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Abstract. We present a detailed analysis of radio observations obtained at 212 and 405 GHz during the 2000
March 22 Ha 2N flare that occured in AR8910 at ~1834 UT. These data are compared with microwave, soft
X-ray and hard X-ray measurements of this flare. While the flare emission is not clearly detected at 405 GHz,
the time profile of the 212 GHz emission exhibits an impulsive burst, associated in time with the 1-18 GHz
impulsive microwave burst and a long-lasting thermal burst which finishes at about the same time as the soft
X-ray emission but reaches its maximum later. The 212 GHz impulsive emission and the lack of detection at
405 GHz are consistent with synchrotron radiation from a population of ultrarelativistic electrons in an average
magnetic field of 400-600 G. This radiating population of electrons has a hard energy spectrum (power law index
~2.7). The expected >1 MeV gamma-ray continuum emission from the radio emitting electrons is comparable to
that detected for mid-size electron-dominated events and the hard X-ray flux they would produce at 100 keV is
consistently lower than the upper limit inferred from the observations. It is shown that the 212 GHz thermal source
has to be different from that radiating the soft X-ray and microwave thermal emission. The present observations
of a solar burst provide the first evidence of the extension of the gyrosynchrotron spectrum of an impulsive radio

burst in the synchrotron domain above 200 GHz.
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1. Introduction

Solar flares are fundamentally high energy phenomena
(Ramaty & Mandzhavidze 1993) that produce highly ac-
celerated electrons and ions which contain a large fraction,
if not most, of the released energy. The understanding of
particle acceleration is thus a key issue to establish the
physics of flares. While the knowledge of the low energy
electron and ion distribution functions is a basic ingredient
to study the flare energetics, the characteristics (energy
spectrum, upper energy cut-off, ...) of the most energetic
particles provide among the strongest constraints to ac-
celeration models. The most direct diagnostics of high en-
ergy electrons are: (i) the high energy (21 MeV) gamma-
ray (GR) continuum from e—p and e-e bremsstrahlung
(e.g. Chupp 1984; Rieger et al. 1998) and (ii) the ra-
dio emission from gyrosynchrotron radiation in coronal
magnetic field structures (see Pick et al. 1990; Bastian
et al. 1998 and references therein). High energy GR con-
tinua of electronic origin have been detected for a few
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tens of flares. In particular the observations show that:
(i) for some flares the >1 MeV GR continuum from elec-
tron bremsstrahlung shows a high energy rollover in the
50-60 MeV energy range (Rieger & Marschhiduser 1990;
Trottet et al. 1998) while, for other events, there is no
rollover up to 100 MeV (the upper energy limit of solar
dedicated instruments) and even up to ~300 MeV (Vilmer
et al. 1994, 1999; Leikov et al. 1993) and (ii) the spec-
trum of >0.5-1 MeV GR-producing electrons is harder
than that of lower energy hard X-ray (HXR) producing
electrons (e.g. Vestrand 1988; Rieger et al. 1998; Trottet
et al. 1998; Vilmer et al. 1999). However, due to the sensi-
tivity of GR detectors, high energy GR, observations have
only been obtained for large flares. The radio emission in
the centimeter—millimeter domain provides of more sensi-
tive diagnostics which, in principle allow us to investigate
if electron acceleration up to relativistic energies also oc-
curs in weak flares. Short millimeter wave observations
obtained at 86 GHz have indeed revealed that energetic
electrons with hard spectra, like those of GR-producing
electrons, may be accelerated in weak flares that would not
produce detectable GR emission (e.g. Kundu et al. 1994).

Article published by EDP Sciences and available at http://www.aanda.org or

http://dx.doi.org/10.1051/0004-6361:20011556



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20011556

G. Trottet et al.: First observation of a solar radio burst above 200 GHz

Nevertheless, at 86 GHz, the characteristic energy of ra-
diating electrons is of the order of a few MeV for mag-
netic fiels of a few 100 G (e.g. Dulk 1985; Ramaty et al.
1994). Radio observations at higher frequencies are thus
needed to probe higher energy electrons. This is achieved
by the Solar Sub-millimeter Telescope (SST) installed
at the El Leoncito Astronomical Complex in the argen-
tinean Andes which started solar observations at 212 and
405 GHz mid-1999 (Kaufmann et al. 2000a). First SST
observations of a solar flare that occured on 2000 March
22 at ~1834 UT have been described in Kaufmann et al.
(2001). This study emphasizes the detection of numerous
100-300 ms duration spikes at both observing frequencies
but did not provide clear evidence that the time evolution
of 212 and 405 GHz emission exhibits a counterpart to the
gyrosynchrotron microwave burst observed up to 18 GHz.
In this paper we show that the time evolution of the
212 GHz radio emission detected by SST during the 2000
March 22 flare exhibits a short (~3 min) impulsive burst
which is the short-millimeter counterpart of the impulsive
microwave burst, followed by a long-lasting (~60 min)
thermal emission. Both components are below the noise
level at 405 Ghz. These findings are discussed in Sect. 3
and a summary of the main results is given in Sect. 4.

2. Observations and data analysis

The 2000 March 22 Ha 2N (GOES X1.1) flare occurred
in active region NOAA 8910 (N14 W57) at ~1834 UT.
The present multi-wavelength study of this flare combines
mm and sub-mm radio observations with microwave and
X-ray measurements. Figure 1 displays the time evolution
of these different emissions from 1820 UT to 2000 UT.

The soft X-ray emission (SXR) in the 1.5-12 keV and
3-24 keV energy bands was obtained by GOES with a
time resolution of 3 s. Assuming an iso-thermal source,
these data allow us to estimate the temporal evolution of
the temperature T' and emission measure EM of the hot
flare plasma as a function of time by using the method
given in Thomas et al. (1985). The results are discussed
in Sect. 3.2.

The hard X-ray (HXR) data were obtained by the
RF15-1 soft/hard X-ray photometer aboard the Interball
Tail Probe satellite (Sylvester et al. 2000; Siarkowski et al.
1999). HXR measurements are performed by a Nal (T1)
sintillator in five energy channels in the 10-240 keV en-
ergy range. Figure 1 shows the time evolution of the 15—
30 keV and 120-240 keV count rates (1 s averaged) ob-
tained after dead time and counter wrapping corrections
(Sylvester et al. 2000). Due to the high flux of low energy
HXR photons all channels are strongly affected by pile-
up during the whole observation period. After ~1844 UT,
around the maximum of the 15.4 GHz and 212 GHz burst
(see Fig. 1), pile-up, effects are so strong that they dom-
inate the count rates shown in Fig. 1. Thus: (i) the time
evolution of the measured 120-240 keV HXR rate (the
less affected by pile up) is not the actual one and (ii)
the data cannot be used for spectral analysis. However
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we consider that before ~1844 UT the HXR rates in the
60-120 keV and 120-240 keV channels provide an upper
limit of the actual rates. Therefore an upper limit ®5g*
of the 100 keV photon flux can be estimated by normaliz-
ing the 120-240 keV count rate expected from an incident
photon energy spectrum, taken as a power law of index
~, to the observed count rate. Moreover, because pile-up
effects are expected to be less important at higher en-
ergies, the actual value of the photon spectral index is
expected to be lower than that obtained from the two
highest energy channels. Thus around 1844 UT (maxi-
mum of the microwave and 212 GHz impulsive burst), it
is found that v < 5.4 and that @G ranges from 3 to
13 photons cm =25~ ! keV~! for  ranging from 1.5 to 5.4.

Microwave total flux measurements were obtained by
the Owens Valley Solar Array (OVSA) in the frequency
range 1.2-18 GHz, and with the Radio Solar Telescope
Network (RSTN) in the frequency range 1.4-15.4 GHz,
with time resolutions of 10 s and 1 s respectively. The
time evolution of the 15.4 GHz flux density from RSTN
is shown in Fig. 1. In the following this frequency will be
used for timing considerations whereas the spectrum of
the radio emission will be taken from OVSA observations.

The SST provides observations at 212 and 405 GHz
with a time resolution of 1 ms. The multiple-receiver fo-
cal array produces 6 beams (1-4 at 212 GHz and 5-
6 at 405 GHz), allowing us to estimate the burst loca-
tion (Giménez de Castro et al. 1999). During the 2000
March 22 flare observations, the projection on the sky of
beam 5 is centered on and tracks AR 8910, while those
of beams 2-4 vary with time but always cover the ac-
tive region, and those of beams 1 and 6 are away from
AR 8910 (see Fig. 1 in Kaufmann et al. 2001). The half
power beamwidths were 7.5’ for beams 2, 3, 4, 5 and 10’
for beams 1 and 6. In order to, as much as possible, get rid
of non-solar temporal variations (due to e.g. atmospheric
opacity, a hot calibration source within the receiver sys-
tem), the signal S; from beam 1 (away from AR 8910) has
been subtracted from the signal S5 of beam 3 (always on
the solar disk). This difference is referred to as S3; in the
following. This procedure also removes the contribution of
the quiet Sun which, at a given frequency, is expected to
be similar in the different beams. Thus S3; will represent
the actual signal from an optically thin source but will un-
derestimate the signal from an optically thick source. In
addition, the smooth decrease of S3—S; due to the pro-
gressive entry of beam 1 onto the solar disk during the
flare observation has been removed from Ss3i(t). S3; has
been calibrated by setting S3; = 0 for sky observations.
Because beams 2 and 4 projected partly onto the sky, it
was not possible to derive So; and Sy in a similar way to
Ss1.

The flux density Fbi (in units of 10722 Wm=2Hz ! =
1 sfu), which is displayed in Fig. 1, is related to Ss; by:

Foa(t) = Sgl(t)i—k Q- exp(t/sin El(t)) - p (1)
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Fig. 1. From top to bottom, time evolution of: the 1.5-12 keV soft X-ray flux observed by GOES, the 15-30 keV and 120—
240 keV hard X-ray emission observed by RF15-1 on Interball, the 15.4 GHz radio flux density measured by RSTN and the
212 GHz flux density detected by SST. The data gap in the 212 GHz time profile is due to calibration

where k& = 1.38 x 1072® J/K is the Boltzmann con-
stant, A, = 0.09 m? is the antenna effective area, Q =
0.37 K/(analog-digital conversion units), 7 = 0.15 for the
present observations is the opacity at zenith and FEI is
the Sun’s elevation angle. u = 1.2 is a correcting factor
that accounts for the position of the burst within beam 3.
Taking into account the uncertainties affecting the dif-
ferent parameters in Eq. (1), we estimated that Fhio is
known to within +40%. Because the receivers associated
with beams 5 and 6 have different bandwidths, it is not
possible to derive Fjp5 in a similar way to Fs12 so that
only the signal received by beam 5 should be considered.
Unfortunately this signal shows variations due to changes
in the atmospheric opacity which are much stronger than
those expected from the flare emission. This is mainly due
to the low values of aperture efficiencies at the epoch of
the event. Since then, the latter have been improved by a

factor of ~10, and so too, the sensitivity (e.g. Kaufmann
et al. 2001). We thus consider that, at 405 GHz, the flux
density increase from the flare was lower than 90 sfu, the
estimated noise level from beam 5.

3. Results and discussion

Figure 1 shows that the 212 GHz radio burst exhibits
two components: (i) an impulsive burst Bl (~1843-
1846 UT), which is the counterpart of the impulsive mi-
crowave burst, and (ii) a more intense and time-extended
emission B2 (~1846-2000 UT). While B2 and the 1.5-
12 keV SXR emission vanish roughly at the same time,
B2 reaches its maximum during the decay of the SXR
emission. Such a B1-B2 time sequence has been al-
ready observed for a few events detected at 86 GHz



G. Trottet et al.: First observation of a solar radio burst above 200 GHz

697

H'z; 40001 RF15-1 120-240 keV
S 2000}
3 _
= 0

-1

8 10l |
= 2:107|
= 10107

1000

3.0 /L GOES 15-12 keV
time derivative

RSTN 15.4 GHz

N 500
I
€ oL
; 100
3 0: SST 212 GHz |
= '
I |
of [
I 1
1.4} - -
oY |
3 10} \ .
E (|
0.6 | | | | | L1 | L]
18:40 18:45
uT

Fig. 2. From top to bottom, time evolution of: the 120-240 keV hard X-ray emission, the time derivative of the 1.5-12 keV soft
X-ray intensity, the 15.4 GHz and 212 GH radio flux density and the radio spectral index (see text) during the impulsive burst
B1. The vertical dashed lines indicate the onset and the maximum of the 212 GHz burst.

(e.g. Kundu et al. 1994; Raulin et al. 1999). In the fol-
lowing, B1 and B2 are discussed separately.

3.1. The impulsive component Bl

Figure 2 shows the time evolution of the 120-240 keV
HXR rate, of the time derivative of the 1.5-12 keV SXR
emission, of the 15.4 GHz and 212 GHz radio flux densities
and of the radio spectral index during B1l. The spectral
index has been obtained by assuming that the the radio
spectrum is represented by a power law between 15.4 and
212 GHz. Because the 120-240 keV rate is strongly af-
fected by pile-up (see Sect. 2), the SXR time derivative

is used as a proxy of the HXR rate (e.g. Neupert 1968;
Dennis & Zarro 1993).

Figure 2 shows that, although the 212 GHz and
15.4 GHz bursts are globally time-associated, the onset
and the main peak at 212 GHz are delayed (~12 s for
the peak) with respect to those at 15.4 GHz. Previous
comparisons between the millimeter, microwave and HXR
emission indicate that the 86 GHz emission onset appears
sometimes to be delayed with respect to the microwave
and HXR onset (e.g. Kundu et al. 1994; Lim et al. 1992).
Such delays have been taken as evidence that the accel-
eration time of relativistic (a few MeV) electrons, which
radiate the millimeter emission, is longer than that of
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a few tens to a few hundreds keV electrons which pro-
duce the HXR and microwave emission. Such an inter-
pretation is not consistent with the observation of fast
correlated time variations of radiative signatures due to
a large range of electron energies, i.e. (i) HXR and GR
from ~100 keV to >10 MeV, which are found to co-evolve
within the 1-2 s time resolution of GR detectors (Forrest
& Chupp 1983; Talon et al. 1993) and (ii) HXR and mil-
limeter waves where common features were reported on
sub-second time scales (Kaufmann et al. 2000b and ref-
erences therein). Indeed, such findings likely support the
idea that the acceleration of electrons up to sub-relativistic
and relativistic energies is simultaneous within <1 s.

For the present burst, the time evolution of the main
15.4 GHz emission (~1842 UT to ~1846 UT) is not sim-
ple but comprises several secondary maxima or changes
of slope (during both the rise and the decay of the burst)
which reveal successive episodes of acceleration and in-
jection of electrons in the radio emitting region. Multiple
energy releases are also supported by the fact that the
evolution of the SXR time derivative exhibits numerous
time structures. Although it is not possible to estimate
how well this time derivative reproduces the actual HXR
time evolution, we note that most of these time struc-
tures find counterparts at 15.4 GHz and at 212 GHz after
the maximum. Due to energy dependent transport effects
(energy losses, pitch angle diffusion, partial trapping) the
HXR and radio burst will last longer than the associated
injection of electrons, so that successive injections may
lead to HXR and microwave bursts which overlap in time
(see discussion in Kaufmann et al. 2000b). This may ex-
plain why the maximum of the 15.4 GHz emission falls
between two maxima of the SXR time derivative and why
some of the injections show up as a change of slope of
the microwave time profile. Although this precludes an
estimate of the actual start, maximum time and duration
of a given injection, the data suggest that the 212 GHz
burst starts during one of the electron injections which
constitute the rise of the main peak at 15.4 GHz (see
Fig. 2). Figure 2 also shows that the radio spectral index
increases smoothly from the beginning of the main rise till
the maximum of the 212 GHz emission. Thus a plausible,
though not unique, interpretation of the delays between
the 212 GHz and 15.4 GHz onsets and maxima, is that sig-
nificant 212 GHz emission is only observed for an injection
with a hard electron spectrum and that such an injection
overlaps with a previous injection of a softer electron spec-
trum (in the same magnetic structure or a neighboring
one). This is in line with results of multi-wavelength stud-
ies of HXR/GR bursts which revealed that these events
exhibit sucessive injections of electrons and ions and that
noticeable changes in the electron spectrum and in the
electron to ion ratio occur from one injection to the other
(Chupp et al. 1993; Trottet et al. 1994; Trottet el al.
1998). This interpretation is also consistent with the ob-
servations by White (1999), Kundu et al. (1994) and Lim
et al. (1992). Indeed a careful examination of the hard
X-ray, microwave and 86 GHz time profiles shows, for
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Fig. 3. The radio spectrum measused over a 10 s time interval
at the maximum of the Bl burst (triangles). The solid lines
are theoretical spectra computed for magnetic fields of 300 G,
500 G and 700 G (see text).

those events where the 86 GHz onsets are delayed, that
these onsets occur when a new electron injection shows
up in the HXR/microwave time profiles.

Figure 3 displays the radio spectrum measured over
the 10 s interval which covers the maximum of BI.
The shape of this spectrum is as expected for gyrosyn-
chrotron/synchrotron emission generated by relativis-
tic/ultra relativistic electrons in coronal magnetic fields.
It exhibits a turnover frequency vpma.x between ~9 and
11 GHz, an optically thick rising part up to ~8 GHz and
an optically thin decreasing part above 15-18 GHz. Due to
lack of radio observations between 18 GHz and 212 GHz,
the optically thin part of the spectrum is poorly defined.
As a first approximation the radio spectrum is assumed to
decrease monotonously above 18 GHz. The solid lines in
Fig. 3 are gyrosynchrotron spectra calculated for different
values of a uniform magnetic field B ranging from 300 G
to 700 G by using exact gyrosynchrotron codes developed
by Ramaty (1969) and corrected by Ramaty et al. (1994).
These calculations have been performed for: (i) a radio
source size of 10” (typical size for millimeter sources, e.g.
Raulin et al. 1999 and references therein); (ii) a viewing
angle § = 45° and (iii) an instantaneous isotropic distribu-
tion of radiating electrons with an energy spectrum taken
as: N(E) = KE~9 (electrons MeV~!). The ratio 3vp /2,
(where v, is the plasma frequency and vp gyrofrequency)
that governs the level of the Razin—Tsytovich suppression
below vpax has been set to 1 for all values of B. This
choice does not affect the results below because they are
related to the spectrum above vy For a given value of
B, the free parameters K and 0 have been estimated by
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using a minimum x? algorithm which provides the com-
puted spectrum which best fits the observed one above
10-14 GHz. The comparison between the observed and
computed radio spectra (respectively, triangles and solid
lines in Fig. 3) results in the following comments:

— Below ~8 GHz (optically thick emission), the mea-
sured spectrum rises as v%7~12. This is much flatter
than the computed spectrum which rises as v3® due
to Razin suppression for the chosen value of vg /.
This is even flatter than 25 (resp. 129 ), expected for
an emission from relativistic (resp. midly-relativistic)
electrons with a power law energy spectrum when the
low frequency part of the spectrum is dominated by self
absoption (e.g. Dulk & Marsh 1982). Only a highly in-
homogeneous radio emitting region (e.g. several loops
of different sizes) can provide such a flat spectrum be-
low Viax (e.g. Dulk 1985; Klein et al. 1986). The fact
that vmax is not sharply defined provides a further in-
dication for an inhomogeneous radio source (e.g. Klein
& Trottet 1984). An inhomogeneous radio source is
also consistent with TRACE images of this flare that
reveal that the flare occured in a complex of highly
dynamic loops. The microwave spectral data provide
thus further support to our interpretation of the delay
between the optically thin microwave emission and the
212 GHz emission.

— Above ~15-18 GHz (optically thin emission) a reason-
able fit of the spectrum is obtained for § = 2.7 + 0.2.
Although the radio emitting region is most likely very
inhomogeneous the radio spectral slope and thus the
deduced value of 0 is quite independent of B (e.g.
Dulk 1985; Klein & Trottet 1984; Klein et al. 1986).
Therefore, calculations for a uniform magnetic field
allow us to estimate K for B averaged over the ra-
dio emitting region. Figure 3 shows that vyax is close
to the optically thin part of the observed spectrum
for B = 700 G. Thus the average magnetic field in
the radio source region should not be much higher
than 600 G. Because microwave and short mm-wave
emission are radiated by electrons with energies rang-
ing from a few hundred of keV to a few tens of MeV
(e.g. Dulk 1985; Ramaty et al. 1994) the electron spec-
trum inferred fron the present radio obsevations is
essentially valid for 21 MeV electrons. The total num-
ber of >1 MeV electrons N(>1 MeV) is found to be
(9.0 £ 0.1) x 10%° to (2.4 & 0.3) x 103 electrons for
B =300 G and B = 600 G respectively.

It is of interest to estimate F'(>1 MeV) and F'(>10 MeV)
GR fluences as well as the >100 keV HXR thick taget flux
P09 produced by the radio emitting electrons in order to
compare with GR fluences observed for other flares and
with the upper limit ®{{y* obtained from the RF15-1 ob-
servations (see Sect. 2). For that, the electron spectrum
deduced from radio observations is extrapolated down to
100 keV and it is assumed that: (i) the distribution of
electrons in the radio emitting region is isotropic and (ii)
electrons propagate freely across the radio source.
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Because the effect of partial trapping of electrons
within the radio emitting region is ignored, the elec-
tron flux F, entering the thick-target HXR/GR emit-
ting source may be overestimated. This leads to F, ~
N(E)v(E)/Lcosa (electrons keV—1 s71), where L is the
radio source scale length (10”), v(E) the electron speed
and « the mean electron pitch angle (taken as 45° for
the assumed isotropic distribution). Thick target calcula-
tions taking into acount both e-p and e—e bremsstrahlung
(Vilmer, private communication) are then performed to
comptute ®199, F(>1 MeV) and F(>10 MeV). The ob-
tained HXR/GR spectrum is well represented by a single
power law of index v = 1.5 in the 100 keV-100 MeV pho-
ton energy range. Such a hard spectrum is characteristic of
that measured for electron-dominated events above 1 MeV
(Rieger et al. 1998; Trottet et al. 1998; Vilmer et al. 1999).
In Fig. 4 (top panel) F'(>10 MeV) is plotted as a function
of F(>1 MeV) for the events reported by Rieger et al. The
rectangle shows the domain of values of F'(>1 MeV) and
F(>10 MeV) estimated for the present event and for B
ranging from 300 G to 600 G. Figure 4 indicates that the
present event should correspond to a mid-size electron-
dominated event. Figure 4 (bottom panel) displays ®J&*
for v ranging from 1.5 to 5.4 (solid line) and the estimated
values of @199 obtained for v = 1.5 and B ranging from
300 G to 600 G. Except for B =300 G and v = 1.5, 199
is always lower than @y as it should be. In fact the pho-
ton spectrum below 0.5-1 MeV is generally steeper than
above 1 MeV (e.g. Rieger et al. 1998; Trottet et al. 1998
and references therein). Thus it would be more relevant
to compare the value of @149 obtained for v = 1.5 to that
of ®TH4° obtained for v > 1.5, so that B = 300 G cannot
be fully excluded.

In summary, the microwave and short mm-wave im-
pulsive burst emission observed during the 2000 March 22
X1.1 flare is consistent with gyrosynchrotron radiation
from an inhomogenous source with an average magnetic
field strength in the 400-600 G range. The characteris-
tic energy of electrons radiating synchrotron emission at
a given frequency v in a magnetic field B is (e.g. Dulk
1985): E(MeV) = [(v/v,sin(0/2))Y/? — 1] x 0.511, where
0 is the viewing angle. For B ~ 400-600 G, the 212 GHz
emission is produced by synchrotron radiation from ultra-
relativistic electrons with E in the 12-15 MeV range.

3.2. The time extended component B2

The radio spectra measured by OVSA during B2 indi-
cate that both non thermal gyrosynchrotron and thermal
bremsstrahlung radiation contribute to the observed 1—
18 GHz microwave emission. Assuming that the microwave
thermal source is the same as the SXR source the values
of EM and T obtained from the GOES observations (see
Sect. 2) are used to compute the expected microwave free-
free emission for a source diameter ranging from 30" to 45”
(typical sizes for 17 GHz thermal sources; e.g. Raulin et al.
1999). The top panel of Fig. 5 shows the time evolution of
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the observed and expected 14.8 GHz flux density during
the decay of the microwave emission after 1850 UT. The
contribution of free-free emission to the total 14.8 GHz
emission increases with time and becomes dominant af-
ter ~1900 UT. As an example, in the bottom panel of
Fig. 5, the thermal spectrum (solid lines) derived from
GOES SXR observations (EM = 2.5 x 10* ¢cm™2 and
T =9 x 105 K) at 1910:50 UT, when free-free emission is
dominant, is overplotted on the observed one (error bars).
The observed and computed spectra agree reasonably well
and exhibit a turnover frequency around 10 GHz below
(above) which free-free emission is optically thick (thin).
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Fig. 5. Top panel: time evolution of the 14.8 GHz flux density
observed by OVSA during the decay of the microwave emis-
sion and comptuted for a 30" and a 45" isothermal source,
the emission measure and temperature of which have been de-
rived from the GOES SXR observations. Bottom panel: ob-
served (error bars) and computed (solid line) radio spectra
when the microwave emission is predominently produced by
free-free emission.

As expected, in the optically thin regime the computed
flux density does not depend on the cross section of the
source for a given value of EM (i.e. at a given time; see
e.g. Dulk 1985). Below ~10 GHz (optically thick emis-
sion), a slightly better agreement is obtained for a source
diameter of 30”. The good agreement between observed
and computed spectra is consistent with the assumption
that the SXR and microwave thermal sources are similar.

The smooth time profile of the 212 GHz flux density
during B2 suggests that this radio emission is predom-
inantly of thermal origin. Indeed, after ~1846 UT, the
OVSA spectra indicate that the contribution of gyrosyn-
chrotron radiation to the 212 GHz emission is negligeable.
However, the 212 GHz flux density expected from the mi-
crowave thermal source (~20 sfu) is much lower than the
observed one (~190 sfu; see Fig. 2, bottom). This is in
agreement with the suggestion by Kaufmann et al. (2001)
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that the SXR and 212 GHz emission arise from differ-
ent regions. Kaufmann et al. also proposed that the short
mm-wave emission might be produced deep in the chro-
mosphere.

The investigation of such a possibility is beyond the
scope of the present study, since it would require a realistic
and time dependant flare model of the deep atmosphere,
which is poorly constrained by the present observations.

4. Summary

In this paper we have reported and analysed observations
of a radio burst at frequencies larger than 100 GHz. These
observations were obtained at 212 and 405 GHz by the
SST during the 2000 March 22 Ha 2N (GOES X1.1) flare
at ~1834 UT. At 212 GHz the radio event comprises an
impulsive part B1 which lasts for ~3 min and a time ex-
tended burst B2 which lasts for ~60 min. Neither B1 nor
B2 produced a significant signal at 405 GHz, most prob-
ably because of the low level of aperture efficiency of the
SST at that frequency during the considered observing
period (see Sect. 2). The time evolution of the 212 GHz
radiation has been compared with that of the 1.5-24 keV
SXR, 120-240 keV HXR and 1-18 GHz microwave emis-
sion and radio frequency spectra have been analysed. The
main results can be summarized as follows:

— Bl is produced by synchrotron radiation from ~10-—
15 MeV ultra relativistic electrons in an average mag-
netic field of ~400-600 G.

— At 212 GHz, Bl is the high frequency counterpart
of the 1-18 GHz microwave burst radiated by gy-
rosynchrotron emission from lower energy (>a few x
100 keV) electrons. However, the onset and the max-
imum of B1 occur later at 212 GHz than at optically
thin microwave frequencies. Such delays do not nec-
essarily imply that the electron acceleration timescale
increases with energy. Indeed the present observations
indicate that Bl is the result of successive injections
of electrons in a highly inhomogeneous radio-emitting
region and that significant 212 GHz emission is de-
tected only when electrons are injected with a hard
spectrum. Observations at several frequencies above
~80 GHz would provide a crucial test of these alter-
natives: delays due to energy-dependent acceleration
times will grow with increasing frequency, while in-
jections with different spectra will give simultaneous
burst onsets.

— The electron population producing such a synchrotron
burst has a hard spectrum (power law index ~2.7).
The 100 keV HXR flux expected from these electrons is
consistently lower than the observed upper limit. The
spectral slope and the >1 MeV (or >10 MeV) GR con-
tinuum fluence, estimated from the spectral character-
istics of the radio emitting electrons, are comparable
to those measured for mid-size electron-dominated GR
events.
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— During B2 the microwave emission is produced by
both gyrosynchrotron and free—free emission. In the
late part of B2, when free-free emission is the domi-
nant process, the microwave source is consistent with
an isothermal coronal region which also radiates the
SXR emission. The 212 GHz radiation during B2 is
also consistent with thermal emission. However, this
short mm-wave thermal source is found to be different
from the coronal source radiating SXR and thermal
microwaves.

It is obvious that synchrotron emission from ultra rela-
tivistic electrons is expected for GR flares with signifi-
cant electron bremsstrahlung emission above 10 MeV. The
present observations constitute the first detection of such a
synchrotron component above 200 GHz and demonstrate
the ability of the SST to measure it. Kaufmann et al.
(2001) reported that numerous fast subsecond time struc-
tures were detected at 212 and 405 GHz during both Bl
and B2. Although the physics of such fast time variations
is not yet understood, the fact that their flux density in-
creases with frequency provides a clear indication that
their origin is different from that of the synchrotron impul-
sive burst analysed in the present study. The high-energy
bremsstrahlung continuum expected from the electrons ra-
diating this synchrotron burst could have been detected by
present GR detectors. However, it is obvious that the sen-
sitivity of the SST, which has been substantially improved
since the observations discussed in this paper, should al-
low us to detect much weaker flares than the one studied
here and thus to investigate if the acceleration of ultra
relativistic electrons occurs only during large (GOES M
and X) flares.
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