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ABSTRACT

We present the first full-disk solar images obtained with the Atacama Large Millimeter/submillimeter Array (ALMA) in Band 7 (0.86
mm; 347 GHz). In spite of the low spatial resolution (21′′), several interesting results were obtained. During our observation, the
sun was practically devoid of active regions. Quiet Sun structures on the disk are similar to those in Atmospheric Imaging Assembly
(AIA) images at 1600 Å and 304 Å, after the latter are smoothed to the ALMA resolution, as noted previously for Band 6 (1.26 mm)
and Band 3 (3 mm) images; they are also similar to negative Hα images of equivalent resolution. Polar coronal holes, which are clearly
seen in the 304 Å band and small Hα filaments, are not detectable at 0.86 mm. We computed the center-to-limb variation (CLV) of
the brightness temperature, Tb, in Band 7, as well as in Bands 6 and 3, which were obtained during the same campaign, and we
combined them to a unique curve of Tb(log µ100), where µ100 is the cosine of the heliocentric angle reduced to 100 GHz. Assuming
that the absolute calibration of the Band 3 commissioning observations is accurate, we deduced a brightness temperature at the center
of the disk of 6085 K for Band 7, instead of the value of 5500 K, extrapolated from the recommended values for Bands 3 and 6. More
importantly, the Tb(log µ100) curve flattens at large values of µ100, and so does the corresponding Te(log τ100) at large τ100. This is
probably an indication that we are approaching the temperature minimum.
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1. Introduction

Our knowledge of the physical conditions of the solar chro-
mosphere is primarily based on optical and extreme ultravi-
olet (EUV) observations. However, their interpretation is not
straightforward because of the complexity of these diagnostics.
The chromosphere emits at millimeter wavelengths as well. Such
observations provide simpler diagnostics because the quiet Sun
emission originates from thermal bremsstrahlung in local ther-
modynamic equilibrium (LTE; e.g., see Wedemeyer et al. 2016,
for details). However, older millimeter-wavelength data (see ref-
erences compiled by Loukitcheva et al. 2004) suffered from low
spatial resolution and absolute calibration problems, which lim-
ited their usefulness in modeling.

The Atacama Large Millimeter/submillimeter Array
(ALMA) has opened a new, hitherto underexplored, window
for solar observations (White et al. 2017; Shimojo et al. 2017).
Several works using Band 3 (100 GHz, 3 mm) (e.g., Shimojo
et al. 2017; 2020; Bastian et al. 2017; Yokoyama et al. 2018;
Nindos et al. 2018; 2020; Jafarzadeh et al. 2019; Molnar et
al. 2019; Loukitcheva et al. 2019; Wedemeyer et al. 2020;
Patsourakos et al. 2020; Chai et al. 2022) and Band 6 (239 GHz,
1.25 mm) observations (e.g., Chintzoglou et al. 2021; Nindos
et al. 2021; Molnar et al. 2021; Jafarzadeh et al. 2021) have
provided new information about the upper solar chromosphere,
on diverse topics such as the structure of the quiet Sun and the
chromospheric network, spicules beyond the limb, comparison
of observations with models of the low chromosphere and
with radiative magnetohydrodynamic models, weak transient
phenomena and oscillations, active region plages, and sunspots.
In these studies, the high resolution interferometric images have

been combined with low-resolution full-disk images. We note
that higher frequency ALMA bands were not available for solar
observations before observing cycle 7 which started in October
2019, although a Band 9 (0.45 mm) test image, which has not
been released yet for science, was presented in Bastian et al.
(2018).

In previous works with full-disk images (Alissandrakis et al.
2017; Alissandrakis et al. 2020, hereafter Paper I and Paper II,
respectively), we studied the structure of the quiet Sun in ALMA
Bands 3 and 6. We reported that the chromospheric network
is well visible in ALMA full-disk images, which are similar
in structure to Atmospheric Imaging Assembly (AIA) images
at 1600 Å and 304 Å images. Furthermore, we used the center-
to-limb variation of the brightness temperature, Tb, to compute
the electron temperature, Te, as a function of optical depth at
100 GHz, τ100, and we compared it with standard atmospheric
models.

In this letter we present the first full-disk ALMA observa-
tions of the Sun in ALMA Band 7 (347 GHz, 0.86 mm). We
present our observations in Sect. 2, our results in Sect. 3, and
our conclusions in Sect. 4.

2. Observations and data reduction

In this Letter we analyze full-disk images obtained during an
observing campaign in which we performed interferometric ob-
servations at ALMA’s Bands 3, 6, and 7 (0.86 mm; 347 GHz) of
seven quiet Sun regions from the center of the disk to the limb.
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Table 1. ALMA TP observations from January 2020

Date Band Spectral windows Antennas Time
(GHz) (UT)

January 4 3 93, 95, 105, 107 3, 4 18:07:28, 18:17:47, 18:26:31
18:35:24, 18:44:16, 18:53:08
19:01:58, 19:10:50, 19:19:40
19:28:30, 19:37:20

January 4 6 230, 232, 246, 248 3, 4 12:47:51, 13:01:17, 13:14:41
13:28:06, 13:41:35, 13:55:03
14:08:30, 14:21:59, 14:35:28

January 8 7 341, 343, 353, 355 2 14:24:34, 14:40:26, 14:59:46

Fig. 1. Full-disk ALMA Band 7 image at 14:24:34 UT, together with AIA images at 1700 Å and 304 Å, and a GONG Hα image. Spoke-wheel
structures beyond the limb in the Band 7 image are artifacts due to the scanning process. All images have been partially corrected for center-to-limb
variation (CLV), by subtracting 85% of the azimuthally averaged intensity. The squares mark the regions shown in Fig. 2; non-ALMA images
have been smoothed to the ALMA resolution of 21′′.

The interferometric observations, which will be presented else-
where, were carried out in ALMA’s C-2 configuration which is
the one that provides the highest spatial resolution (∼0.7′′) for
Band 7 solar observing programs. The full-disk images were ob-
tained by 12-m “total power” (TP) antennas. Each band was set
up in four spectral windows, each having a total bandwidth of
about 2 GHz. More details about the TP observations are pre-
sented in Table 1 which gives the date and time of observations,
the central frequency of each spectral window, and the labels of
the 12-m antennas that acquired the images. At any given time,
each antenna acquired one image per spectral window; there-
fore, we obtained 44, 36, and 12 images per antenna in Bands 3,
6, and 7, respectively. In Bands 3 and 6, we only used the images
that were provided by antennas PM03 and PM04, respectively,
because of their better system temperature, Tsys. The full width
at half maximum (FWHM) of the Band 7 single dish beam was
21′′ and each TP antenna scanned the full solar disk in 3 min.

The TP data were acquired and processed using the method-
ology described by White et al. (2017). However, the imple-
mentation of the Common Astronomy Software Applications
(CASA) processing scripts provided by the Joint ALMA Ob-
servatory (JAO) resulted in Band 7 images which suffered from
various degrees of large-scale arc-like brightness modulations
which were reminiscent of the “double-circle” scanning pattern
which is used for mapping. It is possible that these modulations
are associated with opacity variations during observations. We
were able to largely suppress them by invoking CASA’s task
sdgaincal before mapping. This task takes advantage of the fact
that the double-circle mode observes the same position in the
center of the field of view and adjusts the gains throughout the
whole dataset relative to the measured intensity at the center.

3. Results and discussion

3.1. Structures on the solar disk

Comparisons of structures in ALMA Bands 3 and 6 with those in
other wavelengths have been presented in the past (Paper I; Bra-
jša et al. 2018) and hence, in this section, we focus on Band 7.
A full-disk Band 7 image is shown in Fig. 1; AIA images in the
1700 Å and 304 Å bands, as well as a GONG Hα image are also
displayed for comparison. We note that no full disk AIA im-
ages and no HMI data were available at the time of our ALMA
observations, and thus the nearest ones to the ALMA image are
given in the figure; moreover, the 1600 Å AIA image was af-
fected by flat-field and diffuse light problems, hence the less af-
fected 1700 Å image is shown instead.

The sun was very quiet on the day of our observations, with
a small, spotless active region (NOAA 12755) in the south and
two small plage regions in the east and northwest. As expected,
these appear brighter than their surroundings in Band 7 by about
900 K. Two large coronal holes are visible near the poles in the
304 Å image, with no counterpart in the ALMA image. Three
small filaments – one in the northern and two in the southern
hemisphere – are visible as dark patches near the central merid-
ian in Hα, without any counterpart in the other images. We note
that filament channels were quite prominent in Band 3 and Band
6 images obtained in December 2015 (see Paper I, also Brajša et
al. 2018); moreover, Bastian et al. (1993b) analyzed 0.85 and
1.25 mm observations of filaments and prominences and con-
cluded, among other things, that Hα filaments are quite optically
thin at 0.85 mm.
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Fig. 2. Enlarged central region of the images shown in Fig 1; here the negative of the Hα image is given.

Enlarged images of a 500′′ by 500′′ region at the center of
the disk are shown in Fig. 2, where the negative of the Hα im-
age is given. AIA images of this central region were available,
and these are shown here instead of the ones in Fig. 1. We note
that there is practically a one-to-one correspondence between
the ALMA and the AIA network structures, as previously re-
ported for Bands 6 and 3 by Alissandrakis et al. (2017). More-
over, there is a strong similarity of the ALMA image to the neg-
ative Hα images; this was first reported by Nindos et al. (2021)
and attributed to spicules forming above the network elements
and seen in absorption in Hα. A detailed discussion of the asso-
ciation of ALMA and Hα features (e.g., Rutten & Rouppe van
der Voort 2017; Rutten 2017, 2021) cannot be carried out with
images at the present resolution; not only does it require high
resolution ALMA data, but Hα observations of a similar resolu-
tion as well (such as those of the plage region imaged by Molnar
et al. 2019).

3.2. Center-to-limb variation and modeling

In previous works (Papers I and II), we used the center-to-limb
brightness variation in ALMA Bands 3 and 6, together with older
data from Bastian et al. (1993a) at 353 GHz, to compute empiri-
cal models of the variation of the electron temperature as a func-
tion of optical depth, τ. With the present Band 7 observations, we
have a homogeneous set of data at our disposal, which we sub-
sequently exploit in this section in order to obtain more reliable
results. We note that this approach has a number of advantages
over the comparison of the CLV observed at various frequencies
to curves obtained from models (Selhorst et al. 2019), or the de-
termination of limb brightening coefficients (Sudar et al. 2019):
(a) data at different frequencies are treated simultaneously; (b)
there is no need to go close to the limb, thus avoiding primary
beam effects; and (c) it provides the physically meaningful quan-
tity Te(τ) directly.

The measurements were corrected for diffuse light as de-
scribed in Paper I. We avoided measurements close to the limb,
going up to 70, 35, and 30′′ from the limb in Bands 3, 6, and 7,
respectively, which is more than the corresponding beam sizes.
Data at different frequencies were combined by reducing all
measurements to a common reference frequency, fre f , taking ad-
vantage of the fact that both the free-free (Zheleznyakov 1970)
and the H− (Stallcop 1974) absorption coefficients are propor-
tional to f −2. Hence a measurement of Tb at a frequency f is

remapped to

Tb

(
( f / fre f )2µ, fre f

)
= Tb(µ, f ). (1)

where µ = cos θ, with θ being the heliocentric angle. We note
that although the contribution of H− in the opacity is small (∼
10% around Te = 6000 K), it is not negligible.

The results are shown in the top panel of Fig. 3, where we
have included, for comparison, data from the commissioning ob-
servations of December 2015, which were also used in Papers I
and II. As noted in Paper II, there is a jump in Tb between the
commissioning and the current Band 6 data set, attributed to ab-
solute calibration issues, and so is the case with Band 7. More-
over, the Band 7 Tb(µ) data show a smaller slope compared to
Bands 3 and 6, indicating a flattening of the overall Tb(µ) curve
at higher frequencies.

Working as in Paper II, we normalized Band 6 and 7 mea-
surements through a least-squares fit of all sets to the same poly-
nomial function of Tb(log µ). Considering that Band 3 is more
reliable (White et al. 2017), we set the normalization factor of
the commissioning data for that at unity, leaving the factors for
the other data sets to be determined by the fit. In order to ac-
commodate for the flattening of the curve in Band 7, we used the
following third degree fit:

Tb(µ) = A0 + A1 ln µ + A2 ln2 µ + A3 ln3 µ, (2)

rather than the linear fit used in previous works.
The fit is very good, as shown in the middle panel of Fig. 3,

with the third degree curve standing clearly above the dash-
dotted line, which is the extrapolation of the linear fit up to
log µ100 = 0.8. The root mean square (rms) deviation was about
13 K, whereas linear and quadratic fits gave rms deviations of
26.6 K and 16.0 K, respectively.

The derived brightness temperatures of the center of the disk
are given in Table 2, together with the recommended values and
those of Paper II, for the four spectral windows of each ALMA
band and for the average frequency, together with the percentage
differences from the quiet Sun central disk brightness tempera-
tures recommended by White et al. (2017) (in bold); as there is
no recommended value for Band 7, the one in the table is the ex-
trapolation of the values recommended for Bands 3 and 6. Also
estimates for Band 5 are given in the table; this band is available
for solar work, although no observations have been obtained yet.
The values for Bands 3 and 6 are very close to those given in Pa-
per II, while the disk temperature for Band 7 is 6085 K, or 10.6%
above the extrapolated recommended value of 5500 K.
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Fig. 3. CLV observations and their inversion. Top row: Measured bright-
ness temperature as a function of reference µ, for commissioning data
and from the current data set. Middle row: Normalized data set. The
solid line shows a third degree fit and the dash-dotted line shows a linear
fit up to log µ100 = 0.8. Bottom row: Electron temperature as a function
of the reference optical depth, deduced from the inversion of the obser-
vations. Model curves from Fontenla et al. (1993) and our results from
Paper II are also plotted.

The assumed form of Tb(µ) of Eq. (2) corresponds to a simi-
lar variation of electron temperature with optical depth (see Ap-
pendix A):

Te(τ) = a0 + a1 ln τ + a2 ln2 τ + a3 ln3 τ, (3)

the coefficients of which can be evaluated from Eq. (A.14) and
are given in Table 3, together with the values from Paper II.

The resulting Te(τ) is plotted in the bottom panel of Fig. 3,
together with the corresponding curves from models A (cell in-
terior), C (average quiet Sun), and F (network) of Fontenla et al.
(1993) and our results from Paper II. Our present curve is very
close to that of Paper II, with an important qualitative difference:
the flattening at high frequencies. Apparently, this is because in
the higher optical depth reached in Band 7, we approach the tem-
perature minimum.

4. Summary and conclusions

In this work, we have presented and studied the first images
from ALMA solar sub-millimetric full-disk observations, ob-
tained during a quiet day. The network structures are very sim-
ilar to those in 1700 and 304 Å, as well as in negative Hα im-
ages, smoothed to the ALMA resolution. Small plage regions
are about 900 K brighter than their surroundings, while the polar
coronal holes and small Hα filaments are not detectable.

Following the methodology that we developed in Papers I
and II, we combined the CLV measurements from Bands 3, 6,
and 7 and computed the electron temperature as a function of the

Table 2. Disk center brightness temperatures

Band Freq Tb, recom1 Tb, Paper II Tb, this work
GHz K K % K %

Band 3 SW1 93 7406 7431
Band 3 SW2 95 7382 7406
Band 3 Aver 100 7300 7324 0.3 7347 0.6
Band 3 SW3 105 7269 7289
Band 3 SW4 107 7248 7266
Band 5 SW1 191 – 6571
Band 5 SW2 193 – 6560
Band 5 Aver 198 – – 6532
Band 5 SW3 203 – 6506
Band 5 SW4 205 – 6495
Band 6 SW1 230 6386 6382
Band 6 SW2 232 6376 6374
Band 6 Aver 239 5900 6343 7.5 6347 7.6
Band 6 SW3 246 6310 6322
Band 6 SW4 248 6301 6315
Band 7 SW1 341 – 6095
Band 7 SW2 343 – 6092
Band 7 Aver 347 5500 – 6085 10.6
Band 7 SW3 351 – 6077
Band 7 SW4 353 – 6074

1 From White et al. (2017)

Table 3. Atmospheric parameters from ALMA inversion

Parameter Paper II This work
a0 6999 6964
a1 −563 −680
a2 – 30
a3 – 19

optical depth at 100 GHz, τ100. The curve shows a well-defined
flattening at high τ100, which reflects the fact that the CLV curve
for Band 7 is flatter than those for Bands 3 and 6. Therefore, a
third degree fit was performed for the Te(log τ100) curve, rather
than the linear fit used in previous works.

The present result is more reliable since we have a homoge-
neous data set and thus there was no need to resort to the old
measurements of Bastian et al. (1993a) at 350 GHz, as we had
done before. It is quite plausible that this flattening is due to
the fact that in Band 7, we approach the region of the temper-
ature minimum. Still, this result relies on observations during a
single day and needs verification with more data. Moreover, the
extension of ALMA observations to higher frequencies will pro-
vide valuable information on what happens in the deeper chro-
mospheric layers, closer to the temperature minimum. It is quite
unfortunate that the only existing Band 9 full disk image (Bas-
tian et al. 2018), which would take us up to log µ100 ' 1.65, has
not been released for science; even so, a visual inspection of that
image shows very little, if any, limb brightening, thus affirming
our conclusions.

In the process of combining the CLV curves, we verified
the result of Paper II that the true brightness temperature at the
center of the solar disk in Band 6 is above the recommended
value; similarly for Band 7, we deduced a disk center bright-
ness of 6085 K, instead of the extrapolated recommended value
of 5500 K. Reliable as this result may be, it cannot replace the
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imperative need for absolute calibration of ALMA solar obser-
vations, using the moon for example. It is also desirable to have
solar observations in ALMA Bands 4 or 5 in order to bridge
the gap between Bands 3 and 6. In anticipation of Band 5 solar
observations, we provided estimates of Tb at the center of the
disk for the spectral windows of that band as well. We expect
additional interesting results from the analysis of the interfero-
metric observations obtained during the same campaign, which
is in progress.
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Appendix A: Inversion of the transfer equation for
Te = f (ln τ)

Assuming that

Te(τ) = a0 + a1 ln τ + a2 ln2 τ + a3 ln3 τ, (A.1)

and substituting into the formal solution of the transfer equation,

Tb(µ) =

∫ ∞

0
Te(τ) e−τ/µ dτ/µ, (A.2)

we obtain the expression:

Tb(µ) = a0

∫ ∞

0
e−τ/µ dτ/µ + a1

∫ ∞

0
ln τ e−τ/µ dτ/µ (A.3)

+ a2

∫ ∞

0
ln2 τ e−τ/µ dτ/µ + a3

∫ ∞

0
ln3 τ e−τ/µ dτ/µ.

After the substitution:

ln(τ) = ln(τ/µ) + ln µ, and (A.4)
x = τ/µ (A.5)

we have, further,

Tb(µ) = a0

∫ ∞

0
e−x dx + a1

∫ ∞

0
(ln x + ln µ) e−x dx (A.6)

+ a2

∫ ∞

0
(ln x + ln µ)2 e−x dx

+ a3

∫ ∞

0
(ln x + ln µ)3 e−x dx

and, after binomial expansion,

Tb(µ) = a0

∫ ∞

0
e−x dx (A.7)

+ a1 ln µ
∫ ∞

0
e−x dx + a1

∫ ∞

0
ln x e−x dx

+ a2 ln2 µ

∫ ∞

0
e−x dx + 2a2 ln µ

∫ ∞

0
ln x e−x dx

+ a2

∫ ∞

0
ln2 x e−x dx + a3 ln3 µ

∫ ∞

0
e−x dx

+ 3a3 ln2 µ

∫ ∞

0
ln x e−x dx + 3a3 ln µ

∫ ∞

0
ln2 x e−x dx

+ a3

∫ ∞

0
ln3 x e−x dx.

The evaluation of the integrals gives:∫ ∞

0
e−x dx = 1 (A.8)∫ ∞

0
ln x e−x dx = −γ = −0.5772157 = C1 (A.9)∫ ∞

0
ln2 x e−x dx = γ2 +

π2

6
= 1.978112 = C2 (A.10)∫ ∞

0
ln3 x e−x dx = −

(
γ3 + γ

π2

2
+ 2ζ(3)

)
(A.11)

= −5.444874 = C3

where γ is the Euler constant and ζ is the Riemann zeta function.
Substituting in (A.7) and rearranging terms, we obtain:

Tb(µ) = a0 + a1 C1 + a2 C2 + a3 C3 (A.12)
+ (a1 + 2a2C1 + 3a3C2) ln µ
+ (a2 + 3a3 C1) ln2 µ

+ a3 ln3 µ.

Comparing (A.12) with the LSQ fit of the observed Tb(µ):

Tb(µ) = A0 + A1 ln µ + A2 ln2 µ + A3 ln3 µ, (A.13)

we obtain the coefficients of Te(τ):

a3 = A3 (A.14)
a2 = A2 − 3a3 C1

a1 = A1 − 2a2C1 − 3a3C2

a0 = A0 − a1 C1 − a2 C2 − a3 C3.

List of Objects

‘Sun’ on page 1

Article number, page 6 of 6


	1 Introduction
	2 Observations and data reduction
	3 Results and discussion
	3.1 Structures on the solar disk
	3.2 Center-to-limb variation and modeling

	4 Summary and conclusions
	A Inversion of the transfer equation for Te=f(ln)

