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� Capability of ALMA

▶ high spatial resolution

0.1” in Band 10 (expected, but no better than 0.5”, finally ?)

▶ high temporal resolution

2 sec

0.6” in Band 6 in Cycle 4, 5, 6

(0.5 sec in future ?)

▶ easy interpretation for radiative  
    transfer

temperature minimum  
   ~ chromosphere on disk 
optically thin in off-limb

(restricted by compact antenna configuration for solar observations)
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� Current status

▶ observing time

13ー19 UT 
early 2019 for Cycle 6 ?

▶ observing instrument

Band 3 (100 GHz, 3 mm) : 1.5” ー FOV 60” 
Band 6 (230 GHz, 1 mm) : 0.6” ー FOV 25”

(Dec-April 2017 for Cycle 4, April-July 2018 for Cycle 5)

▶ accepted proposals for solar observations

16 in Cycle 4 
15 in Cycle 5

(← my observation finally failed because of no prominence)

(← retry this year)

(for single dish)



� Current status

example of off-limb spicule observation Yokoyama+ in prep.(2”, Band 3)

note: ongoing study



� Recent publications�1

Iwai+2017

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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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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umbral brightness enhancement

- Science Verification (SV) Data 
- 300” x 300” (res. 5” x 2”) 
- AR 12470 
- Band 3 (3 mm, 100 GHz)

higher brightness temperature 
in the center of the umbra 
than in the surrounding penumbra 
and plage (also in the QS)

8,000 K at central umbra 
7,200 K at penumbra 
7,600 K at plage 
7,100 K at QS
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for image display, with coordinates measuring offset from the
solar disk center. Hence, images are rotated by the solar
inclination angle (P=9°.6) from heliographic coordinates.

3. Data Analysis and Results

Figure 1(c) shows the ALMA λ=3 mm interferometer
image of the region enclosed by the rectangles in
Figures 1(a) and (b), centered on the sunspot of interest in
active region AR12470. Figure 1(d) displays the corresponding
visible continuum image observed by the Helioseismic and
Magnetic Imager (HMI: Scherrer et al. 2012), with temperature
contours from the ALMA data overlaid. The most striking
feature of Figure 1(c) is that the inner sunspot umbra is brighter
than its surroundings at 3 mm, having a brightness matching
the superpenumbra and plage surrounding the sunspot
(compare with Figure 2(d), where the brightness contours at
3 mm are overlaid on an HMI magnetogram). The inner
penumbra (7200 K) and the outer part of the umbra (7300 K)
are found to be darker than the gas surrounding the sunspot and
also darker than the inner umbra. Basically, the sunspot looks
like a dark ring surrounding a bright inner umbra. The average
temperature of this “umbral brightness enhancement” is about
8000 K, which is about 800 K higher than the surrounding
inner penumbral region and 400 K higher than the outer

penumbra. The plage region neighboring the sunspot is about
7800 K at 3 mm. The noise level of this map is about 3.7 K
(Shimojo et al. 2017) and is not significant relative to the
magnitude of the temperature differences that we discuss.9

Note that the spatial resolution of the full-disk image in
Figure 1(a) is about 60″. Hence, the small-scale brightness
distributions in Figure 1(c) are smoothed over in the full-disk
image.
Figure 2 displays the comparison between radio and EUV

images at 1700 (lower photosphere), 304 (transition region),
and 171Å (cool corona) observed by AIA and the line-of-sight
magnetic field observed by HMI. The 1700Å image shows a
dark sunspot cooler than the surrounding photosphere, and the
radio brightness temperature at 3 mm generally correlates well
with the 1700Å emission. The center of the umbra, however, is

Figure 2. EUV images of the sunspot indicated by the rectangle in Figure 1(a), at (a) 1700 Å, (b) He II 304 Å, and (c) Fe IX 171 Å, acquired by the AIA on 2015
December 16, and (d) a line-of-sight magnetogram obtained by HMI. The overlaid contours indicate the radio brightness temperature at λ=3 mm observed by
ALMA at the same brightness temperatures as in Figure 1(d).

9 Note that the quiet-Sun disk center temperature of the single-dish image
used here is around 7500 K, i.e., 200 K larger than the value recommended for
scaling by White et al. (2017). Since in this paper we are only concerned with
relative temperature differences, which are not affected by the absolute scale,
we choose not to correct the absolute temperatures for the 2.7% offset
represented by 200 K. It should also be mentioned that we combined the
visibilities derived from the interferometer and single-dish using the default
parameters, which might cause an additional offset (Shimojo et al. 2017). This
offset also has no influence for our discussions.
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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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Iwai+2017umbral brightness enhancement

the umbral core harbors the 
footpoints of bright loops in  
AIA/171

difference between the warm inner umbra and the cool outer
umbra at λ=3 mm: to our knowledge, there are no models
predicting such behavior. The brightness distributions are
almost reversed between the radio and visible continuum
emission (panel (d)). The magnetic field is, on average,
stronger within the red ellipse, although there are also strong
field values outside that region (panel (f)). The general behavior
of the two lower histograms agrees with the anti-correlation
between brightness and field strength that is well known for
sunspot umbrae (e.g., Martinez Pillet & Vazquez 1993; Solanki
et al. 1994; Tiwari et al. 2015).

4. Summary and Discussion

4.1. Observational Summary

We have analyzed an ALMA Band 3 mosaic image of a
large sunspot. The map, with 4 9× 2 2 spatial resolution,
represents the highest spatial resolution λ=3 mm map of an
entire sunspot that is currently available. We also compared the
radio image with UV, EUV, and visible wavelength images
observed by IRIS, AIA, and HMI. The sunspot is not
immediately obvious in the ALMA image (Figure 1(c)), at
least in part because the surprising umbral brightening disrupts

what would otherwise be a dark bowl coincident with the
sunspot, leading instead to a dark ring over the outer umbra.
The outer penumbra is nearly as bright as the surrounding
active-region plage at λ=3 mm.
The λ=3 mm umbral brightness enhancement makes the

umbral core nearly as bright as the surrounding plage. The IRIS
observations revealed a bright region at the center of the umbra
in 1330 and 1400Å images (Figures 3(a) and (b)), which is
close to but not identical to the millimetric umbral brightness
enhancement. However, there was no clear counterpart to the
millimetric umbral brightness enhancement in the 1700, 304, or
171Å images, which are otherwise generally similar to the
λ=3 mm image in the emission from the bright plage
surrounding the sunspot (Figures 2, 3). There was a partial
lightbridge intruding into the upper left part of the umbra
(Figures 1(d), 2(d)) that was bright in the 1700, 1330 and
1400Å images from the upper chromosphere (Figures 2(a),
3(a), 3(b)). The radio umbral brightness enhancement was
adjacent to the inner boundary of the lightbridge, but it is
striking that the lightbridge itself is less apparent in the
millimeter image.
As shown in Figure 5(g), the pattern of bright and dark

structures seen in the IRIS 1330Å image looks very similar to

Figure 4. 1600 Å images observed by AIA at (a) 18:23, (b) 18:28, (c) 18:33, and (d) 18:41 on 2015 December 16. 1600 Å images in (a) and (d) are shifted to cancel
the solar differential rotation. The overlaid color contours indicate the radio brightness temperature at 3 mm observed by ALMA at 18:32 (see Figure 1(d)).
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umbral brightness enhancement 
is located at the end of a light 
bridge in IRIS/1400 (and also in  
1330)

brightening appears in AIA/1600 
on the light bridge, but out of the 
umbral brightness enhancement

the light bridge is less apparent  
in ALMA/100 GHz
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the origin of the brightness enhancement is not solved

- penumbral darkening (not umbral brightening) 
- coronal plume 
- umbral flash (shock formation)

further high-res ALMA observations are important, of course

→ simultaneous observations are also essential in other chromospheric lines 
     from ground such as DKIST as well as IRIS and SDO

- not unlikely to perform simultaneous observations at multiple radio frequency bandsstructure 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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Shimojo+2017plasmoid ejection

- Science Verification (SV) Data 
- res. 6” x 2” 
- AR 12470 
- Band 3 (3 mm, 100 GHz)

ALMA solar commissioning campaign. The data set has been
provided by the ALMA observatory as a Science Verification
(SV) data release. The central frequency of the solar
observations is 100 GHz. We calibrated the visibility data
following the method described in Shimojo et al. (2017), and
synthesized images every 2 s. The telescope array included
22×12 m antennas and 9×7 m antennas during this
observation. The major and minor axes of the resulting
synthesized beam are 6 3 and 2 3, respectively. Small-scale
jitter caused mainly by fluctuations in the Earth’s atmosphere is
evident in the 2 s cadence movie made from the ALMA data
after the standard calibration procedure. To eliminate this
motion, we carried out self-calibration using the image
synthesized from the entire observing period as a reference,
and this successfully removed the artificial motion. The noise
level of the synthesized 100 GHz images is estimated using the
method in Shimojo et al. (2017), and found to be ∼11 K.

Since the field of view of ALMA (∼60″ at 100 GHz) is
significantly smaller than the Sun, the interferometer images do
not measure the background level of quiet-Sun emission.
Single-dish observations of the full Sun were therefore taken to
provide the absolute temperature scale (White et al. 2017). The
temperature scale in the left panel of Figure 1 shows the result
of correcting the interferometer data for the background
temperature measured at the observing location in the
concurrent single-dish data (whose resolution is the same as
the 100 GHz field of view, ∼60″). For the remainder of this
paper we will be discussing brightness temperature differences
derived from the interferometer data alone.
AIA provides full-disk images of the Sun at a number of

EUV and UV wavelengths. We extracted the region of the
ALMA observation from these full-disk images for further
analysis. The spatial resolution of the AIA images presented in
this paper is 1 52∼1 74 (Boerner et al. 2012). The time

Figure 1. The leading sunspot of active region NOAA12470 observed with ALMA at Band 3 (100 GHz, left panel), in ultraviolet continuum from the lower
chromosphere (AIA 1700 Å, middle panel), and the He II transition-region line (AIA 304 Å, right panel). The dashed squares in the panels indicate the area displayed
in Figure 2 and the animation of Figure 3.

Figure 2. Images of the plasmoid ejection at 19:44:13 UT, close to the intensity peak of the second ejection. The panels are labeled by the appropriate wavelength: in
order from left to right and top to bottom, they are ALMA 100 GHz, AIA 1700, 304, 131, 171, 193, 211, 335, and 94 Å, and XRT soft X-rays with the Al-poly filter.
The region shown corresponds to the dashed box in Figure 1. The dashed–dotted and dashed boxes in this figure are used to generate the light curves shown in
Figure 4.
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plasmoid ejection 
can be seen in almost  
all the AIA images 
(except 94 and 1700)
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Shimojo+2017plasmoid ejection

XRT does not show 
the plasmoid

the plasmoid does not  
include significant 
coronal plasma > 1 MK

also no enhancement 
in AIA/1700, so this is 
not predominantly  
chromospheric
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- isothermal and optically thick in 100 GHz

4. Thermal Structure of the Plasmoid

When we consider the thermal structure of the plasmoid, we
have three basic working hypotheses to consider. (1) The
plasmoid consists of (roughly) isothermal plasma that is
optically thick at 100 GHz. (2) The plasmoid consists of
isothermal plasma that is optically thin at 100 GHz. (3) The
plasmoid consists of multi-thermal plasma. We examine which
hypothesis is consistent with the intensity enhancements in the
AIA and ALMA images. To proceed, we assume that the line-
of-sight depth of the plasmoid is 4″ (∼3000 km), i.e., the same
as the width of the plasmoid. The intensity enhancement
corresponding to the plasmoid is derived from the time-
averaged intensities during the period indicated by the dotted
lines in the upper panel of Figure 4, after subtracting a
background level determined by averaging over the period
shown by the dashed lines. We use only the data of the AIA
bands where the averaged intensity is significantly larger than
the dark-noise and read-noise level (the 171, 193, and 211Å
bands). Although the 304Å data also satisfy this criterion, we
cannot obtain reliable quantitative results from 304Å for the
reasons given earlier. The averaged enhancements that should
be explained by the hypotheses are 145 K, 68.1 DN/s/pixel,
49.8 DN/s/pixel, and 20.2 DN/s/pixel at 100 GHz, 171, 192,
211Å AIA bands, respectively.

Figure 5 shows the density required to explain the observed
intensity enhancement at each wavelength when we assume
that the plasmoid consists of isothermal plasma. The black
solid line indicates the density required for the enhancement of
100 GHz when we assume that the plasmoid is optically thin at
the corresponding temperature. To calculate the optical depth
for 100 GHz, we use the standard formula for thermal free–free
emission (e.g., Lang 1980), which is proportional to l-n Te

2 0.5 2,
where ne is the ambient electron density, T is the temperature,
and λ is the wavelength. This expression is multiplied by the

usual weakly temperature- and wavelength-dependent approx-
imation to the Gaunt factor. The yellow, orange, and purple
lines indicate the required densities for the intensity enhance-
ments of the 171, 193, and 211Å bands, respectively. The
plotted values are estimated from the temperature responses of
each band (Boerner et al. 2012). For the calculation, we assume
that the filling factor of the plasma is unity. At high densities,
as indicated by the shading in the upper region of the figure, the
plasmoid becomes optically thick at 100 GHz. Based on this
figure, we can now address the three hypotheses described
above:
Hypothesis (1): Isothermal plasma that is optically thick at

100 GHz—If the plasma is optically thick, the electron
temperature of the plasmoid must be of the order of 104 K,
based on the temperatures in the combined image in Figure 1.
This regime lies at the left edge of Figure 5, requiring a
density larger than 2×1010 cm−3. Based on Figure 5, at this
temperature densities of the order of 1012 cm−3 would be
required to explain the AIA measurements. However, such a
density would be larger than the values typically found in dark
filaments and would likely be observed as dark absorbtion
features in the EUV images (Heinzel et al. 2008). Since the
plasmoid is observed to be in emission at all AIA EUV
wavelengths, it cannot be an optically thick 104 K isothermal
source at 100 GHz.
Hypothesis (2): Isothermal plasma that is optically thin at

100 GHz—In this case, ideally the temperature and density of
the plasmoid would be indicated by a region where the black,
yellow, orange, and purple lines all cross. There is no point at
which all four lines cross exactly, but they do gather together in
the region around a temperature of 8.0×104∼1.4×105 K
and density of 3.5∼3.9×109 cm−3. The temperature range
includes the peak formation temperature of the He II 304Å line,
and is far too low to contribute significantly at soft X-rays, thus
being consistent with the absence of a clear signature of the

Figure 5. Densities required to explain each of the intensity enhancements of the plasmoid. The shaded region in the upper portion of the figure indicates conditions
under which 100 GHz emission becomes optically thick. The black solid line indicates the density required for the observed brightness temperature enhancement at
100 GHz when we assume that the plasmoid is optically thin at the corresponding temperature. The gap in the black line is at the temperature where the Gaunt factor in
the formulas changes (3.6×105 K). The yellow, orange, and purple lines indicate the required densities for the intensity enhancements in the 171, 193, and 211 Å
AIA bands, respectively.
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optically thick in 100 GHz

optically thin in 100 GHz

intensity enhancement in AIA

- multi-thermal

104 K, 1012 cm-3 required 
→ EUV images should have shown  
     absorption, so not likely

- isothermal and optically thin in 100 GHz

8.0x104 〜 1.4x105 K, 4x109 cm-3 required 
→ reasonable

100 GHz emission from a cool dense core 
EUV emission from a hot sheath surrounding the core (5x105 〜 106 K) 
→ reasonable
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Gunar+20163D modeling of prominence

prominence can be observed  
both in the off-limb and on disk

optical thickness exceeds unity (see bottom panel of Figure 3).
This results in a strongly visible region of low Tb, which splits
the brightest part of the filament into two (see the second panel
of Figure 3). There is no equivalent split in the prominence

view (top panel of Figure 3), where the horizontal fine
structures (areas with the highest Tb) remain similar to those at
the previous wavelengths. The horizontal fine structures in the
prominence view are still easily discernible and significantly

Figure 5. Visualization of the 3D WPFS model at the Hα line center. Individual panels show, from the top: synthetic intensity of Hα line center in the prominence
view; synthetic intensity of Hα line center in the filament view; map of optical thickness for the prominence view; map of optical thickness for the filament view.
Displayed color scales are unique for each panel. This figure is adapted from Gunár & Mackay (2015b).
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At 1.25 mm (Figure 2) the fine structures in the Tb map of the
prominence appear very similar to those at 0.45 mm (Figure 1).
Individual horizontal fine structures—corresponding to the
coolest and densest plasma—are still clearly visible. However,

in the filament view (second panel of Figure 2) a split in the
elongated fine structures becomes visible. Compared to the
continuous regions of the highest Tb visible in Figure 1 (second
panel) only the peripheral parts are now very bright. The

Figure 1. Visualization of the 3D WPFS model at a wavelength of 0.45 mm (666 GHz). Individual panels show, from the top: map of brightness temperature for the
prominence view; map of brightness temperature for the filament view; map of optical thickness for the prominence view; map of optical thickness for the filament
view. Displayed color scales are unique for each panel. The value of the background brightness temperature Tb

bcg is indicated in the second panel.
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temperature Tb
bcg by approximately 10%. In our case that

corresponds to a decrease in the brightness temperature by
approximately 630 K. Such a decrease is comparable to
the values of the maximum brightness temperature produced

by the prominence plasma itself—around 700 K—which
can be estimated from the prominence view (see top panel
of Figure 2). Thus the resulting Tb at the location with τ;0.1
is similar to Tb

bcg. If, as in this case, the geometrical extent

Figure 3. Visualization of the 3D WPFS model at a wavelength of 3.0 mm (100 GHz). Individual panels show, from the top: map of brightness temperature for the
prominence view; map of brightness temperature for the filament view; map of optical thickness for the prominence view; map of optical thickness for the filament
view. Displayed color scales are unique for each panel. The value of the background brightness temperature Tb

bcg is indicated in the second panel.
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Hα

666 GHz 
(Band 9)

100 GHz 
(Band 3)

on-disk prominence shows similarities 
between in Hα and ALMA bands

top view (2D map)

a bright region of Tb is divided by an  
area of lower Tb only in ALMA/100 GHz

→ partial absorption

useful to understand the nature of  
prominence fine structures, but quite 
important to have simultaneous  
observations in the optical range



� Prominence observation

chromospheric plasma 〜 10,000 K ・・・ how accurate ?

ALMA provides brightness temperature of prominences, 
but other observations are also essential

(I do not think it is enough to observe only by ALMA)

wave heating in prominences

Okamoto+2015

correlation between oscillations  
and temperature change

obtaining the change of ρ, B 
in fine structures by DKIST  
is very attractive for this study



� Synergy with ALMA

ALMA is not designed for solar observations

We cannot have enough information only with ALMA, 
but simultaneous observations from ground and/or space  
are essential.

additional suggestion (not associated with ALMA) → next page
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Abstract

Sunspots are the most notable structure on the solar surface with strong magnetic fields. The field is generally
strongest in a dark area (umbra), but sometimes stronger fields are found in non-dark regions, such as a penumbra
and a light bridge. The formation mechanism of such strong fields outside umbrae is still puzzling. Here we report
clear evidence of the magnetic field of 6250 G, which is the strongest field among StokesI profiles with clear
Zeeman splitting ever observed on the Sun. The field was almost parallel to the solar surface and located in a bright
region sandwiched by two opposite-polarity umbrae. Using a time series of spectral data sets, we discuss the
formation process of the super-strong field and suggest that this strong field region was generated as a result of
compression of one umbra pushed by the horizontal flow from the other umbra, such as the subduction of the
Earth’s crust in plate tectonics.

Key words: Sun: magnetic fields – Sun: photosphere – sunspots

1. Introduction

Sunspots are concentrations of magnetic fields on the solar
surface. Their strong magnetic field controls the physical
conditions in and around sunspots and produces various kinds
of structures. For example, a sunspot usually consists of the
umbra with a vertical magnetic field and the penumbra with a
horizontal field (Rempel et al. 2009; Borrero & Ichimoto
2011). The penumbra harbors an outward flow of gas along the
horizontal threads with a speed of several kilometers per
second, which is called the Evershed flow (Evershed 1909). In
mature umbrae, we can see bright cracks (light bridges), which
have weaker fields than the surrounding umbrae. The light
bridges are considered to be convective cells penetrating from
below the umbrae (Vazquez 1973; Jurčák et al. 2006) that
finally break up the sunspots (Bray & Loughhead 1964). This
assertion is also supported by the values of the filling factor
representing the ratio of a magnetized component in each
observed pixel. Umbrae and penumbrae generally have large
filling factors (i.e., close to unity), which means that the
magnetized component almost entirely covers the pixels. On
the other hand, granules outside sunspots show small filling
factors (Orozco Suárez et al. 2007), because of the dominance
of non-magnetized gas. Light bridges also show smaller values
than the surrounding umbrae (Leka 1997), thus light bridges
include a significant fraction of non-magnetized gas.

The darkness of umbrae is generally correlated with their
magnetic field strength (King 1934; Schad 2014). Hence, the
strongest magnetic field in each sunspot is located in the umbra
in most cases (Solanki 2003). A typical field strength in
sunspots is around 3000 G (Rezaei et al. 2012; Livingston &
Watson 2015), while Livingston et al. (2006) reported 6100 G
among statistical data taken from 1917 through 2004.
However, some exceptions have also been found outside
umbrae. Tanaka (1991) and Zirin & Wang (1993) found a
strength of 4300 G in complex sunspots with light bridges that
separated opposite-polarity umbrae. Interestingly, such strong
fields are nearly parallel to the solar surface, which is as strong
as or much stronger than vertical umbral fields (Jaeggli 2016).

As the strongest magnetic field ever reported, van Noort et al.
(2013) showed ∼7500 G in a sunspot penumbra with the
complex inversion technique. Although the proper motion of
sunspots or flows in light bridges and penumbrae might
contribute to the enhancement of horizontal fields, there is no
convincing explanation about the formation mechanism of
these strong fields. The origin and behavior of strong fields are
also important for understanding various solar activities such as
flares, mass ejections, flux ropes, and coronal heating.
Here we report an extremely strong magnetic field in a

sunspot. Using the Solar Optical Telescope (SOT) on board
Hinode (Kosugi et al. 2007; Ichimoto et al. 2008; Shimizu et al.
2008; Suematsu et al. 2008; Tsuneta et al. 2008), we performed
continuous observations of an active region to take full Stokes
profiles (polarization profiles) by the Spectro-Polarimeter2 (SP;
Lites & Ichimoto 2013) of the SOT. We investigated the time
evolution and the spatial structure of the sunspot. We present
the properties and discuss the formation mechanism of the
strong field in this Letter.

2. Observations and Data Reduction

The Hinode satellite observed an active region NOAA 11967
from 2014 February 1 to 6. We had 31 raster scans with the SP
to obtain maps of the active region. The scanning was mainly
performed with the Fast Mapping mode, which has an
integration time of 3.2 s at each slit position and a pixel
sampling of 0 32. The field of view was 280″ by 130″
(200Mm by 90Mm on the Sun). The SP simultaneously
measured the full Stokes profiles of the FeIlines at 6301.5 and
6302.5Å with a sampling of 21.6 mÅ and with polarization
sensitivity of 10−3 relative to the continuum intensity.
Vector magnetic field, Doppler velocity, and filling factor

were derived from the calibrated Stokes profiles under the
assumption of a Milne–Eddington (ME) atmosphere. The
inversion3 was performed with the MERLIN code (Lites et al.
2007) developed under the Community Spectropolarimetric
Analysis Center at the High Altitude Observatory (CSAC/
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© 2018. The American Astronomical Society. All rights reserved.
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2 Level 1 Hinode/SP data, doi:10.5065/D6T151QF.
3 Level2 Hinode/SP data, doi:10.5065/D6JH3J8D.
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The strongest magnetic field in many sunspots is NOT located  
at the central umbra, but on the penumbra/light bridge.

Okamoto+2018

This can be interpreted: 
the strong field was generated as a result  
of compression of one umbra pushed  
by the outward flow from the other umbra.

(third quadrant)

Figure 4. Schematic illustration of the formation mechanism of the strong field. The horizontal flows from 
the right (S-pole umbra) compresses the magnetic field near the left umbra (N-pole) and the magnetic field 
is enhanced. This reminds us of the subduction of the Earth’s crust in plate tectonics 
 

(note 1) Gauss is the unit of a magnetic field strength. The geomagnetic field near Japan is about 0.5 
gauss. 

(note 2) Livingston et al. (2006) reported 6,100 gauss as the strongest field strength in sunspots among 
the data taken from 1917 to 2006. 

(note 3) van Noort et al. (2013) reported a sunspot with a field strength of 7,500 gauss. However, the 
spectral data does not show a clear splitting, but just a large single absorption line. They derived the large 
field strength, using a complex image deconvolution method. The spectra may consist of multiple 
components of differing Doppler velocities along the line of sight and the image deconvolution might have 
produced spurious components with strong fields. Hence, the field strength in this work is the largest value 
derived from the dataset with clear evidence of a strong field. 
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According to my statistical analysis, a similar tendency can be seen  
in many sunspots (82/419 ARs observed in 2006~2016):  
at the cross point where a possible horizontal flow reaches an umbra. 
(confirmed by Dopplershifts at different locations on the disk)

Okamoto+ in prep.

Figure 4. Schematic illustration of the formation mechanism of the strong field. The horizontal flows from 
the right (S-pole umbra) compresses the magnetic field near the left umbra (N-pole) and the magnetic field 
is enhanced. This reminds us of the subduction of the Earth’s crust in plate tectonics 
 

(note 1) Gauss is the unit of a magnetic field strength. The geomagnetic field near Japan is about 0.5 
gauss. 

(note 2) Livingston et al. (2006) reported 6,100 gauss as the strongest field strength in sunspots among 
the data taken from 1917 to 2006. 

(note 3) van Noort et al. (2013) reported a sunspot with a field strength of 7,500 gauss. However, the 
spectral data does not show a clear splitting, but just a large single absorption line. They derived the large 
field strength, using a complex image deconvolution method. The spectra may consist of multiple 
components of differing Doppler velocities along the line of sight and the image deconvolution might have 
produced spurious components with strong fields. Hence, the field strength in this work is the largest value 
derived from the dataset with clear evidence of a strong field. 

[Reference] 
Title : Super-strong Magnetic Field in Sunspots 
Authors: Joten Okamoto, Takashi Sakurai (NAOJ) 
Journal : The Astrophysical Journal Letters, 852, L16 (2018) 
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(I will show the details in near future conferences after the completion of my analysis)
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note: ongoing study
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note: ongoing study

According to my statistical analysis, a similar tendency can be seen  
in many sunspots (82/419 ARs observed in 2006~2016):  
at the cross point where a possible horizontal flow reaches an umbra. 
(confirmed by Dopplershifts at different locations on the disk)
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I would like to get more info about the physical properties 
and the dynamics to enhance field strengths.

Figure 4. Schematic illustration of the formation mechanism of the strong field. The horizontal flows from 
the right (S-pole umbra) compresses the magnetic field near the left umbra (N-pole) and the magnetic field 
is enhanced. This reminds us of the subduction of the Earth’s crust in plate tectonics 
 

(note 1) Gauss is the unit of a magnetic field strength. The geomagnetic field near Japan is about 0.5 
gauss. 

(note 2) Livingston et al. (2006) reported 6,100 gauss as the strongest field strength in sunspots among 
the data taken from 1917 to 2006. 

(note 3) van Noort et al. (2013) reported a sunspot with a field strength of 7,500 gauss. However, the 
spectral data does not show a clear splitting, but just a large single absorption line. They derived the large 
field strength, using a complex image deconvolution method. The spectra may consist of multiple 
components of differing Doppler velocities along the line of sight and the image deconvolution might have 
produced spurious components with strong fields. Hence, the field strength in this work is the largest value 
derived from the dataset with clear evidence of a strong field. 
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For this purpose (high cadence), we must know the exact location  
to focus on when the observation is performed.

Hence, can I ask the feasibility that we will check the earliest data  
(Doppler velocity and magnetic field strength) and that the quick result  
will be reflected to the remaining operation on a single day ?

of course, if we can check the configuration 1 day before, it may be enough

start observation end observation

large FOV scan

check the data (including quick inversion)

adjust pointing and observing program

high cadence run in smaller FOV

most important : to find a counter-flowing penumbra

speculation


