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From Atacama Large Millimeter/sub-millimeter Array (ALMA)

Iwai et al. (2017)

ALMA 3 mm HMI continuum

structure of a sunspot at λ=3 mm in high-resolution ALMA
images and to compare it with ultraviolet (UV) and extreme
ultraviolet (EUV) images obtained by the Interface Region
Imaging Spectrograph (IRIS) and the Solar Dynamics Observa-
tory (SDO). The instrument and data set used in this study are
described in Section 2. The data analysis is presented in
Section 3. The results are summarized and discussed in
Section 4.

2. Observation

The observations discussed here were carried out with ALMA
during solar commissioning activities between 18:01 and 18:48
on 2015 December 16 and released as ALMA Science
Verification data in early 2017. The Band 3 (λ=3mm, i.e.,
100 GHz) observation was carried out in a compact array
configuration that includes twenty-two 12m antennas and nine
7 m antennas. Visibilities obtained from both 12 and 7m
antennas and their combinations were included in the image
synthesis. The FWHM of the resulting synthesized beam (spatial
resolution) is 4 9× 2 2. The map is derived from a mosaic
observation of 149 pointings to cover the field of view of

300″× 300″. Details of the observation and analysis are
provided by Shimojo et al. (2017).
Single-dish, fast-scanning observations covering the full solar

disk were carried out simultaneously (see White et al. 2017). The
FWHM of the single-dish primary beam is about 60″ at
λ=3mm. The single-dish and interferometric data were
combined in the UV plane (feathering) to derive the absolute
brightness temperature of the interferometric maps (Shimojo
et al. 2017).
The receivers of both interferometric and single-dish antennas

were detuned for the mixer mode 2 (MD2) setting (Shimojo
et al. 2017) to prevent the saturation of the instrument. The
detuning technique enables us to derive a well-calibrated image
with a wide linearity range (Iwai et al. 2017).
The observed sunspot was part of the active region AR12470,

located in the eastern hemisphere (N13E30) on December 16.
Figure 1(a) shows the full-disk radio image derived from the
single-dish observation by ALMA. Figure 1(b) displays an EUV
image at 1700Å observed by the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) on board the SDO. In this
paper, we use right-ascension (R.A.) and declination (decl.) axes

Figure 1. Full-disk solar images observed by (a) ALMA at λ=3 mm and (b) AIA at 1700 Å, on 2015 December 16 centered at 18:32 UT. Details of the region
within the rectangles in panels (a) and (b), including the large sunspot of AR12470, are shown in panels (c), recorded by ALMA at 3 mm, and (d), acquired by the
HMI in the visible continuum. The red and blue contours in panel (c) indicate the boundaries of the umbra (0.65 of quiet-Sun intensity in the visible continuum) and
penumbra (0.9 of quiet-Sun level), respectively. The overlaid color contours in panel (d) indicate the 6300 K (purple), 6900 K (blue), 7500 K (green), 8100 K
(orange), and 8700 K (red) brightness temperature levels in the ALMA λ=3 mm map. The horizontal and vertical axes are the R.A. and decl. offsets, respectively,
measured from the disk center position.
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HMI in the visible continuum. The red and blue contours in panel (c) indicate the boundaries of the umbra (0.65 of quiet-Sun intensity in the visible continuum) and
penumbra (0.9 of quiet-Sun level), respectively. The overlaid color contours in panel (d) indicate the 6300 K (purple), 6900 K (blue), 7500 K (green), 8100 K
(orange), and 8700 K (red) brightness temperature levels in the ALMA λ=3 mm map. The horizontal and vertical axes are the R.A. and decl. offsets, respectively,
measured from the disk center position.
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From James Clerk Maxwell Telescope (JCMT)
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Radiative transfer code

Tagirov et al. (2017)

❖ Solves the 1D spherically symmetric non-LTE radiative transfer 
equation for a given temperature and density stratification

❖ Population equations are solved simultaneously with the 
radiative transfer equation for elements from hydrogen to zinc

❖ Performs spectral synthesis taking into account millions of 
spectral lines

Non-LTE Spectral SYnthesis (NESSY)



Model atmospheres

Fontenla et al. (1999), Severino et al. (1994)

Quiet Sun spectrum:           FAL99-C

Umbral spectrum:               Severino



Umbral models - an overview

3.3. Millimeter-wavelength Brightness Spectra
from Umbral Models

We have calculated the expected submm/mm brightness
temperatures at 32 selected wavelengths in the range
0.1–20 mm for sunspot umbral models listed in Section 3.1.
The calculations were done assuming that the thermal free–free
mechanism is responsible for the emission at mm wavelengths.
Both types of opacities, H-zero and H-minus, due to
interactions between ions and electrons, and between hydrogen
atoms and electrons, respectively, were included. The details of
the mm brightness calculations can be found in, e.g.,
Loukitcheva et al. (2004).

The umbral models differ from the FALC model and from
each other in the depth and extension of the temperature

minimum region and also in the location of the transition
region. In Figure 8 the effective formation heights of 1.3 and
3 mm emission (also listed in Table 2), marked with the
triangles and circles, respectively, are plotted on top of the
stratifications of electron temperature and electron number
density for each of the umbral models. Effective formation
heights are derived as the heights corresponding to the
centroids of the intensity contribution functions (CFs), plotted
in Figure 10, and are indicated in Figures 8 and 10 with the
colored symbols. The colored triangles and circles in Figures 8
and 10 provide information about the dominant heights of
emission at 1.3 mm and 3 mm, respectively, in the models,
while the curves in Figure 10 represent the contribution of
various atmospheric layers to this emerging intensity. Milli-
meter umbral emission at both wavelengths forms over a wide

Figure 8. (a) Electron temperature as a function of height in a number of standard models of the solar chromosphere above a sunspot umbra, 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. (b) The electron number density as a function of height for the same models as shown in panel (a). The colored triangles and filled circles indicate the effective
heights of formation of emission at 1.3 mm and 3 mm, respectively.

Figure 9. Same as in Figure 8 for the penumbral models of Yun et al. (1984; green), Ding & Fang (1989; blue), Fontenla et al. (2009) model R (red), and Socas-
Navarro (2007) model D (violet). The electron temperature and density for the FALC model are plotted in black for comparison. The colored triangles and filled circles
indicate the effective heights of formation of emission at 1.3 mm and 3 mm, respectively.
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The authors of the umbral models discussed here all chose to
use different QS models as their reference (see Loukitcheva
et al. 2014, for details). In order to minimize the influence of
the reference QS values on the umbral brightness, in Figure 12
we plot the difference spectra between the umbral brightness
and the QS brightness from the corresponding reference
atmospheric models, together with the observational values
after subtraction of the disk-centered QS values. The bright-
nesses at 1.3 and 3 mm from ALMA data (this work) are
represented by colored filled circles with error bars, which
correspond to the observational mean brightness values and
their rms values from Table 1 for the inner umbra (blue), outer
umbra (red), and the whole umbra (green). Umbral models
typically apply to the central part of an umbra and thus ALMA
measurements for the inner umbra (blue circles in Figure 12)
are best suited for comparison with the brightness differences
calculated from the models. For completeness, we also plot the
observational values obtained from BIMA maps at 3.5 mm by
Loukitcheva et al. (2014) for the big and small umbrae
(triangles), respectively, at a resolution of 12″; the measure-
ments from JCMT at 0.35, 0.85, and 1.2 mm (diamonds) made
by Lindsey & Kopp (1995) at a resolution of 14″–17″;
brightness observations at 2.6 and 3.5 mm obtained from the
Nobeyama 45 m telescope by Iwai & 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).

Figure 12 shows that, at wavelengths longer than 1.3 mm,
the observed umbral brightness, either averaged over the whole
umbra (green circles at 1.3 and 3 mm), or measured with
moderate spatial resolution (at 2.6, 3.5, and 8.8 mm), is not
very different from the QS brightness. None of the depicted
model curves provide an outstanding fit to the observations at
these longer wavelengths. However, the umbral model of
Severino et al. (1994), depicted in Figure 12 by a red curve,

shows the best agreement for the ALMA observations of the
inner umbrae at 1.3 and 3 mm among the models considered in
this work. It was already recognized by Loukitcheva et al.
(2014) as having a good correspondence with the observational
data available at that time.

3.4. Millimeter-wavelength Brightness Spectra from
Penumbral Models

With the exception of FCHHT R, all the penumbral models
place the emission at λ=1.3 and 3 mm at heights that are
300–600 km apart, as can be judged from the colored triangles
and circles indicating the effective formation heights at the two
wavelengths in Figures 9 and 13, and from the heights reported
in Table 2. On the other hand, the heights that contribute to the
mm emission estimated from different models are significantly
different, as is seen from the forms of the CFs, locations of their
maxima, and effective formation heights, plotted in Figure 13.
Penumbral emission at both wavelengths forms over a wide
range of chromospheric heights in the models considered,
except for the model FCHHT R. The dependence of effective
formation height on wavelength is shown in Figure 14. In the
YBB (green) and DF (blue) penumbral models, submm and
mm radiation forms at heights lower than in the QS, while in

Figure 12. Difference between the umbral brightness (in temperature units) and
the QS brightness, plotted as a function of wavelength for the same models as
in Figure 8. The colored filled circles and error bars indicate the observational
mean values together with the rms values taken from Table 1 for the inner
umbra (blue), outer umbra (red), and the whole umbra (green) at 1.3 and 3 mm.
The triangles mark the observational values obtained from BIMA maps at
3.5 mm for the big and small umbrae, respectively. The diamonds stand for the
measurements from JCMT at 0.35, 0.85, and 1.2 mm made by Lindsey & Kopp
(1995). The pluses indicate the measurements at 2.6 and 3.5 mm from the
Nobeyama 45 m telescope obtained by Iwai & Shimojo (2015), and the
brightness at 8.8 mm from the NoRH from Iwai et al. (2016).

Figure 13. Same as Figure 10 for the mm CFs from the penumbral models and
FALC model. The colored triangles and filled circles indicate the effective
heights of formation of emission at 1.3 and 3 mm, respectively.
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LTE vs non-LTE contrasts

FAL99-C & Severino



Observations in mm/sub-mm



Contrasts from FAL99-C and Severino models



How do we construct the model?
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Temperature structure
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Summary

❖ The existing models for the sunspot umbra and penumbra either lack 
chromosphere or have a poor representation of it

❖ Using the recent observations from ALMA along with the ones from JCMT, 
we construct a model for the umbra with a better constrained chromosphere



ALMA and IRIS

structure of a sunspot at λ=3 mm in high-resolution ALMA
images and to compare it with ultraviolet (UV) and extreme
ultraviolet (EUV) images obtained by the Interface Region
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disk were carried out simultaneously (see White et al. 2017). The
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λ=3mm. The single-dish and interferometric data were
combined in the UV plane (feathering) to derive the absolute
brightness temperature of the interferometric maps (Shimojo
et al. 2017).
The receivers of both interferometric and single-dish antennas

were detuned for the mixer mode 2 (MD2) setting (Shimojo
et al. 2017) to prevent the saturation of the instrument. The
detuning technique enables us to derive a well-calibrated image
with a wide linearity range (Iwai et al. 2017).
The observed sunspot was part of the active region AR12470,

located in the eastern hemisphere (N13E30) on December 16.
Figure 1(a) shows the full-disk radio image derived from the
single-dish observation by ALMA. Figure 1(b) displays an EUV
image at 1700Å observed by the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) on board the SDO. In this
paper, we use right-ascension (R.A.) and declination (decl.) axes

Figure 1. Full-disk solar images observed by (a) ALMA at λ=3 mm and (b) AIA at 1700 Å, on 2015 December 16 centered at 18:32 UT. Details of the region
within the rectangles in panels (a) and (b), including the large sunspot of AR12470, are shown in panels (c), recorded by ALMA at 3 mm, and (d), acquired by the
HMI in the visible continuum. The red and blue contours in panel (c) indicate the boundaries of the umbra (0.65 of quiet-Sun intensity in the visible continuum) and
penumbra (0.9 of quiet-Sun level), respectively. The overlaid color contours in panel (d) indicate the 6300 K (purple), 6900 K (blue), 7500 K (green), 8100 K
(orange), and 8700 K (red) brightness temperature levels in the ALMA λ=3 mm map. The horizontal and vertical axes are the R.A. and decl. offsets, respectively,
measured from the disk center position.
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brighter than its surroundings in the λ=3 mm map, whereas it
is the darkest region in the 1700Å map.

The λ=3 mm and 304Å images also show a general
similarity outside the sunspot, which is difficult to identify in
the 304Å image where the leading side of the spot is dark and
the trailing side is bright. The agreement between the
λ=3 mm and coronal 171Å images is weaker still. However,
the 171Å image does indicate that a number of bright loops
have footpoints in either the umbra or penumbra. The umbral
core appears to harbor the footpoints of a bright set of coronal
loops.

In Figure 3 the brightness contours of λ=3 mm radiation
are overlaid on slit-jaw images at 1330Å (C II), 1400Å (Si IV),
2796Å (Mg II line core), and 2832Å (a Mg II line wing,
looking deeper into the atmosphere than the line core) obtained
by IRIS (De Pontieu et al. 2014), quasi-simultaneously. The
λ=3 mm image looks similar to the 1330 and 1400Å images,
which are thought to have been emitted from the upper
chromosphere and lower transition region, respectively. There
is a weak brightening in the 1330 and 1400Å images at the site
of the millimeter umbral brightness enhancement surrounded
by dark penumbra, as can be seen in Figures 3(a) and (b). In the

UV images this feature lies at the end of a much brighter
intrusion into the umbra from the northeast that appears to be a
partial lightbridge.
Figure 4 compares a sequence of 1600Å images taken by

AIA during the ALMA observation with contours obtained
from ALMA. The 1600Å bandpass of AIA includes the C IV
line originating in the transition region (Lemen et al. 2012)
and thus should have a response similar to the IRIS 1400Å
line. There is a small-scale brightening in the sunspot at
1600Å around the inner part of the partial lightbridge, which,
however, is not co-spatial with the main brightening seen in
ALMA band 3. While the lightbridge shows variable bright-
ness in this 1600Å sequence, no variability is seen in the
center of the umbra.
The right panels of Figure 5 show histograms of the radio

brightness temperature, visible continuum intensity, and line-
of-sight magnetic field derived from different umbral regions.
The red histograms correspond to the inner umbral regions
enclosed by the red ellipse in the left panels, while the blue
histograms refer to the outer umbra lying outside the blue
ellipses and inside the green lines, which indicate the umbral
boundary. Panel (b) strikingly emphasizes the temperature

Figure 3. IRIS slit-jaw images of the region within the rectangle in Figure 1(a) at (a) 1330 Å (b) 1400 Å, (c) 2796 Å, and (d) 2832 Å, acquired on 2015 December 16.
The overlaid color contours indicate the radio brightness temperature at 3 mm observed by ALMA, corresponding to the same brightness temperatures as in
Figure 1(d).
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Summary

❖ The existing models for the sunspot umbra and penumbra either lack 
chromosphere or have a poor representation of it

❖ Using the recent observations from ALMA along with the ones from JCMT, 
we construct a model for the umbra with a better constrained chromosphere

❖ Potential additional constraints from IRIS data

❖ Next step is to improve the chromosphere in penumbral models

❖ Implement these updated models in SATIRE to reconstruct the irradiance 
variability in the UV

❖ Use the models to interpret the observations from future missions such as 
Aditya-L1 and Sunrise-3

Thank you for your attention!


