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Why	the	Sun	is	so	interesting?
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The	Sun	and	its	activity
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The solar atmosphere is filled with 
various structures with a wide range 
of spa7al scale.
Such structures are made by magne7c 
fields, and they generate various  
erup7ve phenomena.

Ca movie by Hinode/SOT (from NAOJ and ISAS/JAXA)



Solar	flare
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Solar disc at radio wavelength (17GHz) observed by 
the Nobeyama Radioheliograph

The solar flare generates high energy 
par1cles that generate strong radio 
emission called solar radio burst.

The solar flare is an explosion of the 
magne1c field energy. 

© NASA



Solar	wind	and	CMEs
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Solar wind/CMEs cause various 
disturbances of the space environment 
around the Earth

Solar wind: 
• a thin stream of electrically charged 

gas from the Sun
• about 300 km/s (slow wind) ~ 800 

km/s (fast wind)
Coronal Mass Ejection (CME):
• Eruptions of magnetized plasma 

structures generated by solar 
eruptive phenomena

Solar wind observed by the white light imager of PSP 
(Howard+2019) 



Sun	and	space	weather
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Solar phenomena occasionally reach the Earth and 
cause various disturbances of the space 
environment, where a vast amount of social 
infrastructure is in operation. 
e.g., telecommunication satellites, humans, 

2022, Feb.: 40 of microsats
are lost by the CME driven 
disturbance.

(C)NICT

(C) Space X



Solar	cycle
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Long-term variaLons of microwave fluxes and sunspots from the 
1950s to December 2021 by NoRP. Red: 1 GHz, orange: 2 GHz, 
green: 3.75 GHz, blue: 9.4 GHz, and black: 13-month smoothed 
sunspot number. Shimojo and Iwai, 2022.

Solar cycle variaLon of the Sun at 17 GHz by NoRH

Solar activity shows about 11-years cycle. 
The activity often modulated by unknow effects. 
Solar radio emission has been an important 
index of the solar activity.



Sun	and	heliosphere;	as	an	astrophysics
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The solar wind makes a heliosphere  (~120 AU) and finally interact with the ISM.

Heliosphere

Interact with planetary 
magnetosphere/atmosphere

Evolu8on of Steller system and planetary 
atmosphere

Earth/Planets

Sun and Heliosphere

• Space physics / Space weather / Space climate
• Forma1on and evolu1on of planetary system
• Habitability, life environment
As a closest star and closest planetary system.



Basics	of	the	solar	radio	emission
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Solar disk at 17 GHz observed by 
Nobeyama Radioheliograph (NoRH)

Radio	emission	from	the	Sun
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•Thermal free-free
•Main component of the solar disk
•Gyro-resonance
•Electrons in a strong magne7c field 
•Non-thermal
•High-energy par7cles generated 
from flares
•Gyro-synchrotron emission
•Plasma emission
•Molecular lines (minor comp.)
•Recombina7on line of H



Thermal	emission	from	the	Sun
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Non-thermal	emission	from	the	Sun
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•Plasma emission：fp
•Gyro-synchrotron emission
•(Cyclotron maser emission：fc)
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For mm/submm;
Gyro-synchrotron 
emission is a dominant 
non-thermal emission
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New	Solar	physics	by	mm/sub-mm	
radio	observation
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1:	Thermal	free-free	emission	and	atmosphere
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Vertical structure of the Sun is still an 
unknown issue at the chromosphere! 

Various atmospheric models 
(Loukitcheva+2014)

There have been many such models, and 
most of these are based on strong atomic 
lines in the ultraviolet (UV) and infrared 
range. 
These lines are thought to be formed under 
non-local thermodynamic equilibrium (non-
LTE) condi7ons. Hence, the observa7onal 
results require non-LTE radia7ve-transfer 
simula7ons to facilitate their interpreta7on. 



Thermal	free-free	emission	and	atmosphere
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Thermal free-free emission
Op7cal depth∝

We can derive radio brightness 
from atmospheric models

Validation of the atmospheric models of the chromosphere

Radio brightness temperature 
estimated from various atmospheric 
models (Loukitcheva+2014)
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• the Rayleigh–Jeans law
• LTE condi7ons 



Sunspots;	as	an	example	of	mm	solar	radio	study

16Is the sunspot dark or bright?

Sunspot 
• Photosphere＝dark
• Chromosphere ＝？？？

？
Chromosphere
Millimeter radio wave

Photosphere
op1cal wavelength



The	Nobeyama	45m radio	telescope
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45m telescope：
• Frequency：～115GHz
• Spa1al resolu1on：～15ʺ
• Solar observa1on 

Technical demonstra1on experiment for the solar 
observa1on of ALMA.

A sunspot observation at 3 mm band with 
sufficient spatial resolution for resolving the 
sunspot umbra.

Note; There have been 
solar mm/sub-mm 
observations by JCMT, 
CSO, NRO45, and ALMA. 
Many mm/sub-mm (non-
solar dedicated) 
telescopes can observe 
the Sun.
Don't be afraid!



Results
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SS

plage

Quiet region
Limb

The Sun observed by SDO/AIA 
at 1700 A (12-Feb-2014)

Color contour:
Radio brightness at 
115GHz

Iwai and Shimojo 2015, ApJL
Iwai et al 2017, ApJ



Brightness	temperature	of	Sunspot	@115G
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The brightness 
temperature distribution 
at millimeter range 
strongly corresponds to 
the UV emission at 1700 
Å

Sunspot: ～7,410K

Quiet region:
7,340～ 7,460K

－7100K
－7300K
－7500K
－7700K
－7900K

Center of the sunspot ＝ not bright

Iwa&Shimojo 2015



ALMA	Solar	Observation
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The highest spatial-resolution map of an entire 
sunspot in this frequency range 

Full solar disc 
observed by ALMA 
single dish antenna 
at band 6
~24”

ALMA © JAO



ALMA	observation	@	3mm
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There is a bright spot at the 
center of the umbra

Note; This image is 
derived form both 
interferometer data and 
single dish data.
The single-dish and 
interferometric data were 
combined in the UV plane 
(feathering) to derive the 
absolute brightness 
temperature of the 
interferometric maps. 



ALMA	3mm	and	IRIS	(UV	obs.)
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Weak 
enhancements at 
1330A and 1400A 
images 

No counterparts at 
2796A and 2832A 
images 

3mm Radio enhancement = Upper chromophore
(consistent with the typical 3mm contribution function.)

Iwai et al, 2017



Discussion
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Radio coronal plume?
Bright region corresponds to 
footpoints of coronal loops at 
171 Å

(time variation, radio 
spectral observation)

Three-minute oscilla1ons?
Plasma compression can cause 
the radio enhancement

Iwai et al, 2017



2:	Polarization	and	Magnetic	field
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[Magnetic field] 
Key parameter of the solar physics

Photosphere

Lower chromosphere

Upper chromosphere

Corona

Zeeman effect
Optical spectroscopy

difficultChromosphere

possible



Polarization	at	the	chromosphere
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𝑃 =
𝑇#,% − 𝑇#,&
𝑇#,' + 𝑇#,&

Thermal bremsstrahlung
(Free-free emission) 
at microwave range

At the chromosphere 
𝜏 ≈ 1

Temperature	gradient
𝑇!,# ≠ 𝑇!,$ Polarization

Solar surface
Magnetic	3ield

𝜏# ≠ 𝜏$
penetrate into different layers

Note; Polarized 
molecular lines at 
mm/submm ranges 
have not been 
discovered on the Sun. 
The line survey will be 
another interes8ng 
work. 



Observation:	circular	polarization
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polarization is  corresponds 
to the Chromospheric and 
the Coronal magnetic field

Red：Radio pol (+)
0.5 1.0 ％

Blue：Radio pol (-)
-0.5 -1.0 -1.5％

Solar polariza7on observa7on 
test at mm/submm range is now 
going on in the ALMA team. 

Iwai and Shibasaki, 2013



3:	Synoptic	observation	and	Polar	brightening
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Polar regions become brighter at the 
solar minimum that corresponds to 
the polar magne1c field. Continuous observation of the Sun 

enables us make a synoptic map.

Synoptic map of the Sun at 17 GHz. Fujiki, KI+ 2018

How to make a synoptic map. Credit: National Solar 
Observatory (NSO)

Even 1 full disc image / week 
will be a big science result.



4:	Solar	Klare
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Note; There have been 
significant contribu1ons 
of SST for the solar flare 
studies on mm/submm 
ranges. That should be 
given in later in this 
session.

• Microwave radio spectra of the gyro-synchrotron emission gives 
energy spectra of the non-thermal par7cles generated by the flare.

• There might be other processes at the higher frequency.

An example of radio spectra by SST. (Kaufmann+2004) 



5.	Molecular	lines
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H recombina6on line
HI n=22–21 (JCMT/FTS)
(Clark+2000, A&A)

There might be other lines (e.g. CO)

• Post flare loop 
• Off limb observation
• Very rare 

663GHz660 666



Synergy	with	ALMA
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ALMA can observe the Sun.
The single dish images are taken by 
PM antenna.
The sub-array is not available that 
means the spectra is usually 
unavailable that is a significant 
issue for solar physics because the 
Sun has significant 1me varia1ons.

248GHz109GHz

Observe the Sun simultaneously with ALMA with Different band is a 
simple but VERY strong strategy that gives the mm/sub-mm spectra 
of the Sun.

Solar full disc image taken by ALMA PM 
antenna at band 3 (le`) and 6 (right).



Synergy	with	SST

31Kundu et al, 2009

• Full disc imaging and total flux at the same 
1me and loca1on (NoRP and NoRH) has 
been an strong tool to derive both loca1on 
and energy spectra of the par1cle 
accelera1on.

Time

Frequency(GHz)

Tb



Some	experiences	from	the	single	dish	
commissioning	works	for	solar	observation
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Detuning	of	SIS	devices
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①

②③

We examined several “SIS-detuning” 
techniques,
① induce a bias voltage 𝑛ℎ𝑓/𝑒

lower/higher than the best point 
(MD1/2) 
②induce a weaker local signal (MD0)
③Combina1on between ① and ②

(MD01/02).
Figure 1 SchemaKc image of the bias voltage 
and output diagram of an SIS mixer and its 
detuning modes.

How to reduce the input power?

Iwai et al, 2017



Linearity	check
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Observe the Sun using different tuning 
condi7ons and made a scaher plots. 

•Non-linearity between the Normal/MD01 
modes: Satura7on of the SIS device. 
•Linearity between the MD01/MD02 modes: 
Neither the MD01 nor the MD02 mode is 
saturated.

How to check the linearity of the strongest input?



Absolute	Calibration
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How to derive the brightness 
temperature? ① Derive the antenna temp. 

(Ta*) by 1 load calibration
② Ta* → absolute Tb 

Most side lobes are 
terminated to the Sun

𝑇! ≠ 𝑇%∗

𝑇! =
𝑇%∗

𝜂



New	Moon	Calibration
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Ra8o between lunar 
Ta*and actual lunar 
temperature (model)

𝜂!""# can be used to 
derive the  absolute solar 
brightness temperature 

Lunar scan

Solar scan

𝜂(&&) at 115 GHz: 0.74 ±0.08 (2015)
(it was 0.69 on 2003’s full Moon test)

The Sun at 115 GHz: 7700 ± 310 K

Note; We do not use the 
Moon calibraKon for the 
ALMA TP antenna although it 
is recommended to the solar 
observaKon. Details are 
given in White et al, 2017. 



“True”	feature	of	the	Sun	by	the	side	
lobe	deconvolution
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(black) observed solar disc profile. 
(red) aoer the deconvolu1on of 
the side lobe

The  deconvolution-map 
became more vivid. 
(around the sunspot region)

Far side lobes have little influence 
on the non-solar maps, but it is 
better to check if there are bright 
(>10dB) and broad (>> beam size) 
sources in the map.

Center-to-limb variation and solar radius is 
sometimes used to investigate the atmosphere. 
Such studies can be improved by this 
deconvolution.



Summary
•The Sun is an exiMng science target that is filled with 
magneMc acMviMes and erupMons. 
•The solar physics at mm/sub-mm range can invesMgate the 
solar atmosphre, magneMc field, and high-energy parMcles.
•The LLAMA has a large potenMal for solar physics.
•The solar commissioning works will be required. But it 
helps us to understand the telescope.
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Observing the Sun with LLAMA will be an interesMng project!


