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Solar flares (radio bursts)

Energies 1029
− 1032 ergs

Typical times 102
− 103 sec

Produced by magnetic recconection

Plasma heating

Particle acceleration

MHD waves

Radiation

Sketch of a solar flare (Aschwanden & Benz, 1997)
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Microwave observations

Owens Valley Solar Array (OVSA, 1 - 18 GHz)

Radio Solar Telescope Network (RSTN, 245 MHz - 15.4 GHz)

Nobeyama Radio Heliograph (NoRH, 17 and 34 GHz)

Nobeyama Radio Polarimeter (NoRP, 1 - 80 GHz)

Pierre Kaufmann Radio Observatory (AKA Itapetinga Radio Observatory,
18 - 26 GHz and 40 - 50 GHz)

Microwave spectra for 2000 April 8 flare (Costa & Rosal, 2005)
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Submillimeter observations

Solar Submillimeter-wave Telescope (SST, 212 and 405 GHz)

Kölner Observatorium für Submillimeter und Millimeter Astronomie
(KOSMA, 210 and 345 GHz)
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A "normal event" observed at sub-mm wavelenghts on
August 30, 2002 (Giménez de Castro et al., 2009)

The first detected THz event, on November 4,
2003 (Kaufmann et al., 2004)

Normal event THz event
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Sub-mm events exhibiting the THz component

Free – free

Synchrotron
(electrons)

Synchrotron
(positrons)

Synchrotron (thermal)

Cherenkov

Microbunching

Plasma emission

Inverse Compton

Diffusive radiation

Synchrotron maser

Table 1. List of flares with a rising spectrum of sub-THz emission.

Solar flare (GOES class) Sub-THz (UT) δ F. density (sfu) UV(UT)

SOL2000-03-22T18:48 (X1.1)a 18:50:00 1.27+0.63
−0.63

500 18:50:00 412

SOL2001-04-12T10:28 (X2.0)b 10:17:54 1.09+0.96
−1.07

810† 10:16:11 816

SOL2003-10-27T12:43 (M6.7)c 12:32:30 1.68+0.48
−0.49

86† 12:32:36 490

SOL2003-10-28T11:10 (X17)d 11:16:12 2.0+0.8
−0.53

4500† 11:16:20 3590

SOL2003-11-02T17:25 (X8.3)e 17:19:30 3.41+2.92
−1.79

50 000 17:35:38 1268

SOL2003-11-04T19:50 (X28) f 19:44:00 0.71+0.23
−0.24

18 000 19:43:11 1969

SOL2006-12-06T18:47 (X6.5)g 18:43:51 0.98+0.68
−0.93

6800 18:43:53 2785

SOL2012-10-22T18:51 (M5.0)h 18:48:30 1.42+0.48
−0.49

50 18:49:52 148

SOL2012-07-04T09:55 (M5.3)i‡ 09:55:30 1.29+0.6
−0.63

39‡ 09:57:04 142

SOL2012-07-05T11:44 (M6.1) j‡ 11:44:24 1.33+0.6
−0.63

26‡ 11:41:52 126

SOL2013-02-17T15:50 (M1.9)h 15:46:25 1.42+0.28
−0.28

200 15:47:52 67

SOL2014-10-27T14:47 (X2.0)h 14:22:50 1.07+0.31
−0.31

60 14:18:40 133

SOL2014-11-05T19:44 (M2.9)h 19:53:40 0.63+0.4
−0.38

30 19:53:52 15

SOL2014-11-07T17:26 (X1.6)h 17:25:30 0.52+0.29
−0.29

70 17:25:28 202

Kontar et al., 2018.

Sub-THz radio data are from the following papers: (a) Kaufmann et al., 2001; Trottet et al., 2002;
(b) Lüthi et al., 2004a; (c) Trottet et al., 2011; (d) Lüthi et al., 2004b; Trottet et al., 2008; (e) Silva

et al., 2007; Kaufmann et al., 2009a; (f ) Kaufmann et al., 2004 and 2009b, (g) Kaufmann et al.,

2009b; (h) Fernandes et al., 2017; (i) Tsap et al., 2016; (j) Tsap et al., 2018.

Kaufmann & Raulin (2006), Kaufmann et al. (2009), Krucker et al. (2013),
Kontar et al. (2018)
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Future LLAMA Observations – Flares

Difficulties

Lack of a multibeam system

Small beam sizes at higher frequencies

Possible solutions

Phase 1: Determination of the source location
Complimentary instrument (flare finder)
Fast scans

Phase 2: Observations with on-the-fly mapping
OTF map of 2′

× 2′
−→ 12 sec

OTF map of 3′
× 3′

−→ 20 sec
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Future LLAMA Observations – quiet Sun

Daily mapping:
Solar radius determination: R(ν)

Limb brightening intensity observation

Analysis:
Input for atmospheric models

Correlation with the level of activity (Selhorst et al., 2011)

Solar observations with LLAMA



Acknowledgement & Poster

Thanks a lot!

Solar Observations with LLAMA
Cristiani Germán1,2, Mandrini Cristina Hemilse1

(1) Instituto de Astronomı́a y F́ısica del Espacio / CONICET-UBA, Buenos Aires, Argentina

(2) Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de F́ısica, Buenos Aires, Argentina

Abstract

Solar flares are transient events of sudden energy release in
amounts of up 1033 erg with characteristic times of about hun-
dreds of seconds. Flares and associated phenomena, such as
coronal mass ejections (CMEs), are the most dynamic aspects of
the solar corona that involve the destabilization of the large scale
magnetic field. When observed in radio wavelengths, flares are
called radio bursts. Radio observations of these phenomena pro-
vide an invaluable source of information about the physical pro-
cesses involved due to the high variety of emission mechanisms
in this spectral range. Higher frequencies radio observations im-
pose the most serious constraints to solar flare models. Solar
radio telescopes have evolved following the scientific interests to
achieve data at unexplored ranges. In the 80’s and 90’s, several
solar radio-telescopes were built in the microwave range (Owens
Valley Solar Array, OVSA, at 1-18 GHz; Nobeyama Radioheli-
ograph, at 17 and 34 GHz, etc). The Solar Submillimeter-wave
Telescope (SST, 212 and 405 GHz) started obsrving the Sun at
submillimeter wavelengths in the 21st century. A remarkable
discovery, at frequencies above 100 GHz during flares, is the ex-
istence of the so-called “THz component”, a spectral component
with an increasing profile at the highest observable frequencies
(up to 405 GHz) towards the THz domain. This new spectral
component is difficult to explain as bremsstrahlung or gyrosyn-
chrotron emission. LLAMA will bring data at an unexplored
spectral range (> 400 GHz) and will reach the best spatial res-
olution ever registered by solar radio-telescopes. The antenna is
specially designed to be able to point towards the Sun without
producing damages in its compounds. Visible and infrared ra-
diation will be scattered by the de-polished surface of the dish,
avoiding excessive energy concentration on the secondary reflec-
tor. Besides the analysis of transient phenomena, LLAMA will
be extremely valuable for the study of the chromospheric tem-
perature structure, improving our understanding of the energy
transport along the solar atmosphere.

Introduction

During solar flares, a remarkable increase in flux densities at mi-

crowaves is produced; detected fluxes at Earth can exceed 105 so-

lar flux units (1 SFU = 104 Jy) in these frequencies. These burst

emissions at 1 - 100 GHz are adequately explained by gyrosyn-

chrotron radiation of an accelerated electron population with a

power-law energy distribution, dN/dE ∝ E−δ (e.g. White et

al., 1992; Kundu et al., 1994; Raulin et al., 1999). Standard mag-

netic field values where the emission takes place are 100 - 1500

G (e.g. Bastian et al., 1998 ), and the spectrum of the gyrosyn-

chrotron emission typically peaks between 5 and 15 GHz, this

corresponds roughly to mildly relativistic electrons with Lorentz

factor 1 . γ . 5. For gyrosynchrotron radiation, emission

at higher frequencies generally implies higher–energy electrons.

When we consider frequencies above the microwave range, we

have a decreasing gyrosynchrotron spectrum and an increasing

quiet-Sun emission, then gyrosynchrotron emission of transient

events at higher frequencies is difficult to observe. Nevertheless,

several transient events were detected at frequencies between

40 and 90 GHz during 70’s, 80’s and 90’s of the last century,

indeed with poor observational equipment and conditions (e.g.

Croom, 1970; Kaufmann et al., 1985; Ramaty et al. 1994).

These events, detected at unusually high frequencies, seemed to

extend the usual gyrosynchrotron spectrum observed at lower

microwave frequencies.

Solar Submillimeter Observations

The SST (Kaufmann et al., 2001) is a solar dedicated telescope

with a multibeam system (six separate feed horns, four operating

at 212 GHz and two at 405 GHz) which allows to determine the

location and flux density of the flare source at both frequencies.

The telescope has operated routinely since 2001, whith some

inactivity periods due to improvements in its performance (cor-

rections of some imperfections in the disk shape mainly). Solar

observations at submillimeter wavelengths, inaugurated by SST,

were carried out by the Kölner Observatorium für Submillime-

ter und Millimeter Astronomie (KOSMA, Lüthi et al, 2004a)

telescope too. KOSMA operated from 2003 to 2010 when was

relocated in China for the observation of interstellar molecular

clouds. During its operational period KOSMA observed the Sun

at 210 and 345 GHz with a multibeam system similar to SST.

The THz component

When submillimeter observations were available, two types of

flares could be distinguished at these wavelengths, the usual gy-

rosynchrotron events and the THz events. The first ones corre-

spond to flares which show a high-frequency decreasing profile,

following the microwave spectrum behavior. On the other hand,

THz events exhibit a second spectral component, an increasing

spectrum from mm to sub-mm wavelengths. This second spec-

tral component was first observed by Kaufmann et al. (2004),

during the 2003 November 4 X28 large flare. Figure 1 depicts

the spectra at two instants of time, corresponding to different

peaks that were registered in the radio emission. Over the bulk

emission the sub-mm fluxes exhibit rapid subseconds pulses. For

these pulses, the obtained spectrum showed again an increasing

profile.

Figure 1: Burst
spectra exhibiting the
two different components,
the microwave usual spec-
trum (gyrosynchrotron)
and the rising profile for
higher frequencies. P1
and P4 refer to different
peaks observed in the
time profiles of the
emission (both, submil-
limeter and microwave).
Observations correspond
to Owens Valley Solar
Array (OVSA, 1.2 – 18
GHz), Itapetinga (44
GHz) and SST (212 and
405 GHz). For structure
P1 sub-mm spectra of the
pulses was obtained too
(taken from Kaufmann et
al 2004).

Table 1 (taken from Krucker et al., 2013) summarizes the reg-

istered events at submillimeter wavellengths during the first ten

years of SST and KOSMA observations. The table includes the

solar flare observation date, the active region, the position over

the solar disk, the GOES classification and the presence or ab-

sense of the THz component. The two last columns indicate the

atmospheric conditions at the moment of the observations and

the resulting correction factor (f ) due to opacity for the flares

which were re-analyzed in that paper. Six events, ranging from

M6.8 to X28 flares, exhibited a positive slope.

For most events the frequency coverage was rather poor, this

fact did not allow to determine the contribution from the tail of

the gyrosynchrotron microwave spectrum to the 212 GHz emis-

sion. From the log− log graphics power-law slopes at sub-mm

wavelenghts between 0.3 and 5 were determined.
To explain the observed radiation at sub-mmwavelengths several
emission mechanisms were proposed: thermal Bremsstrahlung,
synchrotron by electrons or positrons, thermal synchrotron,
Cherenkov, inverse Compton, synchrotron maser, coherent-

bunch synchrotron etc. All these mechanisms require extreme
values for the coronal parameters and/or create conflicts with
observations at other spectral ranges and/or are insuffieciently
studied mechanisms.

Future Observations with LLAMA

To give us some light about the nature of the THz compo-

nent, observations at higher frequencies are needed. Basically

the three wavelength decades between 1 mm and 1 µm remain

almost unexplored in solar burst research. Recently, López et

al. (2022) analyzed a solar flare observed at 30 THz (10 µm) by

the ground-based telescope AR30T, installed at the Estación de

Altura Carlos U. Cesco of the Félix Aguilar Astronomical Ob-

servatory (San Juan, Argentina), starting flare observations at

these frequencies.

LLAMA will extend the frequency coverage up to 1000 GHz,

adding the possibility of polarization determinantion. Coordi-

nated observations with other telescopes will allow to complete a

spectrum with three orders in frequency. THe better sensitivity

of LLAMA, compared to existing facilities, will enable to study

THz events at lower energies, until now only GOES class X and

M have been observed. Flare observations at higher frequencies

(e.g. Band 9) probably will be probably difficult to obtain since

higher frequencies imply smaller beam sizes and flare locations

would be previously determined to achieve an optimal pointing.

Source locations can be found with different strategies: using a

complimentary instrument as a flare finder, for example an Hα

telescope in the site. Other possibility is to use the antenna to do

fast scans over the solar region with high probability to produce

a flare. This technique was tested with success in single dish

Sun observations with ALMA for the radio imaging of the main

features on the solar disk (Phillips et al., 2015., using Lissajous

and double circle patterns).

Once the location of the flare is determined the antenna can do

on-the-fly maps around the flare position. A 3′ × 3′ map can

be obtained in around 20 seconds for Band 9, which has the

smallest beam with HPBW≈ 10”.

Besides flare analysis, and easier to implement, LLAMA quiet-

Sun observations can provide a large amount of data related to

the structure of the solar atmosphere. Solar radius determina-

tion in function of frequency is a necessary input for atmospheric

models. An extended study analyzing mean radius changes from

one cycle to the other and limb brightening can be carried out,

to support or refute previous results that correlate long-cycle

levels of activity with these parameters (Selhorst et al., 2011).
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[Cristiani et al., 2008] Cristiani, G., Giménez de Castro, C. G., Mandrini, C. H., Machado, M. E., Silva, I. D. B. E., Kaufmann,
P., & Rovira, M. G. 2008. A solar burst with a spectral component observed only above 100 GHz during an M class flare. A&A, 492, 215–222.
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[Giménez de Castro et al., 2013] Giménez de Castro, C. G., Cristiani, G. D., Simões, P. J. A., Mandrini, C. H., Correia, E., &
Kaufmann, P. 2013. A Burst with Double Radio Spectrum Observed up to 212 GHz. Sol. Phys., 284(2), 541–558.

[Kaufmann et al., 1985] Kaufmann, P., Correia, E., Costa, J. E. R., Vaz, A. M. Z., & Dennis, B. R. 1985. Solar burst with millimetre-
wave emission at high frequency only. Nat, 313(6001), 380–382.
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