numerical simulations of the solar atmosphere play an important role in several aspects of solar science with ALMA. First of all, such synthetic observables, for which the connection to the underlying plasma properties in the model is accurately known, have already proven their value for supporting the interpretation of ALMA observations, very much as for other chromospheric diagnostics previously. Another important application of simulation-based observables is the development of (sub-)mm continua as a diagnostic tool for the solar atmosphere. Surprisingly though, the first ALMA observations raised questions regarding even rather fundamental properties such as the exact formation height ranges and their possible variations in time and space, locally and for different types of region. Also, the chromospheric temperatures in 3D simulations (see a comparison in Wedemeyer et al., 2016) tend to be lower than the brightness temperatures observed with ALMA (e.g., Bastian et al., 2017; White et al., 2017; Nindos et al., 2018; Wedemeyer et al., 2020a) although some cooler regions have been observed too (Loukitcheva et al., 2019). The apparent differences with respect to numerical models highlight potentially missing physical ingredients and the need for the further development of models to higher levels of realism as far as computational costs allow. To what extent simulations can reproduce observations and, thus, aid their interpretation depends ultimately on the accessible computational resources and the implementation of efficient and stable numerical schemes and the resulting affordable sizes of computational boxes, grid resolution, and the considered physical processes. An important example in this regard is the need to account for time-dependent hydrogen ionization as it impacts the electron densities in the chromosphere on which the millimeter continuum as mapped by ALMA sensitively depends. Clearly, detailed comparisons to observations, to which solar ALMA observations add a new suite of complementary diagnostics, either directly or with the powerful help of data inversion techniques, serve as crucial tests of models and, as such, of our current understanding of the solar chromosphere. In this regard, it should be noted that such comparisons are limited by the realism of the instrumental models that are used to produce artificial observations. Degradation of synthetic brightness temperature maps with a simple Gaussian would correspond to an ideal telescope with a filled aperture and ignores ALMA’s sparse uv-sampling as an interferometer and also degradation effects due to Earth’s atmosphere (i.e., phase errors) and the handling of noise during the imaging stage. As pointed out in Section 2.3, such tools are under development but also require notable computational effort.
Another valuable application of simulation-based synthetic observables is the justification of resource investments for the development of additional diagnostics and observing modes, e.g., additional ALMA receiver bands and more extended array configurations for, in principle, higher angular resolution. A much awaited capability of ALMA will be full polarization measurements that would facilitate the determination of the magnetic field in the chromosphere. Detailed knowledge of the 3D magnetic field structure of the solar chromosphere (or chromospheric plasma in the corona such as coronal rain) as a function of time at high resolution would be a fundamental game-changer for understanding the dynamics, energy transport, and (local) heating of this still largely elusive but yet important atmospheric layer inside ARs, QS regions, and prominences alike. A fundamental challenge of polarization measurements is, among other things, the low expected degree of polarization outside of ARs, which thus demands high sensitivity and accuracy and a well-developed observing mode, reliable calibration, and advanced processing/imaging routines (see, e.g., Grebinskij et al., 2000; Fleishman et al., 2015; Loukitcheva M. et al., 2017; Wedemeyer et al., 2020b, and references therein). The development of these components is usually hampered by the insufficiently known “ground truth” against which the data should be compared to. Forward modeling of artificial polarization measurements based on numerical 3D rMHD simulations would also play a very important role here, similar to what is attempted for continuum brightness temperatures.
The scientific potential of ALMA observations of the Sun is promising but requires significant effort and resources to be fully unlocked due to the complexity of the instrument and the observational targets, namely, the dynamic and intermittent chromosphere, both in a quiescent and active state, the atmosphere above ARs including the often dramatically evolving coronal magnetic field (Fleishman et al., 2020), and non-thermal electrons in solar flares (Fleishman et al., 2021b). The resulting challenges for numerical modeling of the chromosphere, prominences, and the flaring corona, their appearances at the wavelengths observed using ALMA, and not least, the impact of ALMA’s complex instrumental properties pose critical tests of our current understanding that will inspire future progress.
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FOOTNOTES
1In this context, NLTE or non-LTE describes deviations from LTE conditions for the atomic-level populations (which can then be calculated under the assumption of statistical equilibrium), the electron density (mostly due to non-equilibrium hydrogen ionisation), and the radiative source function that is no longer given by the Boltzmann function.
2https://www.eso.org/public/teles-instr/alma/receiver-bands/.
3http://sdc.uio.no/search/simulations.
4Common Astronomy Software Applications (CASA): http://casa.nrao.edu.
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This review comes at the time when 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.
Keywords: prominences, mm/sub-mm observations, ALMA, plasma diagnostics, temperature structure
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, in Wedemeyer 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 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 Clerk Maxwell Telescope on Mauna 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 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 ν is
[image: image]
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
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with nHI being the neutral hydrogen density and x takes the form
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The total free–free absorption coefficient, corrected for stimulated emission, is then
[image: image]
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 = κν(H−)/κν(H) as
[image: image]
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
[image: image]
where α = 0.018gff. In the radio domain where hν/kT ≪ 1, the stimulated emission term can be written as hν/kT. This then gives the above alternative form which already includes the stimulated emission.
The synthetic intensity Iν, emergent from the prominence on the limb, is in general obtained as
[image: image]
where Bν(T) is the source function, ην the emission coefficient, tν 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, Iν and Bν are directly proportional to the brightness temperature Tb and to the kinetic temperature T, respectively
[image: image]
where c is the speed of light. Then we get from Eq. 7
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Assuming an isothermal prominence we have
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where τν = κν 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(ν), or equivalently
[image: image]
where [image: image] 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 [image: image] 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 ALMA Observing 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.
[image: Figure 1]FIGURE 1 | (A): Modelled (ideal) brightness temperature map at 100 GHz. The white circle shows ALMA field-of-view for single pointing, the crosses are the centres of pointing for interferometric mosaic. 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).
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, 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-mm wavelengths 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 from Gunár 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 temperature [image: image] 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.
[image: Figure 2]FIGURE 2 | Visualization of the 3D WPFS model. (A): synthetic images obtained in Band 6 at 1.25 mm wavelength (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 temperature map for the filament view (bottom). Displayed color scales are unique for each panel. The value of the background brightness temperature [image: image] is indicated in the panels showing the filament view. Adapted from Gunár et al. (2016).
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 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 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 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 9 mm observations allow a reliable measurement of the mean electron temperature in the region of the prominence where the radiation is formed. For more details see Rodger and Labrosse (2017).
[image: Figure 3]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).
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 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 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.
[image: Figure 4]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 a way that the coronal brightness temperature is close to zero and the brightness of the solar disk corresponds to that observed by the TP scan.
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 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 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 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.
[image: Figure 5]FIGURE 5 | Coaligned maps of the brightness temperature Tb obtained from calibrated ALMA Band 3 INT mosaic (A) and Hα integrated intensities from MSDP Wrocław/Białków (B). The spatial resolution of both images is comparable. ALMA and MSDP data was recorded simultaneously, at 15:38:07 UT (start of ALMA mozaic) and 15:37:56 UT (start of MSDP Hα scan). Individual fine structures are well recognized. Reproduced from Heinzel et al. (2022)
[image: Figure 6]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 the models 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).
[image: Figure 7]FIGURE 7 | Inverted maps 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).
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.
[image: Figure 8]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).
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
[image: image]
assuming that the fine structures are optically thin in both Hα and Band 3. Here we used the Eqs 6, 12 from Heinzel 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.
[image: Figure 9]FIGURE 9 | IRIS observations of the ALMA prominence: raster of the Mg II h line intensity taken at 14:14UT (A) and slit-jaw image at 2796 Å (B). Adapted from Peat et al. (2021).
[image: Figure 10]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).
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 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 and multi-wavelength spectra is a highly challenging task.
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Quiescent filaments appear as absorption features on the solar disk when observed in chromospheric lines and at continuum wavelengths in the millimeter (mm) range. Active region (AR) filaments are their small-scale, low-altitude analogues, but they could not be resolved in previous mm observations. This spectral diagnostic can provide insight into the details of the formation and physical properties of their fine threads, which are still not fully understood. Here, we shed light on the thermal structure of an AR filament using high-resolution brightness temperature (Tb) maps taken with ALMA Band 6 complemented by simultaneous IRIS near-UV spectra, Hinode/SOT photospheric magnetograms, and SDO/AIA extreme-UV images. Some of the dark threads visible in the AIA 304 Å passband and in the core of Mg ii resonance lines have dark (Tb [image: image] 5,000 K) counterparts in the 1.25 mm maps, but their visibility significantly varies across the filament spine and in time. These opacity changes are possibly related to variations in temperature and electron density in filament fine structures. The coolest Tb values ([image: image] 5,000 K) coincide with regions of low integrated intensity in the Mg ii h and k lines. ALMA Band 3 maps taken after the Band 6 ones do not clearly show the filament structure, contrary to the expectation that the contrast should increase at longer wavelengths based on previous observations of quiescent filaments. The ALMA maps are not consistent with isothermal conditions, but the temporal evolution of the filament may partly account for this.
Keywords: Sun, radio, ultraviolet, chromosphere, active regions, filaments, prominences
1 INTRODUCTION
Dark filaments on the solar disk and bright prominences at the limb are homologous structures filled with cool (≲ 104 K), dense plasma suspended by the Lorentz force against gravity above polarity-inversion lines in the photosphere. They are generally separated into two categories: the larger (∼10 − 100 Mm), long-lived, high-altitude ([image: image] 10 Mm) quiescent filaments and the smaller (∼10 Mm), more dynamic, lower-altitude ([image: image] 10 Mm) active region (AR) filaments. The magnetic field in the former is essentially horizontal with field strengths of ∼3–80 G (Leroy, 1989; Casini et al., 2005; Orozco Suárez et al., 2014), but AR filaments may show flux rope structure and field strengths that can be an order of magnitude higher than in the quiescent ones (Kuckein et al., 2009, 2012; Guo et al., 2010; Xu et al., 2012; Díaz Baso et al., 2019). Estimates of (core) kinetic temperatures in prominences lie within the range ∼ 5,000 − 9,000 K for microturbulence values within ∼ 3 − 16 km s−1 (e.g., Stellmacher et al., 2003; Jejčič et al., 2018; Ruan et al., 2019). While the general properties of filaments are well understood, there are open questions pertaining to their fine structure and magnetic configuration (Chen et al., 2020, and references therein). Furthermore, they may become unstable and erupt, leading to coronal mass ejections, hence their relevance in the context of solar activity and space weather (see reviews by Parenti, 2014; Gibson, 2018).
Observational studies have mainly used spectral lines such as Ly α, H α, Ca ii H, 8,542 Å, He i D3, 10,830 Å, and He ii 304 Å to investigate prominence/filament thermodynamics and to infer the magnetic field topology (e.g., Labrosse et al., 2010, and references therein). These structures have also been routinely observed in the last decade by the Interface Region Imaging Spectrograph (IRIS, De Pontieu et al., 2014) in the Mg ii h and k resonance lines, which have been used to investigate dynamics in prominences (e.g., Schmieder et al., 2014) and constrain nonlocal thermodynamic equilibrium (non-LTE) models (Heinzel et al., 2015b; Vial et al., 2019; Levens and Labrosse, 2019; Peat et al., 2021). Similar studies have yet to be conducted for AR filaments.
At the other end of the wavelength spectrum, low-resolution [image: image] radio observations have shown that quiescent filaments appear as depressions of the background brightness temperatures on disk at continuum wavelengths between 3 and 8 mm, possibly due to free-free absorption by dense, cool material, and as emission features at the limb (Kundu, 1972; Raoult et al., 1979; Schmahl et al., 1981; Vrsnak et al., 1992). At wavelengths around 1 mm, prominences are still well visible at the limb (Harrison et al., 1993), but they are practically invisible on disk (Bastian et al., 1993; Lindsey, 1994). Under certain conditions, brightness measurements at different mm wavelengths can be used to constrain the optical thickness and kinetic temperature of such structures (Heinzel et al., 2015a; Rodger and Labrosse, 2017; Gunár et al., 2018).
The Atacama Large Millimeter/submillimeter Array (ALMA, Wootten and Thompson, 2009) provides an opportunity to investigate filament substructure in the (thermal) millimeter continuum at a much higher spatial resolution than before (see review by Wedemeyer et al., 2016). These capabilities have been recently demonstrated for a prominence at the limb (Heinzel et al., 2022; Labrosse et al., 2022). The only ALMA observations of filaments available until now have been taken with single dishes with a beam size of approximately 25″ at 1.25 mm (Alissandrakis et al., 2017; White et al., 2017; Brajša et al., 2018). Here, we use interferometry maps with a significantly improved spatial resolution (∼ 0.6″ at 1.25 mm) that show considerably lower brightness temperatures in an AR filament compared to the background. Because of their smaller spatial scales, AR filaments had not yet been observed in this wavelength range. We compare the ALMA maps to UV imagery provided by IRIS and the Solar Dynamics Observatory (SDO, Pesnell et al., 2012) and magnetograms obtained by the Solar Optical Telescope (SOT, Tsuneta et al., 2008) onboard Hinode.
2 OBSERVATIONS
We observed NOAA AR 12738 on 13 April 2019, with ALMA Band 6 (240 GHz or 1.25 mm) in two execution blocks between 14:15-15:10 UT and 16:52-17:47 UT in mosaic mode and with Band 3 (100 GHz or 3 mm) in two execution blocks between 18:19-18:54 UT and 19:15-19:50 UT in single-pointing mode. The target was a group of pores and plage region near the disk center at μ ≈ 0.98 (the cosine of the heliocentric angle), west of a leading sunspot, where an AR filament was also visible for most of the observing campaign. We obtained co-temporal observations with IRIS and Hinode for the first Band 6 block and part of the second block. There are no IRIS nor Hinode supporting observations to the ALMA Band 3 data. We also use full-disk images in the ultraviolet range taken by the Atmospheric Imaging Assembly (AIA, Lemen et al., 2012) and continuum images at 6,163 Å obtained by the Helioseismic and Magnetic Imager (HMI, Scherrer et al., 2012) on SDO. We use one H α image taken by the Global Oscillation Network Group (GONG, Harvey et al., 2011).
2.1 Data Reduction and Calibration
The ALMA array consisted of 9 × 7 m and 40 × 12 m functioning antennas, with a maximum baseline length of about 700 m. In order to cover a significant region of plage, a mosaic of ten different pointings was carried out using Band 6, covering a region slightly larger than one arcminute across, which is comparable to the Band 3 field of view (FOV). The FOV of a 12 m antenna is 25″ at 230 GHz, and the centers of adjacent mosaic fields have a separation of 12′′. The observation cycled through the ten mosaic fields in order, acquiring three 2 s integrations at each visit. The duration of a full mosaic cycle was 85 s; these were repeated during scans on the Sun approximately 7-min long alternating with 2-min calibration scans.
We attempted to make time-resolved images of complete mosaic cycles using the standard Common Astronomy Software Applications (CASA, McMullin et al., 2007) package, applying the recommended “mosaic” gridding option, but we found that most of the resulting images were corrupted by bright or dark features at the edges of the mosaic. This did not occur when the full-time range was mapped. To get around this problem, we mapped and self-calibrated every integration in every field separately without primary beam correction, including the four base bands at 230, 232, 245 and 247 GHz to improve uv coverage, and then combined them in a linear mosaic in the image plane, weighting overlapping regions of the image using the appropriate primary beam response for the 12 m antennas. The single-field images were restored with a Gaussian beam with full-width-at-half-maximum of 0.6′′. The three consecutive integrations at each pointing were combined, and at each step, the time-dependent mosaic image was created by replacing the previous image of the current field with the new image, appropriately weighted by the primary beam, and recalculating the mosaic. This resulted in a sequence of 280 mosaic images for each of the two observations with a time separation of 9 s between mosaics within a scan, but the true time resolution is more complicated due to the overlapping nature of the fields. Comparison of the resulting images with cases where CASA successfully imaged a full 85 s mosaic cycle indicated good agreement.
The Band 6 mosaics were scaled to Tb units, and a value of 6,600 K was added to the mosaics to compensate for the background level not observable by the interferometer, derived by inspection of the corresponding FOV in single-dish images (taken with the total-power array) that measure the full solar disk temperatures. The typical temperature range in individual mosaic images is from ∼ 4,000 to ∼ 8,500 K.
The Band 3 data consists of single-pointing maps at 2-s cadence, maximum spatial resolution of 1.2″, and noise level of 20 K. We refer to da Silva Santos et al. (2020) for a detailed explanation of the data reduction, which includes self-calibration, primary beam correction, and absolute flux calibration.
The SDO level 1 data were converted into level 1.5 using the aia_prep routine in SolarSoftWare (SSW, Freeland and Handy, 1998). Further processing including coaligment, resampling, and derotation was performed using the SunPy package (The SunPy Community et al., 2020). The HMI 6173 Å continuum images were deconvolved using the Enhance deep learning code1 (Díaz Baso and Asensio Ramos, 2018). The AIA 304 Å images were corrected for stray light using semi-empirical point-spread functions (Poduval et al., 2013) and instrumental degradation. The data cadences are 12 and 24 s in the EUV and UV.
The IRIS data comprises a time series of dense 64-step raster scans in the near-UV and far-UV wavelength ranges. Here we only use the spectral data around the Mg ii h and k lines that probe the chromosphere; there is no signal in the far-UV lines in the filament. The pixel scale is 0.166″ along the slit and the size of the FOV is 22′′ × 67′′. The integration time was 1 s and the raster cadence was about 2.3 min. The level 2 data were converted from data units into intensity in physical units using version five of the spectrograph effective areas obtained through the iris_get_response routine in SSW.
The Hinode/SOT data consists of level 2 products, which include the magnetic field strength (|B|), the stray-light filling factor (1 − f), inclination (γ), and azimuth (ϕ) angles derived from Milne-Eddington inversions of the Fe i 6,301.5 and 6,302.5 Å Zeeman sensitive lines (Lites and Ichimoto, 2013). The line of sight (LOS) component of the magnetic field vector is given by BLOS = (1 − f)|B| cos(γ). The slit step is ∼ 0.297″ and the pixel scale is ∼ 0.319″ along the slit. The size of the FOV is approximately 60 × 61″ The exposure time was 1.6 s and the raster cadence was ∼13 min.
The co-aligment of the IRIS and Hinode data was improved by cross-correlation with the HMI continuum images. The ALMA Band 6 maps were cross-correlated with AIA 304 Å images taken at an instant close to the middle of each ALMA mosaic sampled at the same spatial resolution. This allowed a proper coalignment of the EUV and mm brightenings recurring near the pore at the center of the FOV (not displayed; see also da Silva Santos et al., 2020).
2.2 Data Clustering
To investigate the spatial correlation between the Mg ii h and k profiles and the mm continuum emission, we applied an agglomerative hierarchical clustering method to the former using the hierarchy library in Scipy (Virtanen et al., 2020) wherein profiles are grouped based on a distance metric. We used Ward’s linkage method, which minimizes the within-cluster variance (Ward, 1963), that is the spread in the euclidean distances between each cluster member and the centroid. This technique can be interpreted as a type of dimensionality reduction in that the information in the IRIS spectra with hundreds of wavelength points is condensed into a single number, which can then be compared to the 1.25 mm continuum brightness. The number of clusters was decided upon visual inspection of the dendrogram. While that choice is arbitrary, we concluded that 15 clusters were a good compromise between limiting the impact of noise and being able to identify sufficient spatial structure within the filament while tracking its time evolution. The clustering is based on 20,475 spectral profiles of the wavelength window between 2,791.2 and 2,809.6 Å, which includes the Mg ii h, k, and UV triplet lines.
3 RESULTS
Figure 1 shows the target as observed by the different instruments at the start of the coordinated campaign. Observations of this AR with ALMA have shown that Tb(3, mm) correlates poorly with AIA 1,600 Å intensity (r  = 0.34, da Silva Santos et al., 2020). Here, we find that Tb(1.25 mm) correlates slightly better with AIA 1,600 Å emission (r  = 0.45), which is consistent with lower formation heights of shorter mm wavelengths. An overall better agreement is found with the AIA 304 Å intensities, especially during small-scale transient brightenings similarly to the ones observed with Band 3 (da Silva Santos et al., 2020), but we did not quantify this correlation as the main focus of this paper is the AR filament described below.
[image: Figure 1]FIGURE 1 | Overview of NOAA AR 12738 by different instruments on 13 April 2019, around 14:15 UT. Panel (A) SDO/AIA 304 Å intensity in logarithmic scale; panel (B) SDO/AIA 1,600 Å intensity (capped); panel (C) deconvolved SDO/HMI 6173 Å continuum intensity; panel (D) gamma-adjusted and unsharpened GONG H α; panel (E) ALMA Band 6 brightness temperature mosaic; panel (F) Hinode/SOT line-of-sight magnetogram; panel (G) IRIS intensity in the core of Mg ii k (in units of erg s−1sr−1cm−2Hz−1). The dashed lines show the ALMA field of view, and the boxes in panel C show the area covered by the Hinode and IRIS raster scans. The arrows indicate the location of an AR filament.
The observations also reveal a dark filamentary structure that can be identified in all of the chromospheric diagnostics in the upper part of the FOV. However, the filament appears fragmented into pieces at 1.25 mm in contrast with the more uniform dark structures seen in Hα, He i 304Å, and Mg ii k. Brightness values as low as Tb (1.25 mm) ∼ 2,800 K can be found at certain locations, but other parts of the filament cannot be distinguished from the background, suggesting either significant opacity variations or temperature variations if the filament threads are optically thick. Other dark Hα fibrils near the center of the ALMA FOV appear to have no counterpart at 1.25 mm.
Figure 2 shows the temporal evolution of the filament as seen by the different instruments. The y-axes in all panels are aligned with solar north. The appearance of the filament in the Band 6 maps changes dramatically over 1 hour as parts of it practically vanish and reappear, whereas the filament spine remains well visible in the Mg ii core images throughout. The dark Band 6 structures thin out around 14:36 UT when a bright thread forms in the 304 Å images, following a brightening at the eastern footpoint of the filament. The lowest Tb (1.25 mm) values ([image: image]5,000 K) are located near the widest part of the filament but usually offset from the darkest regions in the 304 Å images. We find that the coolest Tb (1.25 mm) values correlate with the darkest features in the k2v and k2r images, whereas the dark clouds in the core of the h and k lines (as indicated by the arrows), which probes higher heights, are indistinguishable from the background at 1.25 mm. Note that depending on the phase of the IRIS slit-scan, there could be a time lag of up to ∼1.5 min between the latter and ALMA. Even in the darkest part of the filament, the intensities in the core of the Mg ii lines are about 10–15% brighter than the mean QS profile at disk center, yet the filament contrast is high owing to the bright surrounding plage. The SOT magnetograms do not show a significant change in the photospheric magnetic flux underneath the filament spine over time.
[image: Figure 2]FIGURE 2 | Time evolution of the AR filament. The AIA 304 Å images have been averaged within the time span needed by ALMA to mosaic the filament. The intensities are capped for display purposes. The time stamps on the IRIS and Hinode raster images correspond to the central slit position. The dashed boxes show the IRIS FOV. The cyan contours show Tb (1.25 mm) = 5,000 K. The horizontal magenta lines delimit the area displayed in Figure 3. The data acquisition times are shown on the right.
Figure 3 shows the results of the clustering algorithm on the IRIS spectra. To create smooth spatial maps of cluster types, profiles belonging to a particular cluster were averaged, and the 15 mean spectra were sorted in terms of integrated intensity (within ± 50 km s−1 from line center) and labeled from A to O; a few of those profiles are displayed for comparison. A simple intensity threshold of 650 DN s−1 separates well the filament structure from the background in the AIA 304 Å passband. The coolest Tb (1.25 mm) values ([image: image]5,000 K contours) occur in regions where, on average, the Mg ii h and k lines are the narrowest, the central reversals are the shallowest, and the h and k double peaks are more symmetric, which suggests small velocity gradients. The average k line width measured at half intensity between the averaged k2v and k2r peaks and the averaged k1r and k1v dips is ≈0.31 Å compared to ≈0.54 Å in the nearby plage (e.g., profile N). The filament body north of the Band 6 contours shows Mg ii profiles that are just as dark in the h and k cores as in the lower part (cf. Figure 2), but they are broader and show stronger, more asymmetrical, and separated k2v and k2r (or h2v, h2r) peaks, so they are classified as a different type. This implies that the coolest Band 6 temperatures coincide with the regions of lower integrated intensity in the h and k lines where the coolest and densest material may be located.
[image: Figure 3]FIGURE 3 | Clustering of Mg ii h and k profiles in an AR filament. Upper panel: mean spectral profiles of selected clusters. Middle panel: integrated intensity in the k line in logarithmic scale within the region delimited by the horizontal lines in Figure 2. Lower panel: clusters of Mg ii h and k profiles. The light and dark blue contours correspond to Tb (1.25 mm) = 5,000 and 4,500 K, and the dotted black contours outline the filament boundary in the AIA 304 Å images.
The aforementioned trend generally holds at different times but the time lag between the mm and NUV diagnostics has to be taken into consideration. At 14:26, low Tb (1.25 mm) values coincide with locations with A- and B-type IRIS profiles–they are essentially of the same kind but B-types are only slightly broader and brighter. These profiles practically disappear at 14:35, so do Tb (1.25 mm) < 5,000 K; this appears to be related to the heating event that occurs along the filament spine as shown by the 304 Å image; both signatures reappear at 15:05. We note that there are locations outside of the filament that show A- or B-type profiles where low Tb (1.25 mm) values are not found, and vice-versa, which just indicates relative, spatially-dependent opacity variations in both diagnostics.
Figure 4 shows selected ALMA Band 3 maps obtained after the Band 6 mosaics. The AIA images show a more dramatic evolution of the filament compared to an earlier time in the day (cf. Figure 2), to the point that the filament practically vanished towards the end of the second observing block. Unlike the 1.25 mm maps, the 3 mm maps do not show the same dark features against the background. This is interesting in that the optical thickness is expected to increase with wavelength, so the absorbing features in Band 6 should appear even darker in Band 3, that is the contrast is expected to slightly increase at longer wavelengths by extrapolation of the contrast curve obtained from previous low-resolution observations of quiescent filaments in the mm and cm ranges (Raoult et al., 1979). Therefore, it is somewhat surprising that the filament shows higher contrast in Band 6 than in Band 3. However, the dynamic nature of AR filaments may play a role here. The mean Tb (3 mm) values within the filament identified in the 304 Å images are around 7,700 K with a few hundred-kelvin variations, which is slightly higher than the average QS level (∼ 7,500 (±100) K, White et al., 2017), but these values may be contaminated by the bright plage background because the Band 3 contours overlap with the plage as shown by the AIA 1,600 Å images. We note that the non-simultaneity of the Band 6 and Band 3 maps is relevant for interpreting relative brightness ratios.
[image: Figure 4]FIGURE 4 | AIA and ALMA Band 3 observations at a later time on 13 April 2019. The Band 3 colormap range is capped at 8 kK to enhance small Tb variations within the filament. Images in the AIA 1600 Å passband are displayed for context. The cyan contours delimit the filament structure in the AIA 304 Å images. The values on the right indicate the mean (±standard deviation) Tb (3 mm) within the filament.
4 DISCUSSION AND CONCLUSION
This paper presents ALMA observations of an AR filament at 2 mm wavelengths supported by SDO and partly by IRIS and Hinode. The filament shows substantial temporal variability in the AIA 304 Å passband, the Mg ii h and k lines, and in ALMA Band 6. Brightness variations are also detected in Band 3 but they are more difficult to discern from the background fluctuations. As anticipated, the ALMA Band 6 interferometric Tb maps show dark/cool features with much higher contrast relative to the background than the single-dish observations reported thus far (Alissandrakis et al., 2017; Brajša et al., 2018). Very fine dark threads can be seen at certain times (e.g., Figure 2, 14:36 UT), but they do not last more than a few minutes. However, not all of the filament body (as seen by IRIS or AIA 304 Å) appears dark, but there are significant brightness variations across the filament spine. We note that the filament is also visible in the second Band 6 observing block until 17:47 UT (not displayed). We did not identify significant changes in the photospheric magnetic field that we could relate to the filament variability, but we would need field extrapolations to study the topology of the filament itself to investigate a possible correlation between “magnetic dips” and the mm continuum brightness distribution, similarly to what has been done based on H α observations (e.g., Aulanier et al., 1999; van Ballegooijen, 2004; Guo et al., 2010; Li et al., 2017).
We find a spatial association between the integrated k line intensity and Tb (1.25 mm) in the filament that is consistent in time. This suggests that both diagnostics are coupled through changes in temperature and electron density. The Mg ii lines are narrower and the central reversals are shallower than the average QS profile at those locations. The coolest Tb (1.25 mm) values coincide with the dark structures that are visible away from the k (and h) line center and thus extend down to lower heights in the atmosphere. The lower atmosphere may be filled with low-lying dense cool threads where the absorption is high but the emissivity is low, hence the weak Mg ii lines. However, interpreting the Mg ii line shapes is not trivial as they depend on the interplay between the incident radiation, gas pressure, filament thickness, and the properties of the prominence-corona transition region (Heinzel et al., 2014), and thus require a follow-up investigation.
Detailed radiative transfer models of AR filaments are scarce in the literature. The spectral synthesis based on a 3D whole-prominence fine structure model presented by Gunár et al. (2016) shows filament threads in emission by a few hundred kelvins above a uniform disk background at 1.25 mm unlike what we observed; the simulated filament is optically thin (τν < 1) at this wavelength. The emerging brightness temperature is the result of the absorbed background brightness temperature,[image: image], plus the integrated emission along a geometrical path of length L:
[image: image]
where κν is the frequency-dependent absorption coefficient (e.g., Gunár et al., 2016). Brightness temperature values lower than the background level require kinetic temperatures, T, lower than background temperatures. However, the observed AR filament and background certainly have different properties than the simulated ones. Dedicated simulations with more realistic AR conditions are needed to investigate this.
Constraining both the kinetic temperature and thickness of the prominence is not possible using single-band data but it requires simultaneous observations at two wavelengths and the assumption of isothermal conditions (e.g., Heinzel et al., 2015a; Rodger and Labrosse, 2017). In that case, Eq. 1 simplifies to
[image: image]
An hour after the Band 6 observations, the filament is still visible in the AIA 304 Å images, but it is indiscernible from the background in Band 3. This cannot be attributed to a difference in spatial resolution (by a factor of ∼2) because the dark threads in the Band 6 with the typical sizes of a few arcseconds would be well resolved with Band 3. Instead, it could imply that the filament temperature is similar to the background. We note that the background is far from uniform, which makes it complicated to interpret Tb variations within the filament. Assuming that the average properties of the filament did not significantly change between the time the Band 6 and Band 3 maps were taken, which is a reasonable assumption at least for the first Band 3 observing block (Figure 4), it is difficult to reconcile these observations with an isothermal model since we would expect even stronger absorption features at 3 mm than at 1.25 mm (see also Rodger et al., 2019). Following Dulk (1985), the opacity ratio in both bands is given by
[image: image]
An optically thick plasma at 3 mm with a kinetic temperature of 7,500 K (equal to the mean QS background at 3 mm) would show a higher mean Tb (1.25 mm) than what we have observed. For example, τ3 mm = 1 implies τ1.25 mm = 0.15 and Tb (1.25 mm) ∼ 6,100 K, which would make the filament stand out above the background. Therefore, these two wavelengths are more likely sensitive to different layers of the filament with different temperature and density conditions, or there is a temperature gradient spanning their formation heights, with Band 6 probing closer to the lowest temperatures of the filament, and Band 3 sensing warmer filament plasma or possibly the outermost shell that separates it from the corona if the optical thickness is large. Simultaneous observations of AR filaments in both ALMA bands are needed to clarify these findings.
Combined non-LTE radiative transfer modeling of the Mg ii h and k lines and the radio continua will be required to diagnose the properties of the observed filament. Using such an approach, ALMA observations will allow us to constrain the plasma temperature, while the IRIS spectra can provide information about the pressure/density and the LOS velocity gradients.
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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.
Keywords: ALMA, Sun, Sun—active regions, solar radio astronomy, millimeter (mm) and submilli-meter (sub-mm) waves
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.
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 radio measurements, 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 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.
TABLE 1 | Successful AR observational projects that have resulted in at least one publication.
[image: Table 1]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 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 [image: image] 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).
[image: Figure 1]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).
[image: Figure 2]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.
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 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 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.
[image: Figure 3]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.
[image: Figure 4]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.
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. 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 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).
[image: Figure 5]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.
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.
[image: Figure 6]FIGURE 6 | A scatter plot of IRIS Mg 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.
Using the same ALMA and IRIS observations Jafarzadeh et al. (2019) obtained similar results, comparing ALMA Band 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).
[image: Figure 7]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.
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 I D1 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 ([image: image] 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 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 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 column mass 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.
[image: Figure 8]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. From Molnar et al. (2019). Reproduced by permission of the AAS.
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 form of brightness enhancements, some of them quasi-periodic, with spatial scales at the limit of the current ALMA resolution for solar observations [image: image] 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-MHD models that correspond to the observed features.
Signatures of magnetic reconnection at the heights of the chromosphere and transition region might 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 NOAA AR 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 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 [image: image] FWHM beam size of their observations.
[image: Figure 9]FIGURE 9 | (A) Integrated j2/ρ weighted by the contribution function of the Band 3 emission (CF3mm); (B) Extrapolated magnetic field lines overlying photospheric magnetogram with 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.
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 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.
[image: Figure 10]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) temperature maps (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.
The work of (Chintzoglou et al., 2021a) also explored the potential of ALMA Band 6 observations for measuring 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).
[image: Figure 11]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.
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 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.
[image: Figure 12]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.
[image: Figure 13]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).
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.
[image: Figure 14]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.
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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Nanoflares and the shock formation of magnetohydrodynamic waves in the solar chromosphere have been considered as key physical mechanisms of the heating of the chromosphere and corona. To investigate candidates of their signature in the mm-wavelength, a tiny active region located on the solar disk was observed with the Atacama Large millimeter and sub-millimeter Array (ALMA) at 3 mm, coordinated with observatories on orbit including Hinode SOT spectro-polarimeter in the Cycle 4 solar campaign (19 March 2017). ALMA’s spatial resolution was moderate, far from the best performance, but it provided stable conditions that are suitable to investigate temporal variations in the mm-wavelength. We determined that the noise level is less than 20 K (σ) over 1 hour in the 20-s cadence time series of synthesized ALMA images. The time variations with amplitudes above the noise level were observed throughout the field of view, but variations exceeding 200 K, corresponding to energy input to the chromosphere on the order of 1020-22 erg, were localized in two locations. One location was on the polarity inversion line, where tiny concentrated magnetic patches exist in weak field and a tiny magnetic flux may be emergent. The other location was at the outer edge of a bipolar magnetic region, which was under development with a successive series of magnetic flux emergence. This observation suggests that nanoflare-class energy inputs in the chromosphere can occur associated with emerging flux activities.
Keywords: the sun, radio radiation, alma, chromosphere, magnetic field, nanoflare
1 INTRODUCTION
The solar chromosphere is the interface layer connecting the solar surface (photosphere) to the corona. The corona is permeated with bundles of both open and closed magnetic fields that are rooted in the photosphere. The corona is heated to over 1 MK, whereas the temperature of the photosphere is 6,000 K. The chromosphere has a temperature of approximately 10,000 K; however, because of its high density, it requires heat input that is one order of magnitude higher than that of the corona. The energy is believed to transfer through chromospheric structures towards the corona. Thus, much attention has been given recently to the dynamical behaviors of chromospheric structures. Observationally, high spatial and temporal resolution observations, provided by space-borne observatories, such as the Hinode Solar Optical Telescope (Kosugi et al., 2007; Ichimoto et al., 2008; Shimizu et al., 2008; Suematsu et al., 2008; Tsuneta et al., 2008; Lites et al., 2013) and Interface Region Imaging Spectrograph (IRIS) (De Pontieu et al., 2014), and recent 1-m class ground-based telescopes, such as Swedish Solar Telescope (Scharmer et al., 2003) and Goode Solar Telescope (Cao et al., 2010), have revealed propagating magnetohydrodynamics (MHD) waves (e.g., De Pontieu et al., 2007; Okamoto et al., 2007; Okamoto and De Pontieu, 2011; Stangalini et al., 2011; Martínez-Sykora et al., 2017; Abbasvand et al., 2020) and the ubiquitous occurrence of small-scale magnetic reconnection events in the chromosphere (Katsukawa et al., 2007; Shibata et al., 2007; Shimizu et al., 2009). Meanwhile, significant progress has been made recently in modeling the three-dimensional chromospheric structures and their dynamics with sophisticated radiative MHD models, helping to capture a physical picture of the chromospheric fine structures and their dynamics (e.g., Martínez-Sykora et al., 2017). It has been considered that MHD waves excited by the convective gas motions at the photosphere propagate through the chromosphere toward the corona and are also dissipated in the chromosphere by the formation of shocks (e.g., Carlsson and Stein, 1997). As an alternate model, the convective gas motions generate tangential discontinuity and braiding in magnetic field lines in the corona, leading to numerous numbers of tiny magnetic reconnection events, so-called nanoflares (Parker, 1988). It is noted that the terminology nanoflare in Parker (1988) represents a swarm of tiny energy releases in order of 1024 erg produced in coronal loops, but hereafter we will use the terminology nanoflare for a transient release in nanoflare energy range, i.e., 1022 − 1024 erg.
Most of the solar radiation at millimeter (mm) wavelengths comes from the chromosphere, providing a unique diagnostic for the chromosphere (Vernazza et al., 1981). The mm-wavelength emission is free-free emission (thermal bremsstrahlung), produced by free electrons scattering off ions without being captured. Assuming the free electrons to be in local thermodynamic equilibrium (LTE), the source function is equivalent to the Planck function. In the mm wavelengths, the Rayleigh–Jeans law is an approximation to the Plank function, giving a linear relation from the emission intensity to the brightness temperature (Kraus, 1986). However, the electrons are mostly regulated by the ionization degree of hydrogen atoms that significantly departs from LTE in the chromosphere. 3D non-LTE radiative MHD simulations show that the formation height range of the radiation at millimeter wavelengths depends on the location in the simulation domain and is related to the underlying magnetic structure (Loukitcheva et al., 2015; Martínez-Sykora et al., 2020). Nonetheless, millimeter emission can image the chromospheric thermal structure at the height at which the radiation is formed. This suggests that the radiation at mm wavelengths can be used as a thermometer to probe the chromospheric temperature. The thermometer provides a useful tool to detect changes in chromospheric temperature. Variations in brightness temperature could be due to variations in formation height depending on the chromospheric structure. For large class of variations to be examined in this paper, however, it would be plausible that brightness variations are caused dominantly by changes in chromospheric temperature. Therefore, transient energy inputs in the chromosphere either by nanoflare and microflare (da Silva Santos et al., 2020; Shimizu et al., 2021) or by shock formation (Eklund et al., 2020; Nindos et al., 2021a; Chintzoglou et al., 2021) may be identified by monitoring transient increases in the thermometer.
The Atacama Large millimeter and sub-millimeter Array (ALMA) (ALMA Partnership et al., 2016) is capable of performing interferometric observations of the Sun at mm wavelengths, allowing both high spatial and temporal resolution imaging observations of a few arcsec or higher spatial resolution (Shimojo et al., 2017a). Using ALMA observations in early phase, transient time variability was studied primarily in the quiet Sun (Nindos et al., 2021a; Nindos et al., 2021b). The number of studies addressing temporal variations of brightness temperature associated with strong magnetic flux concentrations is increasing; for example, a solar plasmoid ejection from an X-ray bright point (Shimojo et al., 2017b), tiny brightenings in a group of pores (da Silva Santos et al., 2020), oscillations in chromospheric plage regions (Chintzoglou et al., 2021; Narang et al., 2022), and the ALMA counterpart at the footpoints of a soft X-ray loop-type microflare observed in a tiny active region (Shimizu et al., 2021). The objective of this article is to present the temporal variations in mm-wavelength data recorded with an ALMA observation for a small active region. Section 2 describes observations and data analysis. Section 3 presents the results of the data analysis, followed by discussions in Section 4 and a summary in Section 5.
2 OBSERVATIONS AND DATA ANALYSIS
The ALMA observation was coordinated with Hinode from 13:36-19:41 UT on 19 March 2017, as an execution of the ALMA Project code 2016.1.00030.S (PI: Shimizu). The Hinode program was numbered as IHOP 327. The target region was a tiny active region located on the solar disk at (-495, -40) arcsec on the heliocentric coordinate seen as a compact bright region in soft X-rays with a magnetic bipolar distribution on photospheric SDO/HMI magnetograms. It is noted that no any NOAA number was designated to this region. The ALMA performed its observations at 100 GHz (3 mm, Band 3) with the C40-1 antenna configuration, which is the most compact layout in the solar observing mode, giving a spatial resolution of 5”.0, ×, 3”.9. See Shimizu et al. (2021) for further details of the observations and data processing. It should be noted that no single-dish (total power) data were acquired to calibrate the absolute brightness temperature in this observation. Thus, the temporal profiles presented in this article show the deviation from the averaged brightness temperature in the observation field of view. Time variations in temperature brightness can be derived even without absolute temperature information. The co-alignment of the data from the different instruments was carefully investigated to identify a better method among alignment methods examined, and we finally appear to achieve a precision better than 2”. Details of the co-alignment procedure are also described in Shimizu et al. (2021).
3 RESULTS
3.1 Noise Level in ALMA Time Series
We use the method described in Shimojo et al. (2017a) to evaluate the noise level in the ALMA time series. ALMA Band 3 has two receivers sensitive to orthogonal components of the linear polarization (ALMA Partnership et al., 2016). The interferometric measurements in each component can be used independently to synthesize an image and the two synthesized images should be identical to each other if no noise is included in the data. Thus, the noise level was estimated from the difference between the two polarizations for a 20 s integration. The difference should be zero for thermal emission from optically-thick chromospheric plasma in the absence of flare emission. Furthermore, circularly polarized light due to the presence of strong magnetic fields (Miyawaki et al., 2016) may produce net linear polarization due to differential Faraday rotation; however, it is negligibly small at 100 GHz (Iwai et al., 2017; Loukitcheva et al., 2017). The difference in two synthesized images, which were generated independently with interferometric measurements by the two receivers sensitive to orthogonal components of the linear polarization, gives the standard deviation smaller than 20 K for the entire period. Weak spatial dependence may be visible when it is compared to the brightness temperature derived from the ALMA data, although the dependence is small in magnitude and may be roughly regarded as random distribution. Therefore, we set 20 K as the noise level in σ in the subsequent results, although this would represent the most conservative evaluation.
3.2 Spatial Distribution of Large Time Variability
Figure 1B is the spatial distribution of time variations detected in the ALMA brightness temperature map in panel (a). For each location, the standard deviation was derived from the time series of brightness temperature. The map is shown at 4 arcsec/pixel. The contours in Figure 1B represent the spatial distribution of magnetic flux density: positive 300 gauss in red and negative 300 gauss in black, from Figure 1C. Time variations with amplitudes much larger than the noise level (20 K in σ) are observed in most of the binned pixels. The variations exceeding 200 K are observed in the lower middle (around X = 22, Y = 13; area A1 hereafter) and the lower right (around X = 54, Y = 6; area A2 hereafter), both of which are located at or close to polarity inversion lines. Figure 2 shows the time profile of ALMA brightness temperature at these locations. At area A1, the brightness temperature is gradually decreased with some enhancements during the observation. The largest enhancement is about 400 K increase from the base brightness just before the enhancement. The appearance of the observed enhancement looks periodic, but the interval exceeds 10 min, which is different from 3 to 5 min expected from p-mode oscillations. The temporal profile of enhancements shows an increase in relatively short timescale (100–200 s) and gradual decrease after the peak. At area A2, a large enhancement is observed at the latter half of the observation and its duration is about 1,000 s.
[image: Figure 1]FIGURE 1 | The spatial distribution of (A) the mean brightness temperature and (B) the standard deviation in the time series of ALMA data. The contours represent the spatial distribution of (C) magnetic flux density: positive 300 gauss in red and negative 300 gauss in black.
[image: Figure 2]FIGURE 2 | Time profile of ALMA brightness temperature at two locations: (A) area A1 (B) area A2.
The magnitude of the time variations is compared to the time-averaged brightness temperature in Figure 3A. The figure shows a fairly dispersive distribution between them. The binned pixels with large variation over 200 K are widely distributed from -300 to 500 K. The correlation coefficient is 0.34, suggesting poor correspondence. In Figure 3B, the magnitude of time variations is compared with the magnetic flux density at the photosphere. Large variations over 200 K are observed in the regions where the magnetic flux density is less than 200 gauss. At the magnetic flux concentrations (higher than 300 gauss) in the photosphere, large variations over 200 K are not observed and dominant variations have a standard deviation of 90-170 K.
[image: Figure 3]FIGURE 3 | The magnitude of time variations measured as the standard deviation in the time series of ALMA data is compared (A) to the time-averaged brightness temperature and (B) to the magnetic flux density in the photosphere. The value of magnetic flux density (magnetic strength) is derived from the magnetic flux density map binned to 4 arcsec/pixel.
3.3 Magnetic Flux Evaluation at the Photosphere
According to the previous subsection, two areas showed large temperature variations exceeding 200 K. Figure 4 is the magnetic flux distribution at the photospheric level, measured with the Hinode/SOT Spectro-Polarimeter (SP) during the first and last half of the ALMA observing period. The two areas are marked by yellow squares in Figure 4.
[image: Figure 4]FIGURE 4 | Stokes V amplitude maps from two Hinode/SOT Spectro-Polarimeter’s scans during the ALMA observing period. The field of view is 75 × 80 arcsec, where the slit is moved from the left to the right. The left map was recorded from 15:38:01-16:07:44 UT and the right from 16:08:52-16:38:36 UT. The red rectangle gives the field of view used in Figure 1. The yellow squares are the location of two macro-pixels where large variations exceeding 200 K are observed. The arrows specify newly appeared magnetic flux patches.
The large variations observed in area A1 (around X = 30, Y = 30 arcsec in Figure 4) are located in a weak-field area at the polarity inversion. Positive polarity patches are dominant at the right of this area, whereas negative polarity patches are distributed at the left. In the square, a tiny negative polarity patch exists and shows an increase in the magnetic flux. Positive and negative magnetic patches located around the square also show changes their locations and shapes, as well as strength within about 30 min. As given by arrows in the second map, a small negative polarity patch and a small positive polarity patch appeared, indicating emergence of tiny magnetic flux around the polarity inversion line. Note that it is difficult to look into the temporal evolution of such a tiny magnetic patch in the time series of HMI magnetograms (Scherrer et al., 2012; Schou et al., 2012).
The large variations at area A2 are located at the outer edge of a small bipolar magnetic region that is under development with successive series of magnetic flux emergence from below the photosphere. A group of positive polarity fluxes moves toward the upper left direction. The ALMA pixels showing large variations are located near the front side of this moving positive polarity flux. Weak signals for negative polarity flux can be recognized there in the SP maps, suggesting that a mixed polarity or polarity inversion configuration is formed. It should also be noted that the brightness temperature is high in this emerging flux region, as shown in Figure 1A.
4 DISCUSSIONS
In this study, we synthesized time series of ALMA maps by integrating the data acquired over each 20 s and investigated the temporal variations in the brightness temperature for a tiny active region with a magnetic bipolar distribution at the photosphere (Figure 1). Following the method described in Shimojo et al. (2017a), we derived the noise level of the examined data less than 20 K, which is similar to that derived by Shimojo et al. (2017a) for verification data acquired in December 2015. Moreover, the level of noise is quite stable for about 1 h, indicating that the examined ALMA data are valuable for investigating temporal variations in brightness temperature.
Time variations above the noise level can be recognized in most of regions, even when the spatial resolution of the synthesized images (4 arcsec/pixel) is lower than the best resolution ALMA can achieve (ALMA Partnership et al., 2016). The chromosphere is dynamic; there is consistently dynamic behavior of fine scale structures such as spicules and fibrils, and the height of the chromospheric structure is always changing (Pereira et al., 2012). Time variations in ALMA time series would reflect the dynamic nature of the chromosphere, and thus, it is not surprising to observe time variations above the noise level. In this study, we focused on significant variations, namely variations exceeding 200 K, which are ten times larger than the noise level. The emission of the chromosphere is closely related to magnetic field concentrations at the solar surface. It is well established that the relation between chromospheric emission and magnetic field is nonlinear (Barczynski et al., 2018). Figure 3 shows that the magnitude of time variations is weakly correlated with the brightness temperature with a fairly board distribution. The brightness temperature is not enhanced in the locations where large time variations above 200 K are observed. This indicates that large time variations have no clear relationship with the heating level of the chromosphere. In terms of the relationship with the magnetic field strength, large time variations above 200 K are not observed in magnetic flux concentrations above 200 G, but occur above regions with weak magnetic fields below 100 G. This is not the case in magnetic flux concentrations, but in the geometry of the magnetic field expanding from the concentrations in the photosphere into the chromosphere, i.e., magnetic canopy structure. When a magnetic flux emerges from below the photosphere to the canopy structure, the sudden change in geometry, such as a sudden expansion or change in shape of the magnetic field lines that have emerged above the photosphere, may lead to magnetic reconnection with the pre-existing field, resulting in large time variations.
Pervasive presence of brightness temperature variations due to p-mode oscillations are expected in the examined time series. We applied an FFT analysis on the time series and found that the power of variations in 3–5 mHz is not significant and p-mode oscillations may contribute to time variations much smaller than the significant variations discussed. The time profiles shown in Figure 2 do not show strong signals for oscillations in 3–5 mHz. In contrast, in a past observation, intensity oscillations with significant power in the frequency range 3–5 mHz were found in the quiet-Sun and active region (White et al., 2006). Recently, Jafarzadeh et al. (2021) have obtained the power spectra for 10 ALMA datasets (of which, 6 datasets for Band 3) and found a lack of dominant chromospheric oscillations within the frequency range of 3–7 mHz for most of the datasets. These datasets are largely influenced by the strong magnetic fields originating within the observed field of view, while clear power enhancements at around 4 mHz were observed for the magnetically quiescent datasets. The result from our FFT analysis for the data examined in this study seems to be in line with the Jafarzadeh et al. (2021)’s findings.
Time variations exceeding 200 K were dominantly observed at two locations; one is at the outer edge of a small emerging flux region, and the other is at the polarity inversion line where tiny concentrated magnetic flux patches exist in weak field. In the series of chromospheric images, such as AIA 1600 Å, SOT Ca II H, and IRIS 1400 Å slit jaw, many point-like transient brightenings are observed in emerging flux regions in general (e.g., Toriumi & Wang, 2019). They may correspond to Ellerman bombs, burst intensity enhancements in Hα line wings (Ellerman, 1917), which may be caused by magnetic reconnection occurring at the magnetic flux dips (Bernasconi et al., 2002; Georgoulis et al., 2002; Pariat et al., 2004; Matsumoto et al., 2008). They may be formed by horizontal motions of magnetic flux driven either by the flux emergence or by gas convection. Small-scale transient brightenings are observed in common when opposite magnetic polarities come into contact with or cancel each other at the photospheric level (Shimizu, 2015). In particular, magnetic reconnection may occur when an emerging flux interacts with the pre-existing, overlying magnetic field, creating high-temperature plasma in localized volume with hot and cold ejections (e.g., Yokoyama and Shibata, 1995; Cheung and Isobe, 2014). In IRIS observations, high-temperature plasma in localized volume may appear as UV bursts (Peter et al., 2014). Many such bursts appear to be associated with the cancellation of magnetic fluxes. Tian et al. (2018) investigated the 3D magnetic field topology through a magnetohydrostatic model and found that a small fraction of the bursts are associated with bald patches (magnetic dips), which are similar to the magnetic configuration for Ellerman bombs. In active regions, newly emerging magnetic flux interacts with the pre-existing magnetic field, leading to magnetic reconnection events. Indeed, this scenario has been reported with high spatial resolution observations of granular-sized emerging fluxes and of their chromospheric response carried out in recent years (e.g., Guglielmino et al., 2008, 2010; Vargas Domínguez et al., 2012; Ortiz et al., 2014; de la Cruz Rodríguez et al., 2015; Centeno et al., 2017; Guglielmino et al., 2018; Díaz Baso et al., 2021). A complex fan-spine magnetic topology may be responsible for triggering UV bursts (Chitta et al., 2017; Smitha et al., 2018). The same scenario has also been considered as one of major magnetic configuration for producing coronal transient brightenings or microflares in active regions (Shimizu et al., 2002; Kano et al., 2010). Thus, it is natural that the time variations with relatively large amplitude in ALMA data can occur associated with small evolving magnetic flux driven by the flux emergence and may be a counterpart of magnetic reconnection events, such as Ellerman bombs, UV bursts and transient brightenings in active regions.
The ALMA data can be used as a thermometer to probe changes in the temperature of chromospheric plasma, at least in the range 6,500–12,000 K (Molnar et al., 2019). The 200 K increase may be interpreted as the thermal energy increase (3nkBδTV) of approximately 1021−22 erg for a brightening at one pixel (4 arcsec), if we assume that the density (n) is 1010−11 cm−3 according to the standard solar atmospheric model in Fontenla et al. (1993). Here, kB is the Boltzmann constant and δT is the temperature increase. The increased brightness temperature was used for the δT. This is valid when the optical thickness is unity or larger at 3 mm. If the optical thickness is much smaller than unity, the increased brightness temperature divided by the optical thickness should be used for the δT. As discussed in Shimizu et al. (2021), however, we have concluded that the optical thickness for the layer where the ALMA observes at 3 mm is about unity or higher. The volume V is simply given by multiplying the pixel size (4 × 4 arcsec2) by the line-of-sight depth. We used 500 km for the line-of-sight depth, coming from the width of the contribution function, which describes how much of the emergent radiation is contributed over height, by Loukitcheva et al. (2015), who studied the formation height of the millimeter radiation with a snapshot of a 3D radiative MHD simulation performed with the Bifrost code (Gudiksen et al., 2011). It is noted that even the Bifrost simulation resembles quiet-Sun conditions despite the stronger magnetic fields, and that 500 km is only an average value. The width of the contribution function depends largely on the atmospheric structure; it ranges from 100 to 1,000 km. The contribution function can be quite localized (100 km in width) for Band 3 in active region conditions or shows multiple peaks (100 km in width each) from distinct layers with different electron densities and temperatures spanning several megameters, particularly during flux emergence (da Silva Santos et al., 2022), which may be relevant for the science case in this study. The actual width of the contribution function for the observed targets is unknown and thus when we used 100−1000 km for the line-of-sight depth, the thermal energy would be in a range between 4 × 1020 and 4 × 1022 ergs. This rough estimate indicates that transient variations with a temperature change of 200 K can be considered as nanoflare-class energy inputs to the chromosphere.
The amount of energy was estimated with the ALMA 3 mm data, which are sensitive to temperature changes in a limited line-of-sight depth at the chromosphere. Depending on the structure of an energy release event in the solar atmosphere, the energy of the time variation observed with ALMA may be only a small fraction of the energy release event. If it is a counterpart such as UV burst or Ellerman bomb, the overall energy content will be larger than the energy evaluated with ALMA. For example, if the energy is released deeper than the chromosphere, the energy will be larger; The total energy of the Ellerman bombs are estimated to be 1026 to 5 × 1027 ergs (Fang et al., 2006). More interestingly, semiempirical atmospheric models for Ellerman bombs indicate that the inclusion of nonthermal particles can reduce the temperature enhancement compared to the thermal only model (Fang et al., 2006). This situation is also the same even if an energy release occurs in the transition region above the chromosphere, as in the case of a UV burst. When the energy is released in the coronal loops, a counterpart can be observed at the loop footpoints as the transient response of the chromosphere with ALMA; Shimizu et al. (2021) have found that this transient response is caused by the non-thermal particles impinging to the footpoints and that its energy is much smaller than what is released in the corona. This tells that the overall energy content may be larger compared to the energy estimated with ALMA.
Energy evaluations are important for understanding the role of observed time variations in coronal and chromospheric heating. Nindos et al. (2020) performed a systematic survey for transient brightenings with ALMA data at 3 mm and found a significant number of weak brightenings everywhere (not only at network boundaries and in cell interiors) in the quiet solar chromosphere. Their brightness temperatures are from 70 K to more than 500 K, and they derived the energies between 1.5 × 1024 and 9.9 × 1025 ergs. As briefly discussed above, the energy estimate contains a significant uncertainty due to uncertainties in the input parameters, such as the electron density and line-of-sight depth for volume. To reduce the uncertainties, we need to have additional modeling for the height of formation, especially on transient energy releases in the regions where successive series of magnetic flux bundles emerge from below the solar surface and develop the complex of magnetic structures in the chromosphere.
5 SUMMARY
We investigated time variations, especially those with relatively large amplitude, in series of ALMA synthesized maps, acquired for a small active region on 19 March 2017. We found several time variations exceeding 200 K, which is ten times larger than the noise level, in a 1-h observation. The 200 K variations correspond to energy input on the order of 1020-22 erg. Such large variations were observed at two locations; one is at the outer edge of a small emerging flux region, and the other is at the polarity inversion line where tiny concentrated magnetic patches exist in weak field and a tiny magnetic flux may be emergent. This observation suggests that nanoflare-class energy inputs in the chromosphere can occur associated with emerging flux activities.
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In recent decades our understanding of solar active regions (ARs) has improved substantially due to observations made with better angular resolution and wider spectral coverage. While prior AR observations have shown that these structures were always brighter than the quiet Sun at centimeter wavelengths, recent observations at millimeter and submillimeter wavelengths have shown ARs with well defined dark umbrae. Given this new information, it is now necessary to update our understanding and models of the solar atmosphere in active regions. In this work, we present a data-constrained model of the AR solar atmosphere, in which we use brightness temperature measurements of NOAA 12470 at three radio frequencies: 17, 100 and 230 GHz. The observations at 17 GHz were made by the Nobeyama Radioheliograph (NoRH), while the observations at 100 and 230 GHz were obtained by the Atacama Large Millimeter/submillimeter Array (ALMA). Based on our model, which assumes that the radio emission originates from thermal free-free and gyroresonance processes, we calculate radio brightness temperature maps that can be compared with the observations. The magnetic field at distinct atmospheric heights was determined in our modelling process by force-free field extrapolation using photospheric magnetograms taken by the Helioseismic and Magnetic Imager (HMI) on board the Solar Dynamics Observatory (SDO). In order to determine the best plasma temperature and density height profiles necessary to match the observations, the model uses a genetic algorithm that modifies a standard quiet Sun atmospheric model. Our results show that the height of the transition region (TR) of the modelled atmosphere varies with the type of region being modelled: for umbrae the TR is located at 1080 ± 20 km above the solar surface; for penumbrae, the TR is located at 1800 ± 50 km; and for bright regions outside sunspots, the TR is located at 2000 ± 100 km. With these results, we find good agreement with the observed AR brightness temperature maps. Our modelled AR can be used to estimate the emission at frequencies without observational coverage.
Keywords: Sun: radio radiation, Sun: atmosphere, Sun: magnetic fields, force-free field extrapolation, Sun–active regions
1 INTRODUCTION
Numerous semi-empirical models of the solar atmosphere are intended to reproduce solar active region (AR) observations with success in a specific wavelength range. Most of these efforts have been based on optical and UV line observations (e.g.: Vernazza et al., 1981; Fontenla et al., 1993, 1999, 2009) and have had success modelling the observations at these wavelengths. Nevertheless, these models are less successful in reproducing radio observations of ARs, perhaps due to the presence of distinct emission mechanisms at radio wavelengths and the lack of comparable spatial resolution.
In the last decades our knowledge of solar active regions has improved substantially due to observations made with better angular resolution. Recent observations at millimeter and submillimeter wavelengths have shown ARs with well defined dark umbrae (Loukitcheva et al., 2014; Iwai and Shimojo, 2015; Shimojo et al., 2017). Moreover, Iwai et al. (2016) suggested that even at radio frequencies as low as 34 GHz the observed brightness temperature (Tb) of the umbral region is almost the same as that of the quiet region, which indicates that the height (and therefore temperature) in the atmosphere at which its emission becomes optically thick should be lower than that predicted by the models.
Great advances in the understanding of AR behavior have been acquired with the daily NoRH (Nakajima et al., 1994) observations at 17 GHz since 1992, and also 34 GHz after 1996. Vourlidas et al. (2006) studied 529 ARs observed by the NoRH at 17 GHz (1992–1994), and concluded that the ARs with polarization greater than 30% contain a gyroresonance core that increases their brightness temperatures to Tb ≳ 105 K, well above the quiet Sun brightness temperature (Tb,QS) of 10000 K at 17 GHz. Moreover, they also argued that these high Tb values were due to opacity at the gyroresonance 3rd harmonic, requiring 2000 G of magnetic field intensity [image: image] in the corona, and therefore at least [image: image] G at the photospheric level.
At submillimeter wavelenghts, Silva et al. (2005) analyzed a total of 23 ARs observed during 2002 at 212 and 405 GHz from the Submillimeter Solar Telescope (SST, Kaufmann et al., 2008) and combined with maps at 17 and 34 GHz from NoRH. The flux density spectra at these frequencies was found to increase with frequency with a slope of 2, indicating that the emission from these active regions is predominantly due to thermal bremsstrahlung. Moreover, Valle Silva et al. (2021) made a similar analyses with the inclusion of the ALMA single-dish data reaching the same conclusions.
Further advances in the study of ARs became possible in 2016, with the start of ALMA observations at millimeter/submillimeter wavelengths (Wedemeyer et al., 2016). During the Science Verification period, 2015 December 16–20, AR 12470, including a sunspot umbra, was observed by the ALMA interferometric array at Band 3 (84–116 GHz) and Band 6 (211–275 GHz). Whereas the sunspot umbra exhibited a continuous dark region at Band 6 (Shimojo et al., 2017), at Band 3 the center of the umbra showed a bright structure with Tb 800 K above the dark region around it (Iwai et al., 2017). This Band 3 brightness enhancement may be an intrinsic feature of the sunspot umbra at chromospheric heights, such as a manifestation of umbral flashes, or it could be related to a coronal plume.
Selhorst et al. (2008) were able to reproduce the brightness temperatures and the spatial structure of AR NOAA 10008 seen in NoRH observations at 17 and 34 GHz. That work used photospheric magnetic field extrapolation to derive [image: image] in the atmosphere1 and suggested that the AR chromospheric temperature and density gradients were steeper than those proposed for the quiet Sun. Also, the temperature and density in the corona needed to be greater than expected in the quiet Sun, as expected. With these assumptions, the model was able to reproduce the high Tb observed in the 17 GHz gyroresonance core, and also the free-free emission observed in non-polarized areas at both 17 and 34 GHz.
Brajša et al. (2009) studied active regions observed at 37 GHz with the 14-m antenna of the Metsähovi Radio Observatory and compared the measured intensities with radiation models. They concluded that thermal bremsstrahlung can explain the observed radiation of ARs, while thermal gyromagnetic emission can, with high probability, be excluded as a possible radiation mechanism at the frequency considered (37 GHz). Further, Brajša et al. (2018) compared intensities measured in full-disc solar ALMA maps taken at 248 GHz with model-based prediction of the brightness temperatures. Again, they concluded that the thermal bremsstrahlung is the main radiation mechanism responsible for the AR emission, also at this observing frequency (248 GHz).
As an improvement of the AR modelling presented in Selhorst et al. (2008, 2009), in this work we apply a genetic algorithm (GA; Charbonneau, 1995) to modify a standard quiet Sun atmospheric model in order to determine the best plasma temperature and density height profiles necessary to match the observations of NOAA 12470 obtained by ALMA (single-dish maps at 100 and 230 GHz) and NoRH (17 GHz interferometric map).
Finally, we note that Brajša et al. (2020) performed a preliminary analysis of the magnetic structure above the same AR 12470 using LOS photospheric magnetograms and a potential-field source surface (PFSS) model to extrapolate magnetic fields into the solar chromosphere and corona. Results of the model were compared with the ALMA single-dish (248 GHz) and interferometric (100 GHz) measurements of the same AR. The general extrapolated magnetic structure is consistent with the ALMA observations, but a detailed analysis and comparison with ALMA small-scale features was not possible with the model used and requires a more detailed magnetic field extrapolation model, what is performed in the present work.
2 ATMOSPHERIC MODELLING VIA GENETIC ALGORITHM
The purpose of this study is to estimate the temperature and electron density as a function of height in the solar atmosphere, as constrained by brightness temperature Tb maps of radio observations. The different frequencies provide access to different layers of the atmosphere due to the frequency dependence of opacity. An initial 1D atmospheric model is used as a seed for the GA: at each step, Tb is obtained via the calculation of radiative transfer incorporating opacity from both the thermal bremsstrahlung and gyroresonance emission mechanisms. For these calculation, the 3D magnetic field structure above the AR is derived from linear force-free extrapolations (LFF) from photospheric magnetograms. The GA iteratively updates the atmospheric plasma trapped by magnetic field lines until a best model is found via χ2 minimization of the calculated and observed Tb values. This process is run independently for each pixel of the observed radio maps, resulting in an atmospheric model (T and n versus height) for each line of sight. Together, the results for all pixels provide the 3D atmospheric model for the active region.
2.1 Genetic Algorithm Features
In order to determine the best plasma temperature and density height profiles necessary to match the observations, we employ the genetic algorithm Pikaia (Charbonneau, 1995).
The atmospheric model developed by Selhorst et al. (2005b, hereafter SSC) is used as the seed in the genetic algorithm, that changes the seed model to find the best fit for the observational measurements. Five free parameters are supplied to the GA representing the atmospheric model. These parameters are based on the ideas presented in Selhorst et al. (2008), as follows:
• ∇T–changes the AR temperature gradient in the chromosphere;
• ∇ne–changes the AR electron density gradient in the chromosphere;
• NT–changes the AR coronal temperature by a constant value, in which [image: image];
• [image: image]—changes the AR coronal electron density by a constant value, in which [image: image];
• Δh–changes the TR position.
These five free parameters combined build new electron density and temperature profiles, which are used, along with the magnetic field values for the line-of-sight column, to calculate the bremsstrahlung and gyroresonance absorption coefficients. The radiative transfer is then performed and the resulting Tb values are compared with the observations. Nevertheless, the GA used here is a mathematical solution and it does not verify if the atmospheric plasma is in local thermodynamic equilibrium (LTE) or not.
A generation of child atmospheric models is created by the algorithm based on the parent models with the lowest χ2 values, using the genetic algorithm described in Charbonneau (1995). The GA starts with the choice of minimum and maximum values for each one of the five free parameters. The method used here was full-generation replacement using ten generations with one hundred children each. The crossover probability was 0.85 and the mutation mode was variable. The initial mutation rate, that is, the initial probability that any gene locus will mutate in any generation, was 0.005. Finally, the mutation rate range was between 0.0005 and 0.25. In our runs the χ2 measure typically stabilizes to a minimum value by about the seventh generation.
2.2 Magnetic Field Extrapolation
Photospheric magnetograms are used as the boundary condition for an extrapolation of the field above the photosphere using the linear force-free field approximation. The fundamental equation that describes a force-free field (assuming that the current density is parallel to the magnetic field at any point in space) is
[image: image]
where α is a proportionality function and represents the current density distribution, called a force-free function.
The extrapolation routine is based on the works of Nakagawa and Raadu (1972) and Seehafer (1978) and was previously implemented in IDL by J. E. R. Costa and T. S. N. Pinto (used in Selhorst et al., 2005a, 2008; Nita et al., 2018). The calculation starts from the line-of-sight magnetic field component at the photosphere and determines the magnetic field above it for both the potential field (α = 0) and the force-free field (α ≠ 0). The result is three cubes of intensities, one for each component of the magnetic field vector (Bx, By, and Bz) and another data cube for the positions of the magnetic field lines. The positions of the magnetic field lines determine where the atmospheric plasma is changed with respect to the quiet Sun. Moreover, the x and y dimensions of the cubes have the same dimensions as the selected active region area. In this work, the extrapolated field lines were calculated only above positions with [image: image] G at the photosphere. A different minimum value could be chosen by the user, but we found that the inclusion of magnetic fields below this limit resulted in the simulated ARs appearing much larger than the observed ARs. This approach in effect determines one parameter, i.e., the lower limit of the field strength needed to best reproduce the observations.
2.3 Emission Mechanisms
The brightness temperature Tb is obtained by computing the radiative transfer along the line of sight for each column of the AR. At radio frequencies, in the quiescent solar atmosphere, the main emission mechanisms are bremsstrahlung and gyroresonance (Dulk, 1985). The thermal bremsstrahlung absorption coefficient (κb) is calculated by
[image: image]
where ν is the observed frequency (Hz), T is the plasma temperature and ne is the electron density. Only the contributions of collisions with protons was considered, since its density is much larger than that of other ion species (ni).
Following Zirin (1988), it was assumed Z = 1.178, if a fully hydrogen atmosphere was considered, i.e., Z = 1, the resulting Tb should be only [image: image] smaller for all frequencies simulated here.
The Gaunt factor (g(T,ν)) used is as follow:
[image: image]
The gyroresonance absorption coefficient (κg) is
[image: image]
where σ = +1 for the o-mode and σ = −1 for the x-mode, [image: image]. The harmonic is defined as s = ν/νB, where νB is electron-cyclotron frequency and νp is the electron plasma frequency:
[image: image]
Since the contribution of higher harmonics to the radio emission is very small (Shibasaki et al., 1994), the gyroresonance emission was only calculated for harmonics smaller than 5 (s ≤ 5).
Following Zirin (1988), radiative transfer yields the brightness temperature as a function of wavelength as:
[image: image]
where κν = κb + κg, dL is the distance element towards the observer, and τν is the optical depth
[image: image]
3 OBSERVATIONS
In this work, we selected the active region AR NOAA 12470 to test our algorithm. This region was selected due to the availability of radio observations at three frequencies: 17 GHz, from the Nobeyama Radio Heliograph (NoRH), 100 and 230 GHz from the Atacama Large Millimetric and submillimetric Array (ALMA) (Shimojo et al., 2017; Valle Silva et al., 2021).
Here, the LFF extrapolations algorithm used the line-of-sight (LOS) magnetogram obtained by the Helioseismic and Magnetic Imager (HMI, Schou et al., 2012) on the Solar Dynamics Observatory (SDO, Pesnell et al., 2012), nevertheless, the LFF extrapolations could also be applied to vector magnetograms. HMI operates at wavelengths around 6173 Å (Fe I) and provides LOS magnetograms of 4096 × 4096 pixels with [image: image] arcsec spatial resolution.
3.1 Magnetogram
Figure 1A shows the HMI line of sight (LOS) magnetogram obtained on 17 December 2015 at 14:51 UT. This full Sun image has an apparent radius of 975” and magnetic field intensities [image: image] up to 2300 G. The active region is shown in detail in Figure 1B, centered in the point of greatest magnetic field intensity [image: image]. The selected area included the whole AR NOAA 12470, and also part of the AR NOAA 12469 located to the northwest of the central umbra.
[image: Figure 1]FIGURE 1 | The (A) image shows the SDO/HMI LOS magnetogram obtained on 2015 December 17 at 14:51 UT. The blue rectangle indicates the selected area of active region AR12470, shown in expanded form in the (B). The region shown is 516.4″ × 516.4″, centered at 17.40°N,17.68°E.
The line-of-sight magnetogram will underestimate field strengths in AR 12470 due to projection effects, since the region is significantly offset from disk center. To correct for this, the AR has been rotated to solar disk center, solar spherical curvature has been removed, and the magnetic field intensities have been corrected for projection. This increases the maximum field strength from 2,300 G to [image: image] G.
3.2 Radio Maps
The ALMA maps used here were obtained during the Science Verification period, 2015 December 16–202. The maps were obtained by the fast-scan single-dish method described in White et al. (2017), at Band 3 (84–116 GHz) and Band 6 (211–275 GHz). Following Selhorst et al. (2019), we took 100 and 230 GHz as the reference frequencies for Bands 3 and 6, respectively. The maps were made from observations of a 12 m diameter antenna, resulting in nominal spatial resolutions of 25″ and 58” at 230 and 100 GHz, respectively.
Since the radio maps were not obtained at the same time as the magnetogram, it was necessary to take into account solar rotation when aligning the radio data with the magnetogram. The nominal time of the 230 GHz map is 14:52 UT, i.e., only 1 min difference from the nominal time of the HMI observation, requiring just −0.01° of longitudinal rotation. The nominal time of the 100 GHz map was 19:35 UT, requiring a longitudinal rotation of −2.85°. Moreover, the ALMA maps come in distinct sizes, 800 × 800 pixels2 (3″ pixel) at 230 GHz and 400 × 400 pixels2 (6” pixel) at 100 GHz. Thus for a better comparison with the model results they were resized to match the HMI magnetogram (4096 × 4096 pixels2).
While the quiet Sun brightness temperature (Tb,QS) at 230 GHz is 6210 ± 110 K (Selhorst et al., 2019), the AR 12470 brightness temperature (Tb) varies from 5800 to 6600 K across locations with magnetic field intensities greater than 1500 G, i.e., the minimum intensity to form a sunspot (Livingston et al., 2012). At 100 GHz, TqS = 7,110 ± 90 K (Selhorst et al., 2019) and AR 12470 showed Tb varying from 7,200 to 7,650 K where [image: image] G.
We also used 17 GHz radio maps obtained routinely by NoRH with resolution of 10–18 arcsec in intensity and circular polarization (Nakajima et al., 1994) and intensity maps at 34 GHz with 5–10″ spatial resolution (Takano et al., 1997). We used a 17 GHz map observed at 02:44 UT and available in 512 × 512 pixels2 format (4.91” resolution), rotated longitudinally by 7.31° with respect to the HMI magnetogram. At 17 GHz, TqS = 10050 ± 120 K, and AR 12470 has brightness temperatures varying from 5.3 × 104 to 6.8 × 104 K in the areas with [image: image] G. Figure 2 shows the ALMA single dish maps obtained at 230 and 100 GHz, plus the NoRH map at 17 GHz. In contrast to the small levels of variability in the ALMA maps, at 17 GHz the active region Tb reached values almost 7 times the level of the quiet Sun. The bright compact source in the active region has a high polarization degree ([image: image]%) indicating the presence of a gyroresonance core (Vourlidas et al., 2006; Selhorst et al., 2008) which is coincident with the sunspot umbra.
[image: Figure 2]FIGURE 2 | Full disc solar maps obtained at (A) 230 GHz (A), (B) 100 GHz and (C) the NoRH map at 17 GHz. The blue rectangle in each panel indicates the selected area of the active region AR12470, taking into account solar rotation given timing differences relative to the HMI magnetogram.
4 RESULTS
A low value for the α parameter in (1) does not significantly affect the extrapolated magnetic field configuration at low heights in the atmosphere: here α = −0.005 was chosen for the LFF extrapolation since it generated a greater number of closed magnetic field lines in the selected region than did the potential-field extrapolation (α = 0). Figure 3 shows some of the magnetic field lines obtained in the extrapolation with α = −0.005 and [image: image] G.
[image: Figure 3]FIGURE 3 | Magnetic field lines obtained in a linear force-free extrapolation of the AR 12470 magnetogram, for [image: image] G and α = −0.005.
To speed up the computational process, the datacubes and images were resized from 1024 × 1024 pixels2 to 256 × 256 pixels2, corresponding to a spatial resolution [image: image] per pixel. However, the radiative transfer calculations require better resolution in the height of the voxels (hz) due to the relatively narrow width of the chromosphere, and they were re-scaled via interpolation from the resolution of the magnetogram to 50 km, similar to the resolution of the SSC model.
The GA optimizes the electron density and temperature profiles for each vertical column in the model cube by comparing the brightness temperatures obtained from the model with the observed maps, pixel by pixel. This procedure initially generated ∼28 thousand different atmosphere profiles. These profiles were refined, in order to reduce the χ2 between observed Tb values and those obtained from the model. The final model is obtained when the χ2 from the GA process ceases to reduce further.
The resulting atmospheric profiles were grouped into four different classes corresponding to different atmospheric features: umbrae, penumbrae, plage and quiet Sun. To speed up the GA process, distinct initial seeds were used for each class. Each pixel in the magnetogram was classified as umbra, penumbra, or plage according to its intensity [image: image], as follows: umbra, [image: image] G ([image: image] pixels); penumbra, [image: image] G (∼230 pixels); plages, [image: image] G (∼27,200 pixels). All pixels with [image: image] G were classified as quiet Sun (∼38,000 pixels) and were assumed to have TB = TqS. We then obtained the average electron density and temperature profiles for each of the three AR classes by calculating the average of the profiles with the lowest χ2 values in the Tb calculation, in relation to the observed values at the three distinct observing frequencies. These resulting models are shown in Figure 4 along with the SSC quiet Sun, for comparison.
[image: Figure 4]FIGURE 4 | Mean electron density (A) and temperature (B) profiles obtained for umbrae, penumbrae and plages. The SSC model (quiet Sun) is shown for comparison.
The [image: image] limits used to classify each pixel are based on studies by Livingston et al. (2012), who derived a minimum necessary value of 1500 G for sunspot formation. Moreover, the umbra is a compact source with a diameter [image: image] in its largest part. In Nita et al. (2018), the authors proposed a similar separation, however, in that work the separation was based on solar white light images instead of a magnetogram, which is not useful for faint or spotless ARs.
In Table 1 we present the average height of the transition region (TR), which is one of the five free parameters fitted in the GA process, for each atmospheric class: thus, 1080 ± 20 km above the solar surface for umbrae, 1800 ± 50 km for penumbrae, and 2,000 ± 100 km for plages.
TABLE 1 | Average transition region heights in models of distinct atmospheric features.
[image: Table 1]4.1 Free-Free Contribution
The GA is able to derive appropriate fits for the assumed basic structure of the solar atmosphere, i.e., fitting for the 5 free parameters yields satisfactory models. Although, the SSC model considers the plasma fully ionized above 1,000 km, i.e. ne = ni, to simplify the GA the densities were grouped in a single variable, that is [image: image]. This variable was assumed as the density in Table 2 and Figure 4. Table 2 shows the variation of temperature and density as function of height for the distinct AR areas, moreover, the distinct atmospheric layer were displayed in different colors, that is salmon for photosphere, green for chromosphere and orange for TR and corona.
TABLE 2 | Variation of temperature and density as function of height for the distinct AR areas. The distinct atmospheric layer were displayed in different colors, that is salmon for photosphere, green for chromosphere and orange for TR and corona.
[image: Table 2]Comparison with the quiet-Sun model indicates that the umbrae, penumbrae and plages have a narrower temperature-minimum region and a thinner chromosphere than the quiet Sun, as can be seen in Table 2 and Figure 4. Moreover, the compression of the temperature minimum and the chromosphere are most pronounced in umbral pixels, i.e., the region with more intense magnetic fields (Figure 4). The mean umbral model placed the transition region close to 1,000 km above the solar surface, in agreement with previous work (e.g., Fontenla et al., 1999, 2009; Selhorst et al., 2008; Nita et al., 2018, see also; Zlotnik et al., 1996). Furthermore, the umbral region is the only one that presents a significant increase in the coronal temperature, which is necessary to reach the high Tb values observed in the gyroresonance source at 17 GHz (Selhorst et al., 2008, 2009).
In Figure 5 we show, for each atmospheric class, the optical depth (τ, A row) and the contribution function (CF, B row), that represents the emission variation with the atmosphere height. The CF is defined as
[image: image]
where jν = κνBν(T) is the emission coefficient, and Bν(T) is the Planck function. Following Tapia-Vázquez and De la Luz (2020), each CF shown in Figure 4 was normalized by its maximum, for a better comparison of the formation height of the emission at each frequency.
[image: Figure 5]FIGURE 5 | (A): the panels show the optical depth (τ) variation with the height above the solar surface for the following areas: quiet Sun, plage, penumbra and umbra. The horizontal dotted line represents the τ = 1 height. (B): the variation of the contribution function (CF) with the height above the solar surface. Each CF was normalized by its maximum for a better comparison of the formation height of the emission at each frequency.
As previously reported by Selhorst et al. (2019), the quiet Sun free-free emission at 230 GHz is formed mainly in two different layers: near the temperature-minimum region (h ∼ 400 km), and in the chromosphere, with a peak around 900 km. Moreover, the contraction of the atmosphere does not change the CF double-peak structure, rather it just changes the heights of the two peaks and their contribution percentages (see red curves in Figure 5). On the other hand, the quiet Sun free-free emission at 100 and 17 GHz are completely formed in the chromosphere, with CF peaks, respectively, at 1,650 and 2,900 Km. These heights of the maximum of the CF are close to the atmosphere height at which τ = 1, as expected. Moreover, the atmospheric reduction of the AR active areas only moves the CF peaks closer to the solar surface. However, the 17 GHz τ results (orange curves) in the umbral region showed a huge change in the TR structure that cannot be attributed to free-free opacity and will be discussed in detail in the next Section 4.2. The chromospheric free-free contribution is still present at 17 GHz, but its CF peak is only 5% of the TR peak (see the small orange peak close to 800 km).
4.2 Gyroresonance Contribution
Several studies (e.g., Shibasaki et al., 1994; White and Kundu, 1997; Kundu et al., 2001; Vourlidas et al., 2006) have established that the gyroresonance radio emission is produced by opacity in harmonics 2, 3 and 4 of the electron cyclotron frequency, necessarily at TR or coronal heights in order to produce the brightness temperatures in excess of 105 K observed at 17 GHz. Moreover, Vourlidas et al. (2006) suggested that ARs with high polarization (≳ 30%) at 17 GHz have gyroresonance cores, and that [image: image] G is the minimum intensity to generate such a core. AR 12470 presented a component with high polarization degree (up to 94%) and [image: image] G that is likely to be due to a gyroresonance source.
To investigate the gyroresonance contribution, κg was calculated for harmonics s ≤ 5, allowing for an uncertainty of 10% in the [image: image] values. That is, the 3rd harmonic was calculated where the magnetic field model showed intensities of [image: image] G, the 4th harmonic was calculated where [image: image] G, and the 5th harmonic where [image: image] G. Due to the heliographic position of AR 12740 (17.40°N, 17.68°E), it is estimated that [image: image] is 7.5% greater than the observed Bz.
Figure 6A shows the variation in the absorption coefficient κν with height along the line-of-sight to the location of maximum brightness temperature in AR 12470. The blue curve represents the magnetic field variation with height. The continuous black curve shows the absorption coefficient for bremsstrahlung (κb), and the dashed curve, in red, represents the contribution of gyroresonance (κν = κb + κg) and each of its respective harmonics (s). The 3rd harmonic occurs between 1,150 and 1,900 km in altitude, while the 4th harmonic occurs between 2,550 and 4,050 km. As for the 5th harmonic, it occurs between 4,250 and 5,950 km.
[image: Figure 6]FIGURE 6 | (A) Absorption coefficient κν obtained at 17 GHz for the free-free (black curve) and the gyroresonance (red curve) for the highest modelled Tb. The blue curve represents the magnetic field variation. (B) Variation of the optical depth for both emission mechanisms. (C) the variation of the contribution function (CF) with the height above the solar surface, in which the black curve represents the free-free emission, and the red curve represents the total emission, i.e., free-free plus gyroresonance (κb + κg).
Figure 6B shows the τ variation with the height, where the 3rd and 4th harmonics effectively contribute to τ. The 3rd harmonic provides an optical depth of τ ∼ 10–1 (Figure 6B red curve) that is three orders of magnitude greater than the free-free optical depth (Figure 6B black curve). The contribution from the 4th harmonic is an order of magnitude larger than the free-free τ. These results are in agreement with the studies of Shibasaki et al. (1994), who found that the 3rd harmonic contribution is approximately three orders of magnitude greater than the 4th harmonic. Despite being optically thin, the gyroresonance contribution of τ ∼ 10–1 is able to increase the 17 GHz Tb from 10 × 103 K to almost 70 × 103 K thanks to the high temperature in the gyroresonance layers. To illustrate the contribution of each mechanism at 17 GHz, Figure 6C shows the free-free CF in black and the total CF in red (free-free plus gyroresonance). While the free-free CF shows a single peak at around 800 km (black curve), when the gyroresonance is included an intense peak appears at TR/coronal heights (red curve) that is [image: image] times greater than the free-free contribution.
4.3 Comparison of the Synthetic and Observed Radio Images
The GA model images were generated with 2″ spatial resolution, which is much finer than the resolution of the radio observations. To compare the simulations with the observations, the model results were convolved with a 2D Gaussian beam that matches the resolution of the ALMA single-dish observations, i.e., 25″ and 58” at 230 and 100 GHz, respectively. In Figure 7 the 2D structure of AR 12470 observed with ALMA at 230 and 100 GHz (left panels) is compared with the model results (right panels). The upper row shows the 100 GHz comparison, while the lower row shows the 230 GHz comparison.
[image: Figure 7]FIGURE 7 | Comparison between the observations and the model results at ALMA wavelengths. The upper panels show the 100 GHz comparison between the (A) ALMA observation and the (B) model results convolved with a gaussian beam of 58″ resolution. The lower panels show (C) the ALMA observation at 230 GHz and (D) the model results convolved with a 25″ gaussian beam. As in Table 3, the color bar scale is in multiples of the value of Tb,QS appropriate for each frequency.
Due to better spatial resolution, the 230 GHz map shows more detail than that observed at 100 GHz, in both observation and model. The bright features observed at both frequencies are in good agreement with the simulations. Moreover, due to the small size of the sunspot umbra (25” diameter at its widest), the dark umbral structure is readily seen at 230 GHz (see the center of panels Figures 7C,D), but completely masked in the 100 GHz simulations due to the convolution with the bright structures around it (see Figures 7A,B).
Even though dark when compared with the surrounding areas, the umbral Tb is only smaller than the Tb,QS in the 230 GHz observation, and in the model result without the beam convolution, as shown in Table 3. When convolved to the observational resolution of 25”, the modelled umbral Tb at 230 GHz is at the same level as Tb,QS. Furthermore, as shown in Table 3, the other AR areas (penumbra and plages) are brighter than the quiet Sun and showed a greater Tb variation than the umbra. All the simulated areas are consistent with the observations to within the uncertainties.
TABLE 3 | Comparison of the ALMA observations at 230 and 100 GHz and modeled averaged brightness temperatures of the distinct AR areas as compared with the quiet Sun temperature (Tb,QS).
[image: Table 3]The resulting low contrast of the dark umbra with respect to the quiet Sun in the model is due to the low resolution of the ALMA single-dish observations. Since the umbral size is almost equal to the ALMA 230 GHz beam, the umbral Tb is smoothed with the bright surrounding areas. At the much better resolution of the ALMA interferometric array, the AR 12470 umbra presented brightness temperature as low as [image: image] (see Shimojo et al., 2017). Additionally, the 100 GHz ALMA interferometric observations obtained on 16 December 2015 showed a mysterious bright structure inside the umbra (Iwai et al., 2017; Brajša et al., 2021) that may still be present on December 17, increasing the umbral Tb and consequently the modeled value.
Figure 8 compares the observation obtained at 17 GHz by NoRH (8a) with the model results. Due to the high Tb in the polarized region [image: image], to visualize the other regions the image display range was saturated at 3.0 × TqS, allowing us to see bright free-free structures at positions consistent with those in the ALMA maps. Away from the polarized region, the maximum Tb was close to 2.8 × TqS, and the average value was 1.58 ± 0.32 × TqS (see Table 4).
[image: Figure 8]FIGURE 8 | (A) NoRH observation of AR 12470 at 17 GHz, with the displayed intensities saturating at 3 × TqS K (i.e., well below the peak Tb of the highly polarized source). (B) The GA model image at 17 GHz with 10″ resolution based only on the free-free opacity, and (C) the GA model result when both free-free and gyroresonance are included. As in Table 4, the color bar scale is in multiples of Tb,QS at 17 GHz (10,000 K).
TABLE 4 | Comparison of the 17 GHz observation and modeled averaged brightness temperatures of the polarized and non-polarized regions.
[image: Table 4]At 17 GHz the non-polarized regions appear in the model at positions matching the observed ones. However, the modeled atmospheric profiles that achieved good agreement with the Tb observations at 230 and 100 GHz were not able to reach the high Tb values observed at 17 GHz. While these regions showed observational values as high as 2.8 × TqS, the model was only able to reach a maximum Tb of 1.2 × TqS (Figure 8B). Moreover, since each modeled pixel used the same form of atmospheric profile to model the 3 frequencies (230, 100, and 17 GHz), we might expect the model to show good agreement with the bright and dark regions. The free-free regions bright at 17 GHz in the model (Figure 8B) have good spatial agreement with those ones modeled at 230 and 100 GHz (Figures 7B,D).
If only free-free emission is considered, at 17 GHz the umbra appears darker in the model than the surrounding area, with a brightness temperature of 1.06 ± 0.02 × TqS at 10” resolution. When gyroresonance is included, the modeled Tb increased to values above 10 × TqS. As summarized in Table 4, when gyroresonance is taken into account the Tb values obtained for the highly polarized region are in agreement with those observed. Nevertheless, as can be observed in Figure 3, the shape of the modelled polarized region is smaller and rounder, while the observed source appears elliptical.
5 CONCLUDING REMARKS
In this work, we present a data-constrained model of the solar atmosphere, in which we used the brightness temperatures of AR NOAA 12470 observed at three radio frequencies: 17 GHz from NoRH, and 100 and 230 GHz from ALMA single-dish data. Under the assumption that the radio emission originates from the combination of thermal free-free and gyroresonance processes, our model allows for calculating radio brightness temperature maps that can be compared with the observations. The magnetic field at distinct atmospheric heights was determined by a force-free field extrapolation using HMI/SDO photospheric magnetograms. In order to determine the best plasma temperature and density height profiles necessary to match the observations, the Pikaia genetic algorithm (Charbonneau, 1995) is used to modify the standard quiet Sun atmospheric model characterized by 5 free parameters: the chromospheric gradients of temperature and electron density, the coronal temperature and density, and the TR height. The SSC (Selhorst et al., 2005b) was used as the basic quiet Sun model, however, other models could be chosen as the basic model. The GA modified the SSC model to fit three distinct classes of active region features, defined by their magnetic field intensities: umbrae, penumbrae, and plages.
As seen in Figure 7 and Table 3, at the ALMA wavelengths the model was in general agreement with the observations. The umbral region looks dark at 230 GHz and the brighter regions match the positions seen in the observations at both frequencies (230 and 100 GHz). However, due to the small size of the umbra (diameter ≲ 25″), it is not apparent in the 100 GHz data or model. Moreover, as shown by the ALMA interferometric observations at 230 GHz (Shimojo et al., 2017), the umbral region is darker [image: image] than the single dish maps show (0.99 ± 0.04 × TqS), implying that the umbra will be darker at 100 and 17 GHz. Nevertheless, there are no observational data to confirm that. While at 17 GHz the umbral free-free emission is masked by the bright source due to gyroresonance opacity, at 100 GHz, the interferometric image showed the presence of a bright structure inside the umbral region (Iwai et al., 2017), that may be produced higher in the atmosphere than the region where the umbral emission is formed.
Since the umbra is the region with the greatest magnetic field intensity [image: image], it is also the location where the 17 GHz gyroresonance emission arises. As reported in previous works (Shibasaki et al., 1994; Vourlidas et al., 2006; Selhorst et al., 2008), gyroresonance emission at 17 GHz is typically formed at the 3rd harmonic ([image: image] G), and needs to be well above the TR where the free-free emission is optically thin. However, the free-free contribution function is much smaller than that of the gyroresonance (Figure 6C). Moreover, if only thermal free-free emission was contributing opacity at 17 GHz, the AR umbra should look darker than the surrounding region (see Figure 8B) and probably darker than the quiet Sun as the high resolution ALMA interferometric data suggest.
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FOOTNOTES
1The 3D magnetic field extrapolation used in Selhorst et al. (2008) has been integrated in the fast algorithm GX Simulator tool available in SolarSoft (Nita et al., 2015, 2018).
2https://almascience.eso.org/alma-data/science-verification.
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This paper identifies several unsolved questions about solar flares, which can potentially be answered or at least clarified with mm/submm observations with ALMA. We focus on such questions as preflare phases and the initiation of solar flares and the efficiency of particle acceleration during flares. To investigate the preflare phase we propose to use the extraordinary sensitivity and high spatial resolution of ALMA, which promises to identify very early enhancements of preflare emission with high spatial resolution and link them to the underlying photospheric magnetic structure and chromospheric flare ribbons. In addition to revealing the flare onsets, these preflare measurements will aid in the investigation of particle acceleration in multiple ways. High-frequency imaging spectroscopy data in combination with the microwave data will permit the quantification of the high-energy cutoff in the nonthermal electron spectra, thus helping to constrain the acceleration efficiency. Detection and quantification of secondary relativistic positron (produced due to nonthermal accelerated ions) contribution using the imaging polarimetry data will help constrain acceleration efficiency of nonthermal nuclei in flares. Detection of a “mysterious” rising spectral component with high spatial resolution will help determine the emission mechanism responsible for this component, and will then help in quantifying this either nonthermal or thermal component of the flaring plasma. We discuss what ALMA observing mode(s) would be the most suitable for addressing these objectives.
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1 INTRODUCTION
Solar flares are explosive transient phenomena, in which free magnetic energy accumulated in the solar corona is promptly released and converted to other forms of energy—kinetic, thermal, and nonthermal. This energy release manifests itself throughout the entire electromagnetic wavelength range, from radio waves to gamma-rays. These manifestations are highly different in the various wavelength regimes; thus, revealing complementary facets of the solar flare. Flare manifestations in the radio domain are very diverse. At the meter and decimeter wavelengths, ≲ 1 GHz, radio emission is mainly produced by nonthermal electrons via coherent emission mechanisms. For example, such emissions can be produced by electron beams or shock waves. At higher frequencies, the flaring radio emission is dominated by the incoherent gyrosynchrotron emission produced by nonthermal electrons spiraling in the ambient magnetic field. Thermal free-free emission may also contribute, especially in the preflare and late decay phases. At the sub-THz range, observations of flare emission are limited. Several observed cases show that the sub-THz emission may represent a continuation of the nonthermal gyrosynchrotron spectrum, or show a distinct component that rises with frequency. Some contribution from thermal free-free emission is always present in the sub-THz range.
One chromospheric or photospheric manifestation of solar flares are the so-called white-light flares. These are defined as strong enhancements in the white-light continuum, associated with highly energetic flares, although white-light flares have also been observed during moderately energetic flares ∼M5 (e.g. Svestka, 1976; Neidig and Cliver, 1983; Machado et al., 1989). Different mechanisms for their generation have been proposed, ranging from particle bombardment to wave-particle interactions. These mechanisms try to explain the sudden heating of the chromospheric/photospheric material to temperatures conducive to the emission in the white-light wavelength band. How the flare energy or at least a fraction of it is deposited in the lower atmospheric layers and converted into heat is still a topic of active research. Some of the proposed mechanisms are: bombardment by non-thermal electrons (e.g. Hudson, 1972; Aboudarham and Henoux, 1986), proton/ion bombardment Machado et al. (1978), soft X-ray and/or EUV irradiation, dissipation of Alfven waves and chromospheric backwarming Machado et al. (1989). The close spatial and temporal relation between the hard X-rays observed by the Reuven Ramaty High Energy Spectroscopic Imager (RHESSI) spacecraft and white-light emission (e.g. Battaglia and Kontar, 2011; Martínez Oliveros et al., 2011; Martínez Oliveros et al., 2012; Kuhar et al., 2016) suggest that non-thermal electron responsible for the hard X-ray emission are likely responsible for the white-light enhancements Ding (2007).
Flares have been associated with helioseismic signatures observed in the solar photosphere and propagating in the solar interior (Kosovichev and Zharkova, 1998). These helioseismic signatures, called sunquakes, are believed to be the photospheric and subphotospheric responses to flares and the changing magnetic and chromospheric conditions prompted by flares. Several mechanisms for their generation have been proposed. Some of these generation mechanisms can be grouped into the following: particle heating or bombardment (e.g. Kosovichev and Zharkova, 1998; Lindsey and Donea, 2008; Zharkova, 2008; Zharkov et al., 2013) and Lorentz force “induction” (e.g. Hudson et al., 2008; Alvarado-Gómez et al., 2012). It is still not clear if there is a unique generation mechanism or depending on chromospheric and photospheric conditions there is one more dominant. What is clear is that there is, in general, a spatial and temporal relation between enhancements in HXR and WL emissions and the location and timing of sunquakes (Buitrago-Casas et al., 2015).
In the ultraviolet (UV) range the emission is a combination of thermal free-free continuum and spectral lines produced by various ions in different ionization states. UV emission may form at various heights from the chromosphere to the corona, depending on the ion. For example, UV emission can trace flare ribbons formed due to precipitation of the nonthermal particles accelerated in the coronal portion of the flare to the dense and cool chromosphere. In the extreme UV (EUV) range, the emission is dominated by the hot corona. The EUV emission in the course of flares is mainly driven by the plasma response to the flaring energy deposition; this could be direct heating at or near reconnection sites, or heating due to Coulomb loss of the flare-accelerated particles. It is important to note that the EUV emission is dominated by spectral lines produced by ions; thus, the spectral shapes of these lines are sensitive to the ion velocity distributions including nonthermal broadening detected in some cases.
Next, the soft X-ray (SXR) spectral range is primarily dominated by thermal emission of the hot flaring plasma, hotter than the plasma producing the bulk of the EUV emission. The SXR-emitting plasma can either be heated directly or by the nonthermal particles accelerated in flares. The more energetic hard X-ray (HXR) emission is dominated by bremsstrahlung produced due to collisions of nonthermal electrons with ambient plasma. The highest energy photons, gamma-rays, are produced by several processes due to electrons or ions accelerated in flares. The nonthermal relativistic electrons (and positrons) produce a continuum component due to bremsstrahlung, while nonthermal ions/nuclei produce numerous gamma-ray lines and a continuum component due to decay of pions produced in nuclear collisions.
We see that each regime of the electromagnetic spectrum illuminates solar flares from its own perspective. Examining a flare in a particular energy range typically clarifies some scientific questions, but also produces new questions, which, in order to answer, often requires data taken in another range of the spectrum. This paper attempts to review what science questions can be solved or at least clarified by examining millimeter and sub-THz data obtained with high spatial, temporal, and spectral resolution, with an emphasize on ALMA solar capabilities.
2 PREFLARE PHASE OF SOLAR FLARES
Several previous studies hint at interesting physics in the early phases of flares, yet leave important questions unanswered. For instance, Hudson et al. (2021) find evidence using GOES/XRS data for hot plasma emission in the soft X-ray (SXR) regime prior to the main flare impulsive phase, suggesting a separate precursor heating process. Battaglia et al. (2009) additionally find that flares observed in HXRs by RHESSI sometimes show thermal components much earlier than the nonthermal counterparts. This finding is inconsistent with the thick-target flare model, in which plasma is heated primarily due to energy deposition by energetic electrons. If this result should hold, it would require conduction or, alternatively, energetic ions, to be the primary means of energy transfer between the corona and the chromosphere early in the flare. However, microwave studies (e.g., Altyntsev et al., 2012) showed that such cases may be due to insufficient HXR sensitivity, and that there could be nonthermal electrons very early in the flare, as one of the first signatures of a flare in progress. There have been other detections (e.g., Asai et al., 2006) of nonthermal emission in the pre-flare phase for large flares using microwave and HXR observations. Some early impulsive (“cold”) flares do not show any pre-flare phase, but do begin with a prominent nonthermal phase (Bastian et al., 2007; Lysenko et al., 2018). Evidence of superhot plasma arising near the reconnection site via direct heating has also been observed in early flare HXR measurements (Caspi and Lin, 2010; Caspi et al., 2014) as well as in the microwave measurements (Gary and Hurford, 1989; Fleishman et al., 2015).
Studies of EUV and UV emission show additional evidence of activity in the early flare phases. Certain EUV and UV lines in the chromosphere and transition region are highly responsive to the presence of accelerated electrons and can therefore provide an indirect, yet sensitive, measure of their presence (e.g., Testa et al., 2020). Panos and Kleint (2020), Panos et al. (2018), and Woods et al. (2021) provide further examples of early flare signatures, finding that there are distinct characteristics of the Mg II handk line features measured by the Interface Region Imaging Spectrograph (IRIS) during the pre-flare and impulsive phases compared to non-flaring intervals. Other studies using Hinode/SOT have found chromospheric indicators before the flare start (e.g., Bamba et al., 2013).
In short, previous studies are inconclusive as to whether the thick-target flare model holds in the early phases of flares. The high sensitivity of ALMA can potentially answer this question by picking out very faint signatures of plasma heating and nonthermal electrons in early flare and pre-flare phases, and also by identifying the location of these signatures. Spectral measurements permitting an unambiguous determination of the emission mechanism, thermal or nonthermal, are needed. Measurements in a single ALMA band or a combination of them could work here. The latter requires the use of subarrays, which is not yet offered at the time of this writing. Various ALMA bands could be helpful for preflare studies, although the lowest frequency bands one and two might be preferable as they provide the largest field of view, thus, maximizing chances to catch a flare.
3 BUILD UP AND DISSIPATION OF MAGNETIC ENERGY
Flares involve the major restructuring of active region magnetic field and are associated with the conversion of magnetic energy into thermal, non-thermal, and kinetic energy and high-energy electromagnetic radiation. The latter can have a significant impact on the ionization of the Earth’s atmosphere and thus affect communications, alter satellite trajectories and even damage space-borne instrumentation. However, while the arrival time and, to some extent, geoeffectiveness of coronal mass ejections can be modeled and predicted, giving some form of early warning of the onset of a geomagnetic storm, this is not possible for flares (which have emission that reaches the near Earth environment very quickly), so that the only way to minimize their impact would be to forecast their occurrence before they happen.
Flares occur in active regions, following a slow build-up of magnetic energy which gets suddenly released in one or more flare reconnection events (Benz, 2017), but the precise location of these reconnections has not been identified. Various types of observations have shown that reconnection could happen in photospheric, chromospheric and coronal structures; the intrinsically small scale of reconnection provides an additional difficulty in directly observing it (Wang et al., 2017). Most studies have been directed towards identifying the conditions in which reconnection may happen, and identifying observational signatures of the build-up of either magnetic energy or the emergence of magnetic configurations that may lead to such events.
Significant efforts have been devoted towards identifying precursor signatures of flare events from ground-based and space observations, with varying degrees of success. There are three classes of precursors proposed (Aschwanden, 2020): 1) those involving the presence of specific features in photospheric magnetic structures (such as shear, penumbra type, length of polarity inversion line, etc); 2) those involving some type of magnetic configuration change observed in the photospheric magnetic field (such as helicity injection, new photospheric flux emergence and so on); and 3) direct observation of precursor activity in UV, EUV or X-ray observations, assumed to be related to the main flare itself (e.g. enhanced turbulence, brightenings at many wavelengths, line broadening, jets). More recently, machine learning techniques have also been applied in a two pronged effort aimed at both 1) identify precursor patterns not readily detectable in available data sets, and 2) at utilizing such precursors to glean information about which processes are responsible for flare triggering, and where do they take place (Chen et al. (2019); Bobra and Ilonidis (2016) and references therein).
The vast majority of the suggested precursors relies on some type of photospheric magnetic field observations for two reasons. First, flares being magnetic phenomena, it makes sense to utilize magnetic field observations; second, both line-of-sight and vector photospheric magnetic field observations at high resolution are routinely available from ground and space-based instrumentation. However, these observations are limited to the photosphere, and while they can determine photospheric field distribution, strength and structure, provide magnetic field boundaries to theoretical models, and detect the emergence of new flux from the solar interior, they fail to provide direct measurements at the reconnection locations, which are located at larger heights (e.g., Chen et al., 2020).
Magnetic field measurements in the solar corona might provide better tools for flare forecasting, but are far more scanty and difficult to obtain from ground-based or space-born observatories, so that they can not constitute a viable tool to identify precursors and build an active region monitoring system capable of forecasting flares (Landi et al., 2016). In fact, instruments observing in the visible and near-infrared wavelength range can only observe the solar corona at the limb; narrow-band EUV and X-ray imaging instruments do not have the diagnostic capabilities necessary to measure coronal magnetic fields, while among available or planned EUV high-resolution spectrometers, only Hinode/EIS includes a Magnetically Induced Transition (MIT) (Fe X 257.26 Å), which is the only spectral line in the EUV range capable of detecting magnetic fields in the solar corona (Li et al. (2015); Li et al. (2016)).
However, recent work suggested that the coronal magnetic field may indeed provide signatures that suggest the imminence of a solar flare. In fact, a new diagnostic technique which utilizes the Fe X MIT allows the use of EUV spectra to measure the strength of the magnetic field in the solar corona maintaining the arcsecond-size spatial resolution typical of high-resolution EUV spectrometers (Si et al. (2020); Landi et al. (2020)). Such a technique was applied by Landi et al. (2021) to a series of EIS spectrally-resolved images taken before, during and after a C2.0 flare. Landi et al. (2021) found that within 22 min of flare onset the magnetic field measured with the Fe X MIT line underwent a strong enhancement at a location which later corresponded to the footpoints of post-flare loops; also, this magnetic field enhancement stored enough magnetic energy to power then entire flare, and was completely dissipated during the flare (see Figure 1). A similar conclusion has been made for an X8.3 limb flare with the imaging microwave spectroscopy technique (Fleishman et al., 2020).
[image: Figure 1]FIGURE 1 | Maps of the magnetic field strength B (left column), and of the intensity (log10 values, in erg cm−2s−1sr−1) of the Fe XVI 262.9 Å line (center column) and Fe XXIV 255.0 Å line (right column) as observed 22 min before the C2.0 flare on 24 Aug 2007 (top row), during the flare (middle row), and after the flare (bottom row). In the middle row, the magnetic field strength stronger than 250 G is superimposed as a contour plot in the Fe XVI and Fe XXIV images during the flare.
The results of Landi et al. (2021) raise more questions than they answer, due to their intrinsic limitations. They point to a new window where magnetic field energy build-up can be directly observed before the flare, possibly suggesting a precursor activity that can provide at the same time an early warning of possible flare activity, and an indication of the energy available to the flare. However, these results need to be confirmed with other flare observations, which however are not available yet. Furthermore, the EIS observations used by Landi et al. (2021) were taken with a rastering slit spectrometer, so that the field of view was limited, not observed simultaneously, and the cadence was slow (22 min). Also, Hinode/EIS only includes one magnetically-sensitive spectral line (Fe X 257.26 Å), which can provide measurements of the magnetic field only in the temperature range where the Fe X ion is formed, around 1 MK. What is really needed are measurements of the coronal magnetic field at multiple heights (and hence temperatures) spanning from the chromosphere to the lower corona, which can complement both Hinode/EIS measurement of the magnetic field at 1 MK on one side, and be associated to changes in photospheric and coronal plasma structures routinely observed in many wavelength ranges on the other.
Coronal magnetic field can be inferred from the microwave imaging observations due to sensitivity of the radio emission to the ambient magnetic field in two main radiation processes: the free-free emission and the gyroresonance (GR) emission. The latter may occur at the frequencies below ∼40 GHz (Anfinogentov et al., 2019) at some rare cases, but typically at much lower frequencies. At the higher frequencies, the free-free emission from the chromosphere dominates, whose degree of polarization provides diagnostics of LOS component of the magnetic field. Free-free emission at various frequencies is formed at various heights of the solar chromosphere (Loukitcheva et al., 2017); thus, observing this emission at a range of ALMA frequencies will permit recovering the LOS B component over a corresponding range of heights.
Combining photospheric (optical), chromospheric (ALMA), and coronal (radio) measurements of the magnetic field, one can build an evolving height profile of the magnetic field over these three elements of the solar atmosphere. This will help determine where the preflare changes of the magnetic field are the most prominent and what dedicated observations could the optimal to address the fundamental physics that leads to the flare and then use this knowledge to forecast the flare. Measurements of the magnetic field with ALMA require polarimetric observations. The degree of polarization of the free-free emission increases with the magnetic field, while decreases with the frequency. This implies that observations in band one and two could be most favorable for this study. On the other hand, probing magnetic field in deeper chrompsphere may require higher-frequency bands to be used.
4 HIGH-ENERGY END OF THE ACCELERATED ELECTRON SPECTRA IN SOLAR FLARES
Nonthermal electrons accelerated in solar flares produce nonthermal emissions—primarily, HXR, gamma-ray, and radio. Of particular importance are the highest energy particles because these highest energies tell us about the acceleration efficiency and, thus, about the involved acceleration mechanism(s). The highest energy, relativistic electrons (and positrons if present) can be detected in the gamma-ray range and at the radio wavelengths. The diagnostic potential of the gamma-rays is somewhat limited because (i) there are other competing contributions in the gamma-ray range; (ii) only a minor subset of solar flares is detected in the gamma-ray range above background; and (iii) there are no gamma-ray instruments with high spatial resolution. The radio domain is free from these limitations.
The nonthermal radio emission is dominated by the gyrosynchrotron (GS) process, where the emission is produced by electrons spiraling in the ambient magnetic field. The GS emission in solar flares is characterized by a spectrum that typically has a spectral peak at the microwave range, while falls following roughly power-laws towards lower and higher frequencies. Supplementary videos to (Fleishman et al., 2020) display dependence of the GS spectrum on the key physical parameters including the high-energy cut-off of the nonthermal electron spectrum. This high-energy cut-off mainly affects the high-frequency end of the GS spectrum. Sometimes, even emission at microwave frequencies (dozens GHz or so) may be sensitive to the high-energy cutoff value (see, e.g., Fleishman et al., 2016), while in other cases the high-energy end of the nonthermal electron spectrum affects emission at higher frequencies at the mm/sub-mm range covered by ALMA.
Microwave spectroscopy observations permit measuring magnetic field, plasma density, and nonthermal electron properties with high spatial and temporal resolution (Fleishman et al., 2020). The available diagnostics employing the EOVSA data in 1–18 GHz range provide the number density, the spectral index, and (in some cases) the low-energy cut-off; however, the high-frequency cut-off cannot reliably be determined in most cases because of the lack of the high-frequency observations. To estimate the high-energy end of the electron spectrum, we need to combine EOVSA measurements in the microwave range and ALMA measurements in the mm or/and sub-mm range. ALMA spatial resolution in any configuration is sufficient to complement the EOVSA one. Yet, combining data from two different instruments represents a challenge as the maps from those instruments have to be carefully aligned and consistent calibrations and background subtractions performed. Once done, the combined EOVSA-ALMA data sets will help uniquely investigate the high-energy end of the nonthermal electron spectrum, which is inconceivable with any other instrument or a combination thereof.
5 ARE RELATIVISTIC POSITRONS PRODUCED IN SOLAR FLARES?
It is yet unclear how the flare energy is divided between nonthermal electrons and nuclei and also between different nucleus species. The diagnostics of the accelerated ions at the flare site is highly limited because of their big masses, which makes inefficient most of the radiative processes by the ions such as gyrosynchrotron radiation or bremsstrahlung. Some information about the accelerated ions is available from the deexcitation gamma-ray lines and from high-energy gamma-ray continuum produced by decay of π0 particles produced in high-energy nuclear interactions.
Another product of the high-energy nuclear interactions is the relativistic positrons, which are low-mass particles and so are efficient emitters of the gyrosynchrotron radiation and bremsstrahlung. Thus, intensity of these continuum emissions from the positrons can be high enough to be detected in observations. However, there is a great challenge of how to distinguish the positron contributions from more well-known emissions produced by the electrons accelerated in the flare.
To address this challenge we note that the fast electrons and positrons are created differently in flares. The electrons are somehow accelerated from the original thermal Maxwellian distribution forming a nonthermal tail falling with energy from a few keV to a few Mev with a reasonably steep spectral slop. In contrast, the positrons are created as relativistic particles at or above 1 MeV from β+ decay or at even higher energies from π+ decay (Murphy et al., 2005). Some of flare-produced radioactive nuclei experience β+ decay (Ramaty et al., 1979), N → N′ + e+ + νe, where N is the original radioactive nucleus, e.g. 11C or 15O, N′ is the final nucleus, e+ is the positron and νe is the electron neutrino. The β+ decay time varies from a fraction of second to hours depending on the nucleus. Another option is the decay of π+ particles (Dermer, 1986), π+ → μ+ + νμ, [image: image], where μ+ is anti mu–meson. The direct decay, π+ → e+ + νe, is also possible but has a smaller probability. Finally, some of excited nuclear states can relax to the ground state via production of the electron-positron pair. This implies that the composite electron-positron energy spectrum is strongly dominated by the electron contribution at low energies, say E < 1–10 MeV, but can be dominated by the positron contribution at the higher energies. Thus, the problem is to identify the emission produced by this high-energy positrons.
It is difficult to do using the gamma-ray continuum they generate because the positron-produced bremsstrahlung spectrum is indistinguishable from the electron-produced one. However, the situation with the gyrosynchrotron emission is remarkably much more promising, because this emission is circularly polarized with the senses opposite for oppositely charged particles, electrons and positrons. Fleishman et al. (2013) described a method of identification of the microwave emission produced by positrons and presented a 2000-Mar-13 flare in which the corresponding signature is detected.
Figure 2 illustrates the idea of the methodology: if a high-energy spectrum is dominated by positrons then a proportionally high-frequency GS emission will be dominated by the positrons, too. This GS component has the ordinary mode circular polarization in contrast to the extraordinary mode polarization produced by the electrons. The polarization of the radio emission is a standard observable in the form of the right-hand-side (RCP) or left-hand-site (LCP) circular polarization. The association between these observables and the ordinary and extraordinary modes depends on the direction of the line-of-sight (LOS) component of the magnetic field at the source. Thus, imaging radio data complemented by spatially resolved magnetic measurements are needed to distinguish the electron and positron contributions to the GS emission.
[image: Figure 2]FIGURE 2 | A cartoon illustrating a distinct contribution by relativistic positrons to GS emission. An assumed power-law energy spectrum of nonthermal electrons (dashed blue) with a typical spectral index of four and a schematic flat power-law energy spectrum of positrons (dash-dotted green) are shown in the main panel. Note that real spectra of relativistic positrons may deviate from the power-law, but contain a bump in the 1–10 MeV range. In this example, the total number of electrons is almost six orders of magnitude larger than the number of positrons. The red solid curve shows the composite spectrum dominated by electrons at low energies and by positrons at high energies. Circular polarization of the GS emission produced by these two components, appropriately color-coded, and by their composition is shown in the inset. The positron contribution results in the polarization reversal at a high frequency shown by red arrow. The demarcation frequency depends on the magnetic field at the radio source and the crossing point in the energy spectra and can vary between dozens and hundreds GHz.
Fleishman et al. (2013) identified several events, where the microwave emission at 35 GHz was likely produced by the positrons. They described in some detail the cleanest 2000-Mar-13 case, where the wave-mode identification was straightforward because of simple on-disk source morphology. Additional evidence in favor of the positron origin of the high-frequency emission in this event comes from the quantitative modeling of its spectrum. Figure 3 presents the observed microwave spectrum (filled circles) at the peak flare time at 3.75–35 GHz. The dashed curve displays a model GS spectrum produced by nonthermal electrons with a broken power-law energy spectrum derived from spectral fit of the detected HXR spectrum (Gan et al., 2001). Other parameters of the model source are selected such as to match the low-frequency part of the radio spectrum. The high-frequency emission is underestimated by this model. To make up for this mismatch we added a relativistic positron population with the parameters printed in the left panel. This overall minor population is indeed capable of bringing the full spectrum in agreement with the observed one (note that radio emissions produced by electrons and positrons add together at high frequencies, where the emission is optically thin, but the spectrum is completely dominated by the electron opacity at low frequencies, where the emission is optically thick). The right panel of the Figure shows the measured and modeled polarization. The modeled polarization matches the observed one well at 35 GHz, while overestimates it at the lower frequencies. This is likely due to nonuniformity of the real source, which is ignored in the model.
[image: Figure 3]FIGURE 3 | Microwave observations and a single-zone GS model (parameters of the model are printed in the left panel) for the 2000 March 13 event. The broken power-law spectrum of the nonthermal electrons is taken from Gan et al. (2001) derived from analysis of the HXR spectrum. The magnetic field value and the source dimensions are taken such as to match the low-frequency measurements. The resulting microwave spectrum (dashed curve) underestimates the emission at high frequencies. Adding emission produced by a relativistic positron component (dotted curve) offers a good match at all frequencies. Note that these two components are optically thin at high frequencies, so the contributions add up, while the opacity at tlow frequencies is solely determined by the electron contribution, so the positron component has no effect on the total spectrum at the low frequencies. The model also offers a correct sense and value of the polarization at the highest frequency, 35 GHz (see text for the details).
In this example the positron contribution to the GS spectrum seems to dominate at a relatively low frequency, 35 GHz, although our estimates suggests that in more typical cases such contributions could become dominant at much higher frequencies, [image: image] GHz or even above. This implies that ALMA could be an ideal instrument to detect radio emission produced by relativistic positrons in many flares. High spatial resolution of ALMA will permit studying spatial distribution of the relativistic positrons over the flare volume and address a question are they co-spatial with the nonthermal electrons accelerated in the flare or not. The sense of polarization needed for this analysis can be unambiguously determined provided the LOS component of the magnetic field is measured before the flare in the same ALMA observations—from the polarization of the thermal background emission. A more usual optical measurements of the photospheric magnetic field obtained from Zeeman diagnostics can also be employed. Thus, GS emission produced by relativistic positrons can be observed with ALMA in the mm or sub-THz range and provide highly useful information about flare-accelerated nuclei. Perhaps, observations in ALMA band three is most promising here.
6 IS THE RAISING SUB-THZ FLARE COMPONENT MYSTERIOUS?
Spectrum of nonthermal gyrosynchrotron emission falls with frequency at the mm/sub-mm range; see the example in Figure 4. In such cases, the high-frequency source is rather compact, [image: image] or so. However, in some powerful flares a raising with frequency sub-THz component has been observed (Kaufmann et al., 2001; Lüthi et al., 2004; Kaufmann et al., 2009) above 100–200 GHz. Although no reliable estimate of the source size has been reported in such cases, there were speculations that the corresponding source is too compact for the emission to be thermal. Accordingly, several nonthermal emission mechanisms were proposed (e.g., Krucker et al., 2013) including a number of exotic ones. Fleishman and Kontar (2010) discussed some of them and proposed a new one – Cherenkov emission at some spectral windows where the dielectric permeability is above one due to contributions of atomic or molecular transitions. Kontar et al. (2018) noted that the sub-mm radio flux is correlated with the area of the flare ribbons and proposed that the raising sub-mm component could be produced by thermal emission of these ribbons. This would imply that the sources must be rather large, larger than the nonthermal ones. None of those mechanisms has been generally adopted or proved for the raising sub-mm component. The key measure of the emission to be classified as thermal or nonthermal is its brightness temperature. ALMA offers observations with high spatial resolution sufficient for the source to be spatially resolved and, thus, brightness temperature to be unambiguously measured. Therefore, performing ALMA observations of the flaring emission with high spatial resolution is the key in specifying the responsible emission mechanism(s). If the emission proved thermal, ALMA will provide a valuable information about the chromosphere response on its bombardment by the precipitating nonthermal particles accelerated in flares. If proved nonthermal, say Cherenkov emission, the ALMA diagnostics will offer a unique diagnostics of the dielectric permeability and, thus, on the chemical composition of the chromosphere. Yet, no spatially resolved observations of the raising sub-mm component is available. Given that this raising sub-THz component has been reported between 100 and 400 GHz, ALMA bands three to seven would be the most appropriate to study this “mysterious” component.
[image: Figure 4]FIGURE 4 | An example of a SOL 2001-08-25T16:23 flare with, perhaps, the most broadband nonthermal radio emission. (A) GOES light curves shown for the context; (B) the multi-instrument dynamic spectrum of the at 1–405 GHz; (C) the measured and model spectrum of the flare at the peak time 16:32:31 UT. The model assumes Emax =10 MeV. From Fleishman et al. (2017); reproduced by permission of the AAS.
7 CONCLUSION
We conclude that observing solar flares with ALMA can advance our understanding of the flare physics. We described several science questions, where we expect either incremental of breakthrough progress with the appropriately set up ALMA observations. We expect, however, that most impressive discoveries will made in areas, which we do not currently foresee.
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Supra-arcade downflows (SADs) are infrequent, wiggly, and low-emission structures observed to descend through the solar corona, mostly in EUV and soft X-ray frequencies. Based on their physical characteristics, SADs have been interpreted as low-density bubbles and are related to magnetic reconnection processes during long-term erupting flares. In this work, we use numerical MHD simulations to compute flux density maps, which are convolved with telescope beams to synthesize images with the aim to assess the expected SAD emission in radio wavelengths. We assume that the emission is thermal bremsstrahlung from a fully ionized plasma and without any appreciable gyroresonance contribution since magnetic fields are of the order of 10 G. We find that SAD emission should be optically thin in the frequency range of [10–1,000] GHz, and the spatially integrated flux should be larger than 1 Jy. We conclude, therefore, that SADs consistently are less bright than the surrounding fan and that observing SADs in radio frequencies between [0.5–1,000] GHz is feasible with present instrumentation. The observing strategies are proposed, including the instruments that can be used. Moreover, since the emission is, for the most part, optically thin, the flux density is proportional to temperature, density, and line-of-sight depth and when combined with EUV and soft X-ray images may allow a better density and temperature determination of SADs.
Keywords: sun: corona, sun: flares, sun: magnetic fields, sun: radio radiation, MHD—instabilities
1 INTRODUCTION
In EUV and soft X-ray observations, coronal supra-arcade downflows (SADs) are seen as wiggly, low-emission structures leaving extended dark wakes during their descending motions toward the solar surface till they finally stop and gradually disappear. Often SAD descending motions resemble tadpoles swimming upstream through the fluid interstices that oppose less resistance. SADs have usually been detected during the early decay phases of long-term eruptive flares producing coronal mass ejections occurring many times during the first hour after the peak flare intensity. The SAD typical lifetime is of a few minutes. Today there exists a general consensusthat SADs are subdense cavities of plasma, with densities lower than their surroundings and, thus, having an intrinsically lower brightness (Innes et al., 2003b). SADs have been reported in several events (McKenzie and Hudson, 1999; McKenzie and Savage, 2009; Savage and McKenzie, 2011; McKenzie and Savage, 2011; Warren et al., 2011; Hanneman and Reeves, 2014; Chen et al., 2017) and using different instruments and observational techniques: direct images, with TRACE in EUV and XRT/Hinode and AIA/SDO in soft X-rays; and spectra with SUMER/SOHO in EUV. SADs are observed to descend from the upper part of the fan, a region that lies above the post-flare arcade, which is formed after the eruption, and it is also known in the literature as post-eruption supra-arcade; plasma sheet; thermal halo; supra-arcade fan; or just fan (hereafter used, see the sketch of Figure 1). The fan is a dynamical region exhibiting turbulent motions with a relatively high plasma β parameter (≳ 1; McKenzie, 2013; Freed and McKenzie, 2018), is bright in EUV and soft X-ray wavelengths, providing the necessary contrast for SAD detection; and is also hotter and denser than the external coronal medium by roughly an order of magnitude. SADs are observed in limb flares and generally when the fan is viewed face-on (i.e., perpendicular to the arcade axis, see Figure 1), whereas almost not in edge-on views. On the other hand, soft X-ray observations have provided evidence that the bright plasma of the fan surrounds a current sheet (Liu et al., 2013; Warren et al., 2018) that, in line with the classical model of eruptive flares, is expected to form behind the coronal mass ejection. In addition, there is observational evidence that the current sheet extends high in the corona with the fan just covering the lower part of it.
[image: Figure 1]FIGURE 1 | Schematic scenario of a SAD (blue feature) embedded in the bright, hot, and dense fan plasma (shaded region). Below the fan lies the post-flare arcade, and the external coronal medium surrounds it. The fan in addition embeds the expected supra-arcade current-sheet (dark lines with arrows). The fan is represented as viewed by an observer to the limb with two particular line-of-sights of interest represented, the edge-on and face-on views. Given that the fan is a thin, linear, and long structure along the edge-on direction, when the fan is viewed edge-on, the line-of-sight depth Lfan is greater than when viewed face-on. (Inset) Sketches a three-layer scheme used to compute the outcoming radiation considering a SAD embedded in the fan for an observer in the arrow direction.
Despite the fact that several models of SADs have been proposed, the SAD origin and dynamics are not yet completely understood; therefore, the mechanism of their driving physical process is still open to further research. Based on observations and theoretical considerations, a common point among all proposed models is the association of possible SAD origins with post-eruption magnetic reconnection processes occurring inside the fan or in its upper coronal medium (Figure 1). Some models (Linton et al., 2009; Longcope et al., 2009; Scott et al., 2013; Guo et al., 2014; Longcope et al., 2018), have pointed out to reconnection downflows descending through the fan as the driven mechanism: considering the standard model of erupting flares, behind the coronal mass ejection, magnetic field lines of opposite polarities are swept together forming the supra-arcade current sheet where the lines reconnect. As a result, part of the reconnection outflows is propelled downward, via magnetic tension, to the already-formed underlying arcade, likely in the form of descending magnetic flux tubes or loops. With this picture in mind, Linton et al. (2009), see also Linton and Longcope (2006), carried out 3D MHD simulations considering an intermittent burst of patchy reconnection in a Y-type current sheet, which supported the idea that SADs are descending reconnected flux tubes. Then, Savage et al. (2012) interpreted SADs as subdense wakes left by shrinking reconnected flux tubes by the observational analysis of one event. In turn, Guo et al. (2014), see also Innes et al. (2014), proposed that reconnected flux tubes in their retracting motions through the inhomogenous fan generate interfaces of plasma where Rayleigh–Taylor instabilities are developed and subsequently generate the SAD phenomenon. In these models, SADs are triggered in the current sheet neighborhood, that is, inside the fan or in its upper coronal region. A common issue with the reconnection downflow interpretation of SADs is the several-time reported discrepancy between the measured SAD speeds (often smaller than 200 km s−1) and the theoretical reconnection downflow speeds, expected to be the Alfvén speed (∼1,000 km s−1) of the fan. Among the possible explanations to overcome this speed mismatch, it was proposed that drag forces could act on the descending motion of reconnection downflows (Longcope et al., 2018), slowing them down.
In contrast with the abovementioned reconnection downflow interpretation of SADs, Costa et al. (2009), Schulz et al. (2010), Maglione et al. (2011), Cécere et al. (2012), Cécere et al. (2015), and Zurbriggen et al. (2016) have assumed SADs to be generated by spontaneous, intermittent, and bursty magnetic reconnection processes taking place somewhere in the turbulent-like fan or in its upper coronal region. One of these bursty reconnection events injects energy in a localized fast way, resembling a spark or explosive event, generating shock and rarefaction nonlinear waves, leading to the formation of a subdense cavity, whose structure supports the external pressure because it is hotter than its surroundings, and which is then observed in EUV and soft X-rays as a low-emission structure moving down along the bright fan. These spontaneous reconnection drivers are considered local processes, which could be independent of the overall supra-arcade current sheet. A common characteristic of simulated SADs by Costa et al. (2009) and their subsequent works is that SADs are hotter than the fan. However, some observational studies (Hanneman and Reeves, 2014; Reeves et al., 2017; Xue et al., 2020) have pointed out that SADs are hotter than the upper coronal medium, but they do not seem to be hotter than the fan. This temperature discrepancy between SADs and the fan is due to simplifying assumptions on our modeling, which may be overcome by considering a more complex fan scenario. In addition, a questionable point related to the scenario proposed by Zurbriggen et al. (2016) is that the simulated SADs exhibited lack of elongated tadpole-like shapes during their descent; instead, they showed a more compact shape which opposes several observational reports. This issue is a consequence of considering explicitly anisotropic thermal conduction in the MHD simulations.
Finally, given that SADs are not usually detected during eruptive flares, an important question still remaining to be answered by observations and models is whether SADs are an infrequent phenomenon, and thus, rarely observed, or are they a common phenomenon usually not detected for some reason. SADs have been mainly detected and studied in EUV and soft X-ray frequencies, whereas in radio wavelengths, only indirect evidence have been reported, and, as far as we know, no attempt has been made to detect them directly. In this work, we compute the expected thermal bremsstrahlung emission produced by SADs in wavelengths from centimeter to submillimeter using the numerical MHD models presented by Guo et al. (2014), Cécere et al. (2015), and Zurbriggen et al. (2016). Moreover, we synthesize maps by convolving the telescope beams of the Atacama Large Millimeter/Submillimeter Array (ALMA) in Chajnantor (Chile) and the Karl G. Jansky Very Large Array (VLA) in Socorro (United States) with the MHD simulations of SADs carried out by Zurbriggen et al. (2016). The goal of this work is to motivate and identify the best strategy to observe in centimeter – submillimeter wavelengths these illusive structures triggered during long-term solar erupting flares.
2 REVIEW OF OBSERVATIONS
EUV and soft X-ray observations have reported that the fan is hotter and denser than the background coronal plasma in approximately an order of magnitude, with fan temperatures in the ∼[10–20] MK range and ion number densities of ∼109 cm−3. In an observational study, Hanneman and Reeves (2014) measured plasma temperatures for the fan, SADs, and coronal background in four flare events using differential emission measures, briefly reporting that the peak temperatures of SADs are in the ∼[2–12] MK range, with just one SAD being hotter than 10 MK; the fan temperatures are ∼10 MK, except a temperature measurement of 20 MK, but having high uncertainty and background temperatures of ∼[2–3] MK. In addition, in the literature, we find that SADs have been detected at heights ∼[40–150] Mm above the solar surface, with an average height of ∼80 Mm; descend distances of ∼[10–20] Mm; have downward speeds in the ∼[50–500] km s−1 range, but with a relatively low average speed of ∼130 km s−1; with SAD sizes between ∼[1–10] Mm; and have lifetimes of around ∼[5–10] min, although there have been few extreme exceptions. On the other hand, the emission contrast between the dark structure and surrounding bright fan is an essential parameter during SAD detection, where, for example, values of ∼[2–4] were reported by Xue et al. (2020), see their Figure 4D. Less observational data about SAD properties are available in wavelengths other than EUV and soft X-rays. Among all limb flare events reported in the literature with SAD detection or any signature of their presence, four events extensively studied occurred on 21 April 2002 on the NOAA active region (AR) 9906 (e.g., see Innes et al., 2003a,b; Verwichte et al., 2005); 22 October 2011 on NOAA AR 11314 (McKenzie, 2013; Hanneman and Reeves, 2014; Reeves et al., 2017; Xue et al., 2020; Li et al., 2021); 19 July 2012 on NOAA AR 11520 (Liu, 2013; Liu et al., 2013; Innes et al., 2014); and 10 September 2017 on NOAA AR 12673 (Longcope et al., 2018; Warren et al., 2018; Cai et al., 2019; Hayes et al., 2019; Yu et al., 2020). While the fan view for the first two events was face-on, the view for the third and fourth ones was edge-on. On the other hand, the fan is a linear-like, long column of plasma along the current sheet direction (edge-on view, see the sketch of Figure 1) with ∼[3–30] Mm depths, and it is noted that it is considerably thinner in the perpendicular direction (face-on view).
So far, there has not been any direct SAD detection in radio or microwaves at any frequency. On the other hand, some observational studies of limb flaring events (Asai et al., 2004; Chen et al., 2015; Yu et al., 2020), preferably in edge-on views, revealed temporal and spatial correlations between EUV recurring downflow motions in the fan and subsequent detection of impulsive radio emission bursts on the top and/or leg of the lower arcade. In any case, the downflows had a counterpart in radio wavelengths. Assuming the reconnection downflow interpretation of SADs, these authors interpreted the radio impulsive emissions as a consequence of the presence of SADs.
TABLE 1 | Summary of relevant mean characteristics of different numerical MHD models. Lsad is the SAD size; nsad, ρsad, and Tsad are the SAD (inner) average ion number densities, equivalent mass density, and temperature, respectively; nfan, ρfan, and Tfan are the corresponding fan (outer) values; and Bfan [G] represents the mean magnetic field intensity of the fan. Data were taken from literature and here referred as model 1 from Zurbriggen et al. (2016); models 2 – 3 from Cécere et al. (2015); and models 4 – 5 from Guo et al. (2014).
[image: Table 1]3 MODELING THE EXPECTED EMISSION
3.1 Supra-Arcade Downflow Models Description
In order to calculate the thermal bremsstrahlung emissions of fans and SADs, we need to know their plasma temperatures and densities. Given that these data are not always provided by the models, we circumscribe to the numerical MHD scenarios presented by Guo et al. (2014), Cécere et al. (2015), and Zurbriggen et al. (2016). Table 1 summarizes the relevant mean characteristics of each model: SAD size Lsad; SAD (inner) ion number density nsad (also equivalent mass density ρsad) and temperature Tsad; and fan (outer) ion number density nfan, temperature Tfan, and mean magnetic field intensity Bfan. Comparing the values of the models listed in Table 1 and those reported by observations in Section 2, it is to be noted that all models predict SAD temperatures higher than the observationally reported ones, whereas the modeled fan temperatures and densities are in agreement with those in observations, except the fan densities of models 2 and 3 that seem to be a bit high.
Following the work of Costa et al. (2009) and motivated by the turbulent-like description of the fan provided by McKenzie (2013), Cécere et al. (2015) carried out 3D ideal MHD simulations to model a turbulent and dynamical fan as the medium where SADs descend. In order to generate this, a combination of tearing-mode and Kelvin–Helmholtz instabilities was used. It was argued that to obtain SADs compatible with observations, the activation of spontaneous bursty reconnection processes is required and that SADs support the external pressure because they are hotter than their surroundings. Moreover, for contrast requirements, Cécere et al. (2015) suggested that there must be a closed relation between SAD sizes and fan widths that should be satisfied for SADs to be observable. For this reason, SADs of two different characteristic sizes were generated with Lsad = 4 Mm and Lsad = 12 Mm (models 2 and 3 in Table 1, respectively).
Considering the scenario presented by Cécere et al. (2015), the 2D MHD simulations of Zurbriggen et al. (2016) considered the particular case of small SADs (L ≈ 2 Mm), where thermal conduction is expected to be more efficient and SADs fade away much faster than their typical lifetime. In this case, a properly turbulent fan was generated using a stirring force source. Figure 2 shows images of density (Figure 2A) and temperature (Figure 2B) maps. The images display three SADs, two strongly faded away due to the thermal diffusion, and the third one at the bottom left corner with coordinates (x, y) = (−3, −6) × 108 cm and size ≈2 Mm ≡ 2.8″ is the most intense. This SAD has a mean density ρsad ≈ 5.1 × 10−15 g cm−3, while the fan is almost three times denser, ρfan ≈ 1.2 × 10−14 g cm−3. On the other hand, the SAD inner temperature Tsad ≈ 19.2 MK is three times greater than the outer Tfan ≈ 7 MK. This model (model 1 in Table 1) represents the case of a fan viewed face-on.
[image: Figure 2]FIGURE 2 | 2D MHD numerical simulation of SADs descending through a turbulent fan explicitly considering thermal conduction (presented in Zurbriggen et al., 2016). (A) Density values are shown. (B) Corresponding temperature. This model represents a fan viewed face-on. It is to be noted that 108 cm ≡ 1 Mm.
Guo et al. (2014), performing 3D-resistive MHD simulations, generated SADs by means of Rayleigh–Taylor instabilities associated with shrinking motions of magnetic flux tubes. In their scenario, using constant magnetic resistivity, SADs have characteristic sizes within [6′′ – [image: image] – 11.6] Mm, see their Figure 2). Therefore, for models 4 and 5 listed in Table 1, the extreme values of this size range were adopted, and the remaining values of density and temperature required for our analysis were extracted by visual inspection from their Figures 2B, C.
3.2 Expected Total Flux
Hereafter, we will refer to models summarized in Table 1 as model 1 to the smallest SAD (here considered) taken from the study by Zurbriggen et al. (2016); models 2 and 3 to the small and big SADs simulated by Cécere et al. (2015); and models 4 and 5 to the extreme sizes (6″ and 15″) reported by Guo et al. (2014).
In order to compute the (free–free) thermal bremsstrahlung emission, we use the expression
[image: image]
where kB is the Boltzmann constant and c is the speed of light. Τν is the optical depth at frequency ν, which is approximated by Dulk (1985)
[image: image]
where κν is the thermal bremsstrahlung opacity, L is the plasma line-of-sight depth considered, and G(T, ν) is the Gaunt factor that we obtain numerically from van Hoof et al. (2014). In addition, ne and ni are the number densities of free electrons and ions of specie i, respectively, and Zi is the atomic number of specie i. As we consider a fully ionized, ideal plasma with a solar abundance of 70.7% H + 27.4% He + 1.9% heavier elements (Prialnik, 2000), we infer that [image: image], with n the average total ion number density, and from which we derive the electron density ne = 1.445n. Ω is the solid angle considered.
From Eq. 2, we compute the thermal bremsstrahlung opacities κν as a function of the observing frequency ν for the SADs and fans of models 1–5. Figure 3 shows the obtained results. Color-continuous lines represent the SAD opacities, while color-dashed lines represent the corresponding fan opacities, which in general are larger in values. For fans and SADs, the regime should be optically thin greater than 10 GHz. However, in some cases, that will be analyzed later, the transition from optically thick to thin regimes may happen at frequencies below 1 GHz.
[image: Figure 3]FIGURE 3 | Mean thermal bremsstrahlung opacities κν for the different models (identified by colors) in the frequency range [0.5–1,000] GHz. Continuous lines correspond to inner (SAD) opacities, while dashed lines correspond to outer (fan) opacities. Fan opacities for models 2 and 3 are equal; the same happens for models 4 and 5. It is to be noted that SAD opacities for models 1, 4, and 5 are similar (lowest superimposed continuous lines).
We can now estimate the integrated flux density emitted by the whole SAD using Eq. 1 and the mean values from Table 1. The intrinsically inhomogenous dynamics of the fan implies that random fluctuations cancel out when integrated over the line-of-sight, and therefore the use of mean values is appropriate for computing the outgoing radiation observed on Earth. In the calculation, we assume that all sources are cylindrical with a diameter equal to the SAD size, and the solid angle [image: image], with AU the mean Sun–Earth distance. The chromospheric contribution is not considered because we are considering an observer viewing the fan over the limb. As sketched in Figure 1, we assume an observer in the outcoming-radiation direction and that the SAD is embedded in the fan; thus, we consider the fan emission in front of and behind the SAD. Given that we are interested in the contrast, we want to compare the outgoing radiations coming from a direction, including the SAD, with another one just considering the surrounding fan. When the considered direction includes the SAD, a three-layer calculation is carried out (see the inset in Figure 1); otherwise, just one layer is considered. For all cases, the layers are assumed isothermal and homogenous. In the three-layer calculation of the flux density, the inner (L1) and outer (L3) layers are formed by the fan plasma, whereas the middle layer corresponds to the SAD (L2). Here, we assume that in general Lfan > Lsad—although there is no conclusive observational data on this detail— and we suppose that the SAD layer is in the geometrical center of the fan, so the depth of the inner and outer layers are defined as [image: image]. In this case, the final total flux density is then
[image: image]
The emerging flux density from L1, after traversing the SAD (L2) and outer fan (L3) layers, is
[image: image]
where [image: image], [image: image], and [image: image] are the opacities of the layers L1, L2, and L3, respectively. In a similar way, the emerging flux density from the SAD layer is
[image: image]
Finally, for the outer layer, we have
[image: image]
On the other hand, the emerging radiation when observing the SAD direction has only the fan contribution (a one-layer calculation)
[image: image]
where τfan(ν) is the opacity of the whole fan line-of-sight depth Lfan.
Figure 4 displays the resulting integrated flux densities and contrasts Q = Ffan(ν)/Fsad(ν), dividing Eq. 7 by Eq. 3. The results are displayed for the edge-on (Figures 4A,B) and face-on (Figures 4C,D) views of the fan, with line-of-sight depths Lfan = 30 Mm and Lfan = 5 Mm, respectively. It is to be noted that the flux density is almost constant for frequencies ν ≳ 5 GHz, where the spectrum is optically thin. The SAD integrated flux densities Fsad(ν) are in the range [image: image]2 – [image: image] Jy and are weaker than the fan flux densities Ffan(ν). This is also evident in the right panels where we see contrasts Q > 1. Model 3 exhibits the highest contrasts, of 1.6 on the edge-on view and 6 on the face-on view, while model 1 exhibits the lowest, of 1.05 and 1.7, respectively. The remaining contrasts lie between these extremes. When the spectra become optically thick (ν ≲ 5 GHz), the contrasts tend to conform to unity, particularly in the edge-on view, meaning that the SAD layer contribution to the total flux density is negligible. Interestingly, for model 3 in the face-on view, we see Q < 1, implying that the SAD is brighter than the fan.
[image: Figure 4]FIGURE 4 | Left panels show the expected flux density spectra incoming from the SADs (continuous lines) and for the fan (dashed lines). Right panels show the fan-SAD contrasts (flux density quotient between the fan and SADs). (A,B) Results for the fan viewed edge-on. (C,D) Results for the fan viewed face-on.
3.3 Gyroresonance
In the previous calculations of Section 3.2, we did consider gyroresonance radiation, an emission mechanism that depends on the magnetic field intensity, in addition to the temperature and density. The gyroresonance opacity at frequency ν depends on the harmonic number s = ν/νB, where νB = 2.8 × 106B, with B the magnetic field intensity in G. The opacity at a given harmonic number τs (e.g., Casini et al., 2017) is proportional to [image: image]. Because of this dependence, only the very first harmonics produce detectable emission. Indeed, usually, only the first three harmonics are considered (see, e.g., White, 2004; Selhorst et al., 2008). In the present case, where magnetic field intensities of the MHD simulations are B ≤ 14 G, we have νB ≤ 0.039 GHz; therefore, for the lowest frequency, ν = 0.5 GHz, s ≥ 13, and τs ∝ s2/s! ≲ 10–8. Since for higher frequencies the harmonic number s will be even larger, we can neglect the gyroresonance contribution from the emerging flux density in the frequency range [0.5–1,000] GHz used in our calculations.
3.4 2D Synthesized Radio Maps
Here, we use model 1 to synthesize images that we expect to observe with the present radio telescopes. Since model 1 is 2D, we do not include the fan contribution in front of or behind the SAD as was carried out previously in Section 3.2; instead, every grid cell is thought of as a homogenous source with a line-of-sight depth L = 5 Mm. This value for the line-of-sight depth is deduced from the fact that model 1 accounts for a fan viewed face-on. The solid angle Ω = δx2/AU2 is considered, which is defined by the grid resolution (δx = δy = 5 × 106 cm) of the simulation. Using Eq. 1, we obtain the flux density emitted by every grid cell, and then to simulate observations, the resulting flux map is convolved with representations of instrument beams. In this case, due to the small size of the SAD, an instrument with high spatial resolution is needed to separate the SAD emission from the background fan. Nowadays, there are only two instruments with arcsec spatial resolution in radio wavelengths and capable of observing the Sun: the VLA and ALMA. Both are interferometers with synthesized beams of the order of 1 arcsec and sensitivities below 1 mJy.
We compute the emissions for the VLA microwave band S (3 GHz) and also for the ALMA bands: 3 (100 GHz), 6 (230 GHz), and 9 (720 GHz). Since the spectrum is mostly optically thin, and aiming to display results for a low and high frequency in the thermal bremsstrahlung–opacity domain [0.5–1,000] GHz considered in Figure 3, we show in Figure 5 the synthesized maps for the VLA band S at 3 GHz (Figures 5A,B) and the ALMA band 3 at 100 GHz (Figures 5C,D). Left panels represent the flux densities with the simulation grid spatial resolution, while the right panels show the resulting flux densities convolved with the two instrument beams, at the top using the VLA band S with a half-power beamwidth HPBW = 0.65″ and at the bottom using the ALMA band 3 with HPBW = 0.3″. It is to be noted that the fan emission is always brighter than the SAD, with a contrast Q ≈ 6. On the other hand, the convolved maps depend more on the spatial resolution (instrument beam) than on the flux density. For small SADs, such as that of model 1, using instruments with HPBW > 1″ will result in SADs spatially unresolved from the background fan emission. In terms of sensitivity, the expected flux detected by the instruments is in the order of or above 1 mJy/pixel.
[image: Figure 5]FIGURE 5 | (A) Expected flux density at 3 GHz obtained from an MHD simulation, and the flux density convolved with the VLA-band S beam of HPBW = 0.65″ (B). (C) Simulated flux density at 100 GHz and the flux density convolved with the ALMA-band 3 beam of HPBW = 0.3″ (D). It is to be noted that 108 cm ≡ 1 Mm.
In the 2D scenario, the order of magnitude for the emission contrast Q between the fan and SADs can be estimated straightforwardly in the optically thin regime. As was pointed out previously, the contrast depends on the model considered, for example, for models 1–3, the fan temperatures are roughly half of the SAD ones, whereas the fan densities are roughly twice of the SAD ones. Due to the fact that we are considering the optically thin regime, the opacity κν ∝ n2ν−2T−3/2 (Eq. 2); furthermore, the emission in the Rayleigh–Jeans approximation can be written as Fν ∝ Tν2κνLΩ ≡ n2T−1/2LΩ; and thus, for these models, we obtain an order-of-magnitude contrast
[image: image]
This number is consistent with the contrast displayed by the flux densities in Figure 5. In addition, and as a support to the 2D-scenario results, the approximate contrast of Eq. 8 is of the same order as that reported by Guo et al. (2014) in their Figures 2D,E, where 2D slices of the expected emissions were shown to be corresponding to face-on views of the SDO/AIA Fe XXI and Fe XXIV channels, respectively. Finally, if we repeat the simple contrast calculation of Eq. 8, but instead using model 2 (see the 2D slices in density and temperature displayed in Figure 5 by Cécere et al. (2015), we again obtain a similar value. However, the contrast decrease is considerable when the plasma line-of-sight depth is taken into account, as illustrated in Figure 4.
3.5 Observational Strategies
It is evident from the flux density spectra displayed in Figure 4 that observations with edge-on views produce lower contrasts than with face-on views, making SAD detection more difficult, which worsens in the optically thick regime. Since the emission from microwaves to submillimeter wavelengths is mostly optically thin, the best strategy to observe SADs is when the fan line-of-sight is over the dark limb and when the fan is viewed face-on. On the other hand, according to the models analyzed in this work, the spatially integrated flux emitted by SADs (Figures 4A–C) can be as low as ≈ 1 Jy and as high as [image: image] Jy. This means that a highly sensitive telescope is not required, although imaging capability is needed. The best instrument is an interferometer, for example, VLA has receivers in the low-frequency domain [1–18] GHz, and ALMA has receivers in the high-frequency domain [45–900] GHz. Both the instruments have adequate sensitivity and spatial resolution to observe even the smallest SAD (≈3 arcsec) of model 1, shown in Figures 2, 4, 5. Therefore, the best strategy would be to observe at different frequencies simultaneously with VLA and ALMA to cover the possible maximum frequency range. Moreover, instruments below the 1-GHz domain, such as Low-Frequency Array (van Haarlem et al., 2013) and Nançay Radioheliograph (Kerdraon and Delouis, 1997), can supply information in the optically thick spectral range, allowing better determination of the density and temperature of the emitting sources. The Extended Owens Valley Array (EOVSA, Gary et al., 2018), with its spectral imager in [1–18] GHz range, could be used for the biggest SADs since its beam sizes are of the order of [image: image]arcsec.
4 FINAL REMARKS
So far, SADs have been elusive structures likely produced by magnetic reconnection processes during solar flares. They have been detected only in EUV and soft X-ray emission, implying that currently known SAD characteristics, such as their temperatures, densities, and sizes, have been inferred using this wavelength range. The same thermal bremsstrahlung phenomenon that produces emission in EUV and soft X-ray should also produce emission in radio wavelengths. However, no direct observation of SADs in radio has been reported yet. Instead, in radio only were reported signatures of magnetic reconnection processes assumed to be responsible for SAD triggering, and also spatial/temporal correlations of SAD signatures with a burst of impulsive microwave emissions. Thus, the use of radio observations for SAD detection may help improve the estimations of SAD characteristics.
In order to contribute to the understanding of SAD nature, in this study, we produced spatially integrated spectra and synthesized images at selected radio frequencies. The spectra were obtained utilizing numerical MHD models of SADs based on the bursty localized reconnection interpretation by Costa et al. (2009) and subsequent works and the reconnection downflow interpretation by Guo et al. (2014). Here, we demonstrated that the fan emission should be detectable with current radio observatories and that the SADs should consistently be less bright than the surrounding fan. In the frequency range analyzed, [0.5–1,000] GHz, the spectra of SADs and fans show that the thermal bremsstrahlung emission greater than 10 GHz is mostly optically thin, and therefore proportional to the temperature, density, and line-of-sight depth. Furthermore, the gyroresonance contribution to the flux density is negligible. The fan emission and SAD sizes have a strong influence in their measured contrast Q. The contrast is a parameter that describes the detectability of a SAD, meaning that it is indistinguishable from the ambient-fan emission when it is close to unity. The fact that the contrast is not sufficiently high may be a reason why SADs are barely detected during eruptive events, particularly when the fan is viewed edge-on (as shown in Figure 4).
Despite our results being model-dependent, a strategic plan to increase chances of SAD detection in radio wavelengths is to first search for post-flare magnetic arcades over the limb, where a face-on view of the fan will be mostly desired; and second, to simultaneously observe at centimeter and millimeter wavelengths. Imaging SADs with arcsec resolution simultaneously at different radio wavelengths would be an excellent diagnostic to constraint models, with the VLA and ALMA interferometers being the best instruments to achieve this goal. Moreover, a combination of radio, EUV, and soft X-ray observations will enrich the description and deepen our understanding of the physical processes.
It is known that magnetic reconnection is in the origin of a great variety of phenomena: flares, CMEs, etc. Some of these phenomena are weak and, therefore, difficult to detect, as is the case with SADs. The SAD models used in this work consider that magnetic reconnection occurs at coronal heights, which is in line with the above-the-looptop hard X-ray source scenario (also known as Masuda flares, Masuda et al., 1994; Krucker et al., 2008) In order to fully understand the reconnection process and its consequences, we need to complete the SAD picture. Radio observations can be a key to having a more detailed image of them.
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