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• Simple context for acceleration during flares
• Observations below and above 100 GHz
• Thermal emission
• (gyro)synchrotron emission from e- and e+
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The Framework

Bastian, Benz,
Gary 1998,
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foot points

HXR

Preka-Papadema & Alissandrakis 1984, AA 139, 507; 1988 AA 191, 365: 1992 AA
257, 307; Klein & Trottet 1984, AA 141, 67



Radio Observations
Before 2000: observations below 100 GHz
• Gyrosynchrotron radiation from flare accelerated electrons to mildly-

relativistic energies
• Thermal emission
Since 2000: observations in the 200-400 GHz range
• Solar Submillimeter Telescope (SST) 212 & 405 GHz at El Leoncito,

Argentina (Kaufmann et al. 2000): multi-beam system at 212 GHz:
information on the location and size of the emitting region

• Köln Observatory for Submillimer and Millimeter Astronomy:  230 & 345
GHz (Lüthi et al. 2004a)

• BErnese Multibeam RAdiometer for Kosma: multibeam at  210 GHz
(Lüthi et al. 2004b)



• X & cm-λ: typical of mw
impulsive burst

• 212 GHz (SST):
- high frequency  part of

synchrotron spectrum;
- high energy part of  e-

spectrum
• γL

2 ≈ ν/νce ⇒
higher observing
frequency ⇔greater
energy of radiating e-

• Radio diagnostics of
relativistic e-  more
sensitive than current
X/γ diagnostics

Synchrotron emission at λ ≤ 1 mm  (SST > 2000)

Giménez de Castro, Trottet, Kaufmann  et
al. 2009



22 mars 2002

Trottet et al. 2002



2002 March 22

Trottet et al. 2002



12.04.2001: First Observation of a Solar Flare
in the Submm-range with KOSMA



2003 Nov 4

gs

Kaufmann Raulin, de Castro et al. 2004

New spectral component

Flux density increases with ν in the sub-THz
region



2003 Nov 2

Silva, Share, Murphy et al. 2007



6 déc 2006

Kaufmann, Trottet, de Castro et al. 2009



Modeling of the sub-THz spectrum

•Optically thick free-free emission
(thermal)
•Synchrotron emission from
electrons (non-thermal)
•Synchrotron emission from
positrons (non-thermal)
•Other mechanisms: See Eduard
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Observations

* From GOES: EM < 1051 cm-3, T ~ 2-3 107 K



Free-free thermal emission

Ambient medium
• Electronic density: Ne

•Temperature: T

Radio emitting region
• Projected source diameter: Ds(“) or ds(cm)
•Source size along the line of sight: Hs (“) or hs (cm)
•Flux density at a few frequencies: S (sfu)
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Summary:

Free-free emission only from 
rather large sources (Ds > 40”).
This is the case for the 
extended phase of the 28 Oct 
2003 event



Neutron capture
Ion interaction

 
  

Sources
at

212 GHz

Electron bremsstrahlung
Electron interaction regions

28 Oct 2003 (Trottet et al. 2008)



Thick free-free at 345 GHz: Ne
amb > 1011 cm-3,  Tamb ~ 0.2 MK,

Trottet et al. 2008
E content > 1030 erg << total int. irradiance (6±3)1032 erg
Kopp et al. 2005

Interval C



Synchrotron during C
- Similar index for electrons derived from > 0.7 MeV GR
and from the slope of the optically thin radio spectrum ~ 3.2

- < 20%  HXR/GR from Corona Namb 1011 cm-3 (from RHESSI thermal) ⇒
Ne(> 1MeV) < 1033



Optically thick free-free at 210 GHz
requires:

• T ~ 3.5107 K  ~ T from GOES
• EM >> 8 1052 cm-3 >> EM from GOES

(1051 cm-3)
• Ne

amb ~ >> 2 1013 cm-3

Interval B



Synchrotron
Ambient medium

• Ne (cm-3)
• T (°K)
• B (G)

Radiating particles
• Nature (electrons, positrons)
• Energy spectrum
• Pitch angle distribution

Radio emitting region
• Ds (ds), Hs (hs), S as a function of νobs



Ds = 10’’
Hs = 1’’
B=700 G
Ne=8 1012 cm-3

νp = 25 GHz
νR = 220 GHz ~20 Ne/B
δ=3
N(>1 MeV)= 3.5 1033

No free-free (black)
T (°K) = 107 (red),
              5 106 (green)
              106 (blue)
EM ~ 2 1051 cm-3

Razin suppression
for electrons



Neutron capture
Ion interaction

 
  

Sources
at

212 GHz

Electron bremsstrahlung
Electron interaction regions

28 Oct 2003 (Trottet et al. 2008)



Ds = 10’’, Hs = 1’’
B=700 G
Ne= 1.5 1012 cm-3

νp = 11 GHz
νR = 41 GHz
Npos/Mev= 6 1029

between 12 and 100 MeV

T(°K) = 107 (black)
            106 (red)
             5 105 (green)
             105 (blue)
EM ~ 7 1049  cm-3

Ntot  5 1031 =>
> 5 1032 >200 MeV p

Namb=1.5 1011 cm-3

Razin suppression
+ free-free for positrons



Ds = 10’’
Hs = 1’’
B=700 G
Ne = 1.5 1012 cm-3

νp = 11 GHz
νR = 41 GHz
δ=3
N(>1 MeV)= 3.5 1033

T (°K) = 107 (black)
              1.5 105 (red)
EM ~ 7 1049 (cm-3)

Free-free absorption
for electrons



Positrons (green)
Too large numbers of > 200
MeV protons

Electrons+Razin (black)
High Namb (~8 1012 cm-3 for
B=700 G) => Tamb > 5 106 K
to get τff < 1
High EM

Electrons+free-free (red)
- Namb ~ 1-2 1012 cm-3 to get
- νR < 50 GHz
- Small EM
- low T (few 105 K and lower)

Summary on synchrotron
emission



 

free-free known mechanism 
rising spectrum 

Not viable for compact sources 
Fast time variations (?) 

Electron 
synchrotron 

known mechanism 
rising spectrum (razin or absorption) 
fast time variations 

‘extreme’ parameters needed to 
reproduce observations 

Positron 
synchrotron 

time and space coincidence with -
ray observations 
fast time variations 

not enough positrons (as derived 
from gamma-ray observations) 

Vavilov-Cherenkov rising spectrum 
large fluxes 
rapid variations 

dielectric properties of 
chromosphere not known (i.e. 
refractive index could be smaller) 

Bunching association with GHz emission THz emission a ttributed to electron 
synchrotron (see above) 
setup of bunching is unclear  
coronal microwave sources difficult 
to explain  

Plasma e mission  correlation with -rays 
low number of particles needed 

needs high densities and collisions 
should therefore be important 
not otherwise observed above  8 
GHz 

Diffusive radiation  
 

Rising spectrum Origin of high levels of long-
wavelength Langmuir waves 

Thermal 
Gyrosynchrotron 

Rising spectrum Extreme parameters 
Associated thermal hard X-ray 
emission not observed 

Synchrotron Maser Low number of particles needed  
Inverse Compton association with GHz emission not enough primary photons 
 

Sub-THz emission process ?

Summary of discussions at an ISSI workshop held in Bern (Nov 2009)
S. Krucker et al.
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