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Abstract.
Various solar features were identified in the full-disc single-dish ALMA images taken at
wavelength of 1.2 and 2.8 mm and compared with Hα, Ca II K and EUV images and
magnetograms. Assuming thermal bremsstrahlung as the dominant radiation mechanism,
several models were constructed to calculate the brightness temperature of various solar
features (quiet and active solar regions, filaments and coronal holes) in a wavelength range
from 0.3 to 10 mm. It is found that model predictions are in a qualitative agreement with
ALMA images where active regions appear brighter, while filaments and coronal holes are
not discernible from the quiet Sun level. It is also found that in ALMA images regions around
magnetic neutral lines appear darker than the quiet Sun. Models predict a critical frequency
below which filaments should appear in absorption and above it in emission.
Introduction
With the recent commissioning of the solar observing mode, Atacama Large
Millimeter/submillimeter Array (ALMA) is now capable of observing the Sun in two
frequency bands centered around 100 GHz and 239 GHz, in both interferometric and singledish (total power) mode [Shimojo M. et al., 2017; White S.M. et al., 2017]. It is expected that
interferometric observations will provide new insight into the dynamics of the solar
chromosphere [Wedemeyer S. et al., 2016], but single-dish observations will also be essential
to give the absolute flux information and for producing full-disc images of the Sun.
Comparing full-disc images with theoretical models is an important step in constraining the
properties of the solar plasma in various solar regions. In this paper, we construct models of
several solar structures and compare their predicted visibility with ALMA full-disc images.
Data
We selected two full-disc single-dish ALMA images from the December 2015 CSV
campaign, one in band 3 (107 GHz, 2.8 mm) and one in band 6 (248 GHz, 1.2 mm). The
images were taken on 17 December 2015 using double-circle fast scan mapping with a total
power ALMA antenna [Phillips N. et al., 2014]. The beam size is ~60 arcsec and ~26 arcsec
for bands 3 and 6, respectively.
In Figure 1, the selected full-disc ALMA images (top row) are compared with Hα and Ca
II K filtergrams (middle row), SDO/HMI magnetogram, and SDO/AIA EUV composite
(bottom row). It can be seen that active regions appear as bright regions in the ALMA images,
while regions around magnetic neutral lines appear darker than the surrounding quiet Sun
level. Filaments, easily visible in Hα image, do not have identifiable ALMA counterparts, as
well as the coronal hole, which is visible in EUV image but not in the ALMA images.
Models
Millimeter radiation originating from the quiet Sun region (without strong magnetic
fields) is predominantly generated by thermal bremsstrahlung at temperatures 104-107 K
[Hurford, G., 1992; White, S.M., 2006]. The source function is in that case Planckian and the
Rayleigh-Jeans approximation holds in the millimeter range:
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Fig. 1 Full-disc single-dish ALMA images of the Sun taken on 17 December 2015 at 107 GHz
(top left) and 248 GHz (top right). Hα and Ca II K filtergrams from the same date from
Kanzelhöhe Observatory (midle). SDO HMI magnetogram (bottom left) and SDO/AIA
composite of 171/193/211Å channels (bottom right).
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(1)
where Bν is the spectral radiance, kB is the Boltzmann constant, ν is the observing frequency,
Te is the electron temperature, and c the speed of light. Intensity can then be determined by
integrating the source function over the optical depth τ:
(2)
In the millimeter range, intensity is usually expressed as brightness temperature Tb:
(3)
Combining equations (1), (2) and (3), we get:
(4)
where the optical depth is given by [Benz, A.O., 2002]:
(5)
The optical depth expression assumes bremsstrahlung radiation and solar abundances
without magnetic field. The Gaunt factor (ln Λ) has a value of ~8 in the upper chromosphere
and varies slowly with the electron density ne and temperature [Benz A.O. et al., 1997].
We used atmospheric models of [Fontenla, J.M., et al., 1993] because they reasonably
agree with radio observations [Bastian, T.S., et al., 1996]. FAL model A was used, which
describes the coronal hole regions, supplemented with Baumbach-Allen model at higher
latitudes with Te = 1.2 · 106 K [Benz, A.O. et al., 1997]. This average model was used as the
starting quiet Sun model (QS model) which was then perturbed to describe conditions in other
regions and structures. A program was written which calculates brightness temperature
contributions for different heights in the solar atmosphere and integrates them for a given
wavelength. The procedure is repeated for the whole wavelength range under consideration.

Results and discussion
a) Quiet Sun regions
A comparison between our QS model and previous measurements summarized by [Benz
A.O. et al, 2009] is shown in Figure 2a. Calculated brightness temperatures are somewhat
lower than the measured ones but are in a general qualitative agreement. Only at wavelengths
larger than 1 m the model begins to deviate, mostly due to the increased refraction of radio
waves. QS model prediction is also shown as a reference model in Figures 2b, 3a and 3b for
the wavelength range covered by ALMA. The model predicts Tb values of around 4500 K
and 6000 K for ALMA bands 3 and 6 (2.8 and 1.2 mm wavelength), while actual
measurements on ALMA full-disc images give larger values, 5900 K and 7300 K,
respectively [White S.M. et al., 2017]. A similar discrepancy was also found with the radiation
hydrodynamics code CO5BOLD [Wedemeyer-Böhm S. et al., 2007]. An opposite
disagreement (overestimated calculated intensity at cm and mm wavelengths) was found
when older VAL models were used [Gary D., 1996].
b) Active regions
In active regions, the solar atmosphere has density and temperature values which are
different from those above quiet Sun regions. Gyromagnetic emission contribution to the total
radiation is small for the typical magnetic field values found in active regions and can be
neglected [Brajša R. et al., 2009; Romštajn I. et al., 2009]. Assuming thermal bremsstrahlung
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a)
b)
Fig. 2 Comparison of Tb between (a) measurements (blue) and quiet Sun (QS) model (black),
and between (b) QS and 3 active region models (HTR1, HTR2, HTR3).
as the dominant radiation mechanism, higher brightness temperatures are a consequence of
the enhanced density in the chromosphere above the temperature minimum and the corona.
We developed 3 models (HTR1, HTR2, HTR3) of active regions with temperatures 2
times higher than in the QS model and density increased by factor of 5, 7 and 10, respectively.
The results are shown in Figure 2b. All three models predict significantly higher brightness
temperatures than the QS model, which means that active regions should appear bright in
ALMA images. This is in qualitative agreement with ALMA observations, however the
predicted values seem to be overestimated.
c) Filaments
Prominences are denser and cooler structures in the solar atmosphere. When observed on
the solar disc, typically in Hα filtergrams, they are also called filaments. Taking into account
the physical parameters of prominences [Engvold O. et al., 1990; Tandberg-Hanssen E.,
1995], we developed six prominence models (PROM1, PROM2, PROM3, PROM4, PROM5,
PROM6). At millimeter wavelengths there are also structures visible in absorption called
coronal condensations [Kundu M.R. et al., 1978; Vršnak B. et al., 1992]. Therefore, we added
one model of coronal condensations (CC model).
Prominence models assume hydrostatic equilibrium; so the pressure is conserved at a
given altitude. Therefore, in our PROM models we increased the QS density by factors of 80,
120, 160, 200, 240 and 280 and decreased the temperatures by the same factor so that the
product n · T, which is proportional to the pressure, is conserved. This factor is applied at
typical prominence heights of 40 000 – 50 000 km [Bastian T.S. et al., 1993a; Brajša R. et al.,
2009]. For the CC model, we increased the density by factor of 50, and decreased the
temperature by factor of 175.
Figure 3a shows the resulting brightness temperatures. CC model predicts levels quite
close to the QS model at wavelengths shorter than 5 mm, while at longer wavelenghts the
level monotonically drops below the QS level. Interesting models are PROM3 and PROM4
which show two radiation regimes: absorption and emission. At some specific wavelength
depending on the model the filaments become invisible against the background quiet Sun
level and a transition from absorption to emission takes place. Filaments are not clearly
visible either in absorption or in emission in the ALMA images in Figure 1 indicating that at
the observed frequencies the difference between brightness temperature of filaments and the
quiet Sun is below the noise level. Finding the critical frequency where filaments go from
emission into absorption, using multi-band ALMA observations, would be a valuable
constraint on the temperature and density of the filament.
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a)
b)
Fig. 3 Predictions of the Tb for 6 prominence and one coronal condensation model (a), and 4
non-hole models (b) in comparison with the QS model (black).
d) Coronal holes
Coronal holes are regions of lower temperature and density in the solar corona. Our
starting quiet Sun model actually describes the conditions similar to the coronal hole
atmosphere (QS model = CH model). To investigate the visibility of coronal holes against the
QS background, we developed 4 non-hole (NH) models based on the hybrid network model
of [Gabriel A., 1992]. Temperature and density parameters used for constructing these models
are based on various studies [Stix M., 1989; Hara H. et al., 1994; Gabriel A., 1992; Doschek
G.A. et al., 1997; Golub L. & Pasachoff J.M., 1997; Gallagher P.T. et al., 1999; Avrett E.,
2000; Koutchmy S., 2000; Lang K.R., 2000; Aschwanden M.J., 2004].
The models are constructed by changing the values of the density and temperature from
the coronal hole structure towards the structure of the quiet non-hole chromosphere and
corona. In the hybrid network model of [Gabriel A., 1992] the temperature is slightly
increased at higher altitudes (h) and the electron density (n) is multiplied by a factor (f) above
a specific height. We assume that TNH > TCH, for h > 28000 km, with nNH = nCH · f , where f is
in the range from 1.7 to 3.6. The models deviate only in density at the transition region and at
coronal heights below 28 000 km, consistent with the observed lack of temperature
enhancements in the chromosphere and transition region. Since the coronal radiation is
optically thin, a change in coronal temperature would not result in a significant change of
brightness temperature. The main criterion which models should fulfill is that the pressure
should be a monotonically decreasing function with the height.
In Figure 3b the resulting brightness temperatures for all models (QS = CH and 4 nonhole models) are shown. It can be seen that there is no difference in predicted intensity
between the quiet Sun and coronal holes for the main ALMA wavelength range, in agreement
with the ALMA images presented in Figure 1, where no coronal holes can be detected.
However, at longer wavelengths (>4 mm), the predicted difference becomes more pronounced
and coronal holes should be visible as areas of lower brightness temperature than the quiet
Sun regions. This could be tested observationally representing a strong motivation for solar
observations with ALMA bands 1 and 2 (the longest ALMA wavelengths).

Conclusions
In this paper we presented results of brightness temperature calculated for the quiet Sun,
active regions, filaments and coronal holes, performed for the wavelength range from 0.3 mm
to 10 mm, corresponding to ALMA bands. Various models were developed assuming thermal
bremsstrahlung as the relevant radiation mechanism. The main aim was to make a quantitative
prediction of the radiation intensity for various solar structures and to compare qualitatively
the results with the solar ALMA images obtained at 1.2 and 2.8 mm (Figure 1).
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Regular observations of the Sun with ALMA will be an important test for the described
models helping to accept or reject some of them. Such observations will represent a
significant improvement of our understanding of the solar chromosphere. A comparison
between results of the calculations and measurements will also help to guide and refine future
modeling efforts.
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