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Abstract

Radio emissions during and outside solar flares are tracers of energetic electrons from the bottom of the corona to the interplan-
etary space. This review focusses on impulsive flares, where joint analyses of radio, hard X-ray and y-ray observations proved to be
powerful probes of the properties of accelerated electrons and of the sites in the corona where they are accelerated. Evidence of
electron acceleration and transport in the corona from microwave imaging and decimetre wave spectroscopy is reviewed and com-
pared, and recent work on the interpretation of microwave spectra in terms of energetic electron spectra is discussed. The two direc-
tions for future instrumentation are the extension to shorter wavelengths, with the aim of probing relativistic electrons, and solar
dedicated spectral imaging from centimetric to metric waves to provide a unified view of the acceleration signatures that stem so far
from different instruments with either spectroscopic or imaging capabilities.

© 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Sun: particle acceleration; Sun: flares; Sun: radio emission; Sun: Hard X-rays, y-rays

1. Introduction

Radio emission of solar flares ranges from micro-
waves (wavelengths <30 cm, corresponding to frequen-
cies = 1 GHz) emitted in the low corona to kilometre
wavelengths (some tens of kHz) close to the Earth.
The emission is invariably due to energetic, nearly al-
ways non-thermal, electron populations.

The following review will focus on the microwave
emission from impulsive flares. In this domain, a large
amount of new imaging and spectroscopic observations
has become available and will be most useful in collab-
orative efforts with RHESSI. Section 2 will discuss
microwave imaging and spectral observations and their
joint analysis with hard X-rays (HXR) to extract infor-
mation on the radiating electrons. At decimetric and
metric wavelengths, a rich variety of spectral signatures
is observed which gives information on the regions of
electron acceleration. Because these emissions are coher-
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ent, they are sensitive tracers of energetic electrons in re-
gions of the corona that are too tenuous to provide
detectable X-ray or y-ray signatures. An overview of re-
cent observations and their comparison with microwave
analyses is attempted in Section 3. More detailed discus-
sions of radio, X-ray and y-ray diagnostics of particle
acceleration during flares can be found in Aschwanden
(2002) and Vilmer and MacKinnon (2003).

2. Microwave emission of solar flares
2.1. Morphology of simple microwave sources

Most microwave emission is produced through the
(incoherent) gyrosynchrotron process. The mechanism
is well understood (see, ¢.g., the review of Dulk, 1985)
and can be used as a complementary diagnostic of the
energy spectra of flare-accelerated electrons at energies
2 100 keV. Two major differences are to be noticed with
respect to hard X-rays: besides on the radiating elec-
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trons, gyrosynchrotron emission depends also sensi-
tively on the direction and strength of the ambient mag-
netic field, and the emission may be subject to
absorption processes, including self-absorption by the
energetic electrons and absorption by the ambient elec-
trons at cm-to-mm wavelengths through free—free
transitions.

Microwave source morphologies have been observed
with spatial resolution of 10” or better by the Very Large
Array (VLA), the Siberian Solar Radio Telescope
(SSRT) and the Nobeyama Radioheliograph (NoRH).
Many early observations of the VLA, using its extended
configuration with the highest resolving power, proba-
bly missed part of the flare and may not have traced
the relevant source configurations (Kai, 1987). Fig. 1
illustrates two more recent observations of simple source
configurations: in (a), two-frequency observations
(VLA) are shown on top of a magnetogram. The source
at low frequencies (5 GHz, solid contours) is extended
and bridges a line where the line-of-sight component
of the photospheric magnetic field changes direction.
At high frequencies (15 GHz, dashed contours) two
smaller sources are observed on different sides of the
large source at low frequencies. This configuration cor-
responds to the expectation of gyrosynchrotron models
from magnetic loop configurations, for which detailed
numerical models can be found in Alissandrakis and
Preka-Papadema (1984), Preka-Papadema and Alissan-
drakis (1988, 1992) and Klein and Trottet (1984).
At low frequencies the source is optically thick (self-
absorption). Only the outer layers are seen, which means
in this case the whole loop system or an extended region
around its summit. With increasing frequency one dis-
tinguishes more and more clearly the two legs or foot-
points, since the optically thin gyrosynchrotron
intensity increases strongly with the magnetic field
strength (power 0.900 — 1.22 in the mildly relativistic
case, where ¢ is the power-law spectral index of the radi-
ating electrons; Dulk and Marsh, 1982). Therefore,
radio imaging at frequencies below the spectral peak
gives an impression of the overall source structure, while
imaging above the peak frequency singles out the
regions of strongest magnetic field. A qualitative discus-
sion of gyrosynchrotron source morphologies and
spectra in a dipolar configuration is given in Bastian
et al. (1998). Circular polarisation can reveal further de-
tails of the source configuration. But it is subject to
modification during the propagation of the radiation
and cannot be reliably interpreted without detailed inde-
pendent knowledge of the magnetic field structure in the
corona.

Not all radio sources are resolved with the contempo-
rary instrumentation. The total intensity map of the
Nobeyama Radioheliograph in Fig. 1(b) shows a simple
source overlying the line of magnetic field reversal. More
structured patterns in the polarisation image (not
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Fig. 1. Maps of microwave sources during flares. (a) Extended source
(loop) at 5 GHz (solid contours), with two sources on either side at 15
GHz (dashed lines), VLA, on top of a line-of-sight magnetogram
(Nindos et al., 2000). (b) Compact source at 34 GHz (left) and 17 GHz
(right), NoRH, on top of a magnetogram (Kundu et al., 2001). (c)
Extended loop-like structure at 17 GHz (left) and 34 GHz, NoRH
(Yokoyama et al., 2002). The colour bar indicates brightness temper-
ature. The axes are graded in arcseconds. (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)

shown) suggest that the apparently compact source is
actually unresolved.

Once the correspondence between simple models and
simple observed configurations has been highlighted, it
is instructive to look for counterexamples. Yokoyama
et al. (2002) observed a simple elongated structure at
two frequencies that they interpret as a loop filled with
energetic electrons (Fig. 1(c)). The structure looks glob-
ally similar at 17 and 34 GHz, although the emission is
optically thin at 34 GHz, where footpoint sources would
therefore have been expected from the above arguments.
It seems that the simple gyrosynchrotron models do not
explain each observation, which may be due to
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unresolved fine structure, complex particle dynamics in
loops, or non-isotropic electron distributions. These is-
sues will be touched upon again in Section 2.5.

2.2. Microwave sources and the evolution of coronal
structures during flares

Hanaoka (1997) and Nishio et al. (1997) presented
surveys of radio source morphologies observed by
NoRH during events with simple time profiles at 17
GHz which are similar to HXR, and compared them
with X-ray images (Fig. 2). They reported double (or
multiple) loops during most events, one loop being com-
pact (<20”) and coinciding with a double HXR source,
and a second loop on larger spatial scale (30”"-80"), with
radio emission near the footpoint remote from the pri-
mary loop. The “loop” structure was identified by com-
parison with soft X-ray images. The compact microwave
sources have internal structure, because the images in
polarisation are not identical to those in total intensity.
The brightness of the remote source varied in correlation
with the primary one. Hanaoka (1999) made a correla-
tion analysis between the microwave and HXR emis-
sions in this type of source. He showed that the 17
GHz emission from the primary source co-evolved with
the HXR emission (delay 0-0.2 s), while the remote
source was significantly delayed (0.40-0.55 s). The con-
figuration was interpreted as a signature of reconnection
between a small emerging loop, which hosts the HXR

sources and the primary microwave source, and an over-
lying large scale loop. Hanaoka (1999) suggested that
electrons are accelerated at the interface between the
small emerging loop and the large overlying one, are in-
jected into both the compact and the large loop, and are
seen in the latter when reaching the opposite footpoint.
Given the size of the compact loop, the reconnection re-
gion would be expected at a height of about 10* km
above the footpoints. The delays and distances involved
imply a speed along the large loop corresponding to
electrons with energies of several hundreds of keV.
Yokoyama et al. (2002) suggest that they directly im-
aged the propagation of electrons in such a loop.

2.3. Microwave flux densities and spectra

After many years of patrol observations at a few dis-
crete frequencies, the Owens Valley Solar Array (OVSA)
is the first to provide a quasi-continuous coverage of the
spectrum between 1 and 18 GHz. A typical spectrum out
of a sample of 412 events studied by Nita et al. (2004) is
plotted in Fig. 3(a): at frequencies above 3 GHz the
spectrum has the shape expected for gyrosynchrotron
emission, with a rise to a peak near 5 GHz and a decay
towards higher frequencies. The emission below 3 GHz
is different, probably mostly coherent emission typical of
decimetric and longer waves. The scatter plot in Fig.
3(b) displays the flux density as a function of frequency
measured at the spectral peak for all points during the
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Fig. 2. Examples of source configurations observed by the NoRH (Nishio et al., 1997). Four events are shown in the four columns, the rows present
maps at 17 GHz (top; NoRH) in intensity (grey-scale) and degree of circular polarisation (contours), HXR maps (middle; contours; Yohkoh/HXT
23-33 keV) on top of a grey-scale soft X-ray image (Yohkoh/SXT), a schematic drawing of the source configuration (bottom).



1762 K.-L. Klein | Advances in Space Research 35 (2005) 1759-1768

500
10
T
334 =
=) £
Lo x
wn 2
d o
Fog
‘w 224
=
@©
©
x
5 | 1
o |
| (b)
|
150 |
! E §
| g 30
j 3 E 20
100 L N Y L M I N | Zm
10 o
(a) Frequency [GHz] (c) .

10! 102 10% 104 108 108
Peak Flux [sfu]

-4 -2
C—tune: Hiahd 20

Fig. 3. Microwave spectrum and statistical parameters observed by the Owens Valley Solar Array (Nita et al., 2004). (a) An observed spectrum (open
squares) with a simple analytical fit; the vertical dashed lines mark the limit between the high-frequency gyrosynchrotron spectrum and the domain of
coherent emission at lower frequencies. (b) Scatter plot of measured peak flux densities vs. peak frequency throughout the events. (¢) Histograms of
the (positive) low-frequency and the (negative) high-frequency power-law indices of the observed spectra.

whole set of events. An important feature expected from
gyrosynchrotron models is the correlation between the
peak flux density and the frequency where it occurs,
which is readily visible at frequencies above the dotted
horizontal line. This means that the stronger the event,
the higher its peak frequency, and the greater the prob-
ability that the emission is optically thick — or at least
not optically thin — even at high frequencies. Based on
an extensive statistical study (Guidice and Castelli,
1975), which showed that most microwave events had
spectral maxima near 10 GHz, emission at higher fre-
quencies was often implicitly assumed to be optically
thin, and information was deduced on the electron num-
ber from single frequency observations. This is to be
considered with much caution. Correia et al. (1994)
had shown earlier, using 115 events observed with the
whole Sun patrol observations of the University of Bern
between 1984 and 1992, that nearly half of the bursts
could not be considered as being optically thin in the
range (20-35) GHz. This is not in contradiction with
Guidice and Castelli (1975), but simply means that the
bursts which are well observed at 35 GHz are relatively
rare in their sample of microwave events. It is clear that
multifrequency observations are required for any quan-
titative analysis of the microwave observations.

The low-frequency gyrosynchrotron spectrum may be
shaped by self absorption by the non-thermal electrons,

by absorption in the ambient (thermal) plasma, or by
suppression of gyrosynchrotron emission and absorp-
tion in a dense plasma at frequencies not too far from
the electron plasma frequency (Razin suppression). Ra-
zin suppression generates a rather steep low-frequency
spectrum. The distributions of observed spectral indices
below (positive values) and above the spectral peak
(negative values) are plotted in Fig. 3(c). A uniform
gyrosynchrotron source containing an isotropic power-
law distribution of electrons with spectral index  (num-
ber of electrons N(E)dE ~ E~°dE) produces an intensity
spectrum with index 2.52 + 0.086 (cf. Dulk and Marsh,
1982) in the optically thick regime. A non-uniform mag-
netic field flattens the spectrum at low frequencies.
OVSA (Fig. 3(c)) measures positive spectral indices with
a median slightly flatter than 2. A significant number of
spectra is steeper than 3 at low frequencies. This has
generally been ascribed to Razin suppression in a dense
ambient plasma (Ramaty, 1969; Klein, 1987; Belkora,
1997) or to the thermal absorption of emission from
non-thermal electrons (Benka and Holman, 1992).

The high-frequency spectral slope of gyrosynchrotron
emission reflects the slope of the electron spectrum (for
isotropic electron distributions). The spectral index of
the microwave intensity or flux density (~v*) predicted
by simple homogeneous gyrosynchrotron models (Dulk
and Marsh, 1982) is o« =1.22 —-0.906 for mildly
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relativistic electrons. It decreases to o = 0.5(1 — §) for
relativistic electrons.

Nita et al. (2004) reported a trend that the microwave
spectra both above and below the peak frequency be-
come flatter with increasing peak flux. The evolution
of the high-frequency spectrum is easily understood, be-
cause more high-energy electrons means higher bright-
ness. Since the flattening of the low-frequency
spectrum translates non-uniformities in the radio
sources, the observed trend of the low-frequency spec-
trum probably means that the more intense microwave
bursts are emitted by more complex sources.

2.4. Analysis of electron spectra from microwave and
HXR observations

There has been a long-standing discussion in the lit-
erature on the discrepancy of energy spectra of the
radiating electrons derived from HXR and microwave
spectral observations. While early analyses came to the
overall conclusion that the HXR emission required
many more non-thermal electrons than the micro-
waves, more sophisticated later models, which consid-
ered differences between the HXR source (thick target
or trap-plus-precipitation) and the microwave sources
and also the possibility of absorption or suppression
and of inhomogeneous magnetic fields of the micro-
wave emission mostly concluded that the electron pop-
ulations were compatible (see Pick et al., 1990, and
references therein). This does not exclude the possibil-
ity that different parts of a common electron spectrum
emit the two wavelength ranges, since HXR are
mostly emitted by electrons of lower energy than
microwaves.

Pioneering observations of microwave emission in
the mm-waveband were discussed by Kundu et al.
(1994). While the hard X-ray bursts they studied had
particularly steep spectra (indices >6), so that no
high-frequency microwave emission was expected, the
BIMA interferometer did see emission at 86 GHz
which the authors ascribed to electrons with a much
flatter power law energy spectrum. Since these flares
had no detectable y-ray continuum from the high-en-
ergy electrons presumed to emit the mm-waves, a
consistency check between the two spectral domains
could not be made. Such complementary studies were
carried out through the comparison of microwave
and gramma-ray spectra during two large flares by
Trottet et al. (1998, 2000). During these events the
photon spectrum derived from the HXR and y-rays
hardened above a break in the range (400-700) keV.
This was interpreted as a hardening of the high-energy
electron spectrum. Depending on whether the optically
thin microwave emission comes from the electrons be-
low or above the break, the microwave spectral index
should be compatible with the electron spectral index

inferred from hard X-rays or y-rays, respectively. Hil-
debrandt et al. (1998) showed that for typical magnetic
fields and break energies in the range (100-500) keV
the microwave spectrum will have a break in the range
(10-30) GHz.

Trottet et al. (1998, 2000) found that the electron
spectral index derived from observations at frequencies
between 20 and 50 GHz was consistent with the y-rays.
This finding confirms the view that microwave emission
at short cm-waves and mm-waves comes from relativis-
tic electrons, and that these electrons may have a flatter
spectrum than the electrons up to a few hundreds of keV
which dominate the HXR photon spectrum. This is so
although the time profile of the microwave emission
resembles that of the HXR — a similarity which had been
used as an argument that the microwaves are emitted by
the same electron populations as the HXR at some tens
to a few hundreds of keV (Kosugi et al., 1988).

The analysis of the y-ray flare of 2002 July 23 ob-
served by RHESSI and NoRH was interpreted by
White et al. (2003) as a counterexample to this conclu-
sion. The event was very bright and optically thick up
to the vicinity of 35 GHz. From measurements at 35
and 80 GHz, the authors derived a spectral index of
the electrons that gradually rises from —3.3 to —2.4
during the phase of bright emission (see Fig. 1 of
White et al., 2003). The spectral index will be steeper
if 35 GHz is not in the optically thin regime. The
HXR/y-ray continuum was fitted by a spectrum with
slope 2.77 (2.23) at energies below (above) about 600
keV (Smith et al., 2003). Assuming a thick target model,
this photon spectrum implies an electron number spec-
trum with slope 4.3 (3.2), where electrons emitting
photons above 600 keV were supposed to travel at c.
The value derived from the high-energy photons is
not far from the value inferred from the microwaves.
Contribution of electron—electron bremsstrahlung to
the y-ray continuum emission would imply a slightly
steeper electron spectrum (see Haug, 1975), and would
hence produce a discrepancy with the microwaves. But
in the light of the observational uncertainties the 2002
July 23 flare does not appear as a clear contradiction
to the conclusion from the large flares mentioned
above: that electron spectra inferred from high-
frequency microwave and y-ray continuum observa-
tions are compatible, whilst the electrons with lower
energies emitting hard X-rays up to a few hundreds
of keV may have steeper spectra.

With the data presently at hand, the modelling must
assume simple configurations, e.g., homogeneous energy
spectra (although the magnetic field model may be
non-uniform) and isotropic angular distributions of
the non-thermal electrons. There is some degree of
freedom because the electrons emitting microwaves
may be trapped, while precipitating electrons are often
assumed for hard X-rays. While the events analysed by



1764 K.-L. Klein | Advances in Space Research 35 (2005) 1759-1768

Trottet et al. (1998, 2000) and White et al. (2003) suggest
that the electrons emitting mm-waves are not efficiently
trapped, the model calculations of another event by
Bruggmann et al. (1994) showed a good correspondence
with the observed time profiles and spectra of HXR and
microwaves under the assumption that both are pro-
duced by electrons injected during several minutes into
a coronal trap. The trapping was suggested in this case
by large delays (several tens of seconds) between the
peaks at microwaves, high-energy and low-energy hard
X-rays. Such delays do not exist in the events discussed
above, so that the electron dynamics seems to be differ-
ent in these events. However, Bruggmann et al. (1994)
had no y-ray continuum measurements able to provide
an independent diagnostic of the relativistic electron
spectrum. In summary, the model calculations seem to
converge to the idea that microwaves and y-rays, poten-
tially also hard X-rays, give a consistent view of the
spectrum of radiating electrons, but that this spectrum
is not necessarily a unique power-law, and that further-
more there is a great amount of inherent uncertainty due
to a simplified view of electron transport imposed by the
presently available data.

2.5. An open issue: angular distributions of the radiating
electrons

It may appear surprising that such simple models of
the electron distribution as usually employed in HXR
and microwave analyses lead to relevant results at all,
because anisotropies of the angular distributions are ex-
pected to have a strong influence on the intensity and the
spectral slope of gyrosynchrotron emission (Ramaty,
1969; Fleishman and Melnikov, 2003). The spectrum
and intensity of gyrosynchrotron emission depend on
the viewing angle with respect to the magnetic field
and to the pitch angle of the radiating electrons. Relativ-
istic beaming favours strong emission in the instanta-
neous direction of motion, while the Lorentz force
tends to favour strong emission in the direction perpen-
dicular to the magnetic field. Nevertheless, effects of
anisotropy expected in homogeneous models like cutoffs
of the high-frequency spectrum are not apparent in the
data. Although mm-wave observations are still scarce,
observations up to 86 GHz (Raulin et al., 1999) and
even above 200 GHz (Trottet et al., 2002; Liithi et al.,
2004) seem to suggest that the gyrosynchrotron spec-
trum continues up to high frequencies. It is important
to keep in mind that such microwave spectra are flux
density spectra without spatial resolution. High-
frequency emission from regions of strong magnetic
fields (cf. de Jager et al., 1987; Klein, 1987) may then
compensate for the absence of optically thin emission
from weaker fields, and mimic a continuous power law
decrease of the high-frequency spectrum although differ-
ent sources are actually involved. Spectroscopic imaging

over an extended range of microwave frequencies is
needed to give us a clearer view.

Possible observational evidence for anisotropies of
the electron distribution at microwaves was presented
by Melnikov et al. (2002) and White et al. (2002). They
showed several NoRH observations of flares, where the
microwave emission comes initially from loop foot-
points as expected from optically thin gyrosynchrotron
emission, but later on a single source near the summit
of the former loop dominates, although the emission re-
mains optically thin. The authors ascribe the late emis-
sion to loop top sources, and suggest they were
emitted by trapped electrons. Model computations by
Melnikov et al. (2002) show that an electron distribution
peaked perpendicular to the magnetic field around the
summit would reproduce the observations. While the
interpretation of these optically thin loop-top sources
in terms of anisotropic distribution functions is promis-
ing, spatial structure of the radio sources on unresolved
scales may be an alternative. The simple events discussed
in Sections 2.1 and 2.2 suggest that the sources may be
as small as the 10” resolution of NoRH or even smaller.
The brightening of such a compact source below an ex-
tended one would mimic a loop top source. Spectral
imaging with higher spectral and spatial resolution is re-
quired to disentangle these effects. It is clear that the un-
solved issue on the angular distribution of the radiating
electrons is a major obstacle to more refined quantitative
interpretations of the observations.

2.6. Can microwave and HXR emission provide evidence
on the accelerated electron population?

All the discussions of the present section rely on the
assumption that the observed spatial and spectral fea-
tures of the microwave emission reveal properties of
the distributions of energies and pitch angles of the radi-
ating electrons. However, if the relevant electron
dynamics occur in a multitude of small-scale regions
which are not resolved by imaging observations, any
modelling effort as those cited above will stand on
uncertain ground, and the quantitative results from such
efforts will be of questionable significance. As interesting
as it may appear on theoretical grounds (cf. Vlahos
et al., 2004, and references therein), this objection seems
to exclude the possibility of correlated behaviour of elec-

tron signatures in different f199.aring regions, such as the

correlated brightenings of different HXR footpoints (Sa-
kao et al., 1994), correlated variations of coherent radio
and HXR emission (Aschwanden, 2002, and references
therein) or of different microwave sources (Hanaoka,
1999). The existence of correlations suggests that we
do see at least some f.atures related to electron trans-
port, although elementary acceleration processes occur
on subtelescopic scales. Similarly, the understanding of
the global f.atures of microwave and HXR source
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morphology in terms of gyrosynchrotron radiation and
bremsstrahlung, outlined in previous sections, suggests
that the available observations can be related to micro-
scopic processes.

3. Radio observations of energy release and acceleration
sites

3.1. Evidence from electron beams

The centimetric imaging observations discussed
above suggest that interacting loops in the low corona
provide a site for electron acceleration to hundreds of
keV. There is no hint in this data to cases with loop
top sources as were found in HXR, since the loop top
sources of White et al. (2002) and Melnikov et al.
(2002) occur in the course of a flare, rather than at its
beginning.

Independent evidence on electron acceleration sites in
the corona comes from broadband spectrographic
observations. Coherent emission at long centimetric-
to-metric wavelengths comprises short bursts emitted
by electron beams at the local plasma frequency or its
harmonic. The bursts exhibit a characteristic frequency
drift to higher or lower frequencies, depending on
whether the beams travel along the gradient of ambient
electron density or in the opposite direction. Bursts
drifting to lower frequencies are called type III bursts,
those drifting to higher frequencies reverse-drift bursts
(RS bursts). Aschwanden et al. (1995) studied correlated
decimetric-to-metric type I1I bursts and individual peaks
in the HXR time profile. The existence of such a corre-
lation points to the generation of bidirectional electron
beams in the corona, the upward propagating beams
being revealed by type III emission, whereas the down-
ward propagating beams generate HXR in the dense
low atmosphere. In some cases downward propagating
beams are also signalled by RS bursts. The starting fre-
quencies of the type III bursts between 220 and 910
MHz imply a range of thermal electron densities in the
acceleration region (6 — 100) x 108 ((1.5 — 26) x 10%)
cm* for fundamental (harmonic) emission (Aschwan-
den and Benz, 1997). The start frequencies of successive
bursts in the course of an event scatter within a fre-
quency range (20%-50%) of the central frequency
(Aschwanden, 2002). He suggests that the gap between
the start of oppositely drifting bursts characterises indi-
vidual acceleration regions (typical size 100-1000 km),
while the overall scatter characterises the volume where
accelerators exist (5000-50000 km).

A key result of Aschwanden and Benz (1997) is the
much lower electron densitiy in the acceleration region
than in the bright soft X-ray loops (1, = (0.2 — 2.5) x
10" ¢cm™?). The authors explain this by acceleration re-
gions outside the bright SXR loops, e.g., reconnection in

a cusp geometry above the loops. This is consistent with
electron time-of-flight studies from HXR (Aschwanden,
2002) as well as with geometries inferred for HXR loop
top sources. But the relative timing of the electron accel-
eration and the filling of the loops is not clear, since the
high electron densities in flaring X-ray loops are gener-
ally ascribed to chromospheric evaporation, which the
Neupert effect (Neupert, 1968; Dennis and Zarro,
1993) links closely to the acceleration of HXR or micro-
wave-emitting electrons. This scenario is corroborated
by correlative radio and HXR observations not only
with soft X-rays, but also EUV and Ha (Trottet et al.,
2000, and references therein). One should therefore not
expect that such dense loops already exist when the elec-
trons carrying the bulk of the released energy start to be
accelerated.

The typical height where electrons of tens to a few
hundreds of keV are accelerated are estimated from
time-of-flight analyses as 1.4 times the loop radius seen
in soft X-rays (cf. Aschwanden, 2002 and references
therein). The cusp geometry envisaged by Aschwanden
and Benz (1997) is shown in Fig. 4, and compared with
that inferred for the acceleration of electrons of several
hundreds of keV from the NoRH microwave imaging
(Hanaoka, 1999). The inferred heights of the accelera-
tion regions are comparable, although the details of
the scenarios show differences. For instance, microwave
emission from the very dense soft X-ray loops in Fig.
4(a) may be suppressed by the Razin effect. Simple esti-
mates based on the densities and temperatures derived
from the soft X-rays (Aschwanden and Benz, 1997) do
show that Razin suppression could act up to several tens
of GHz. The microwave spectrum of such a source
would be limited to very high frequencies. Spectra with
a possible influence of Razin suppression were discussed
in the literature (Kaufmann et al., 1985; Klein, 1987;
Belkora, 1997), but not in conjunction with the soft X-
ray and type III burst diagnostics of Aschwanden and
Benz (1997). The available spatial resolution does not al-
low one to distinguish between microwave emission in
the sources “SXR” and “MW” in Fig. 4(a). Radio imag-
ing observations that encompass the centimetric-to-met-
ric waveband, and their combination with knowledge of
the magnetic field structure in X-ray and radio emitting
regions, are required to conceive a coherent scenario of
interacting and escaping particles, and of the different
energy ranges of energetic electrons.

3.2. Decimetric spikes

The basic idea that electron acceleration in the corona
can be traced by short-lived and narrow-banded radio
emission (spikes) is corroborated by spectral and imag-
ing observations at metre waves (Krucker et al., 1997,
Paesold et al.,, 2001, and references therein). Metric
spikes are observed near the starting frequency of type
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Fig. 4. Scenarios of the acceleration of electrons of tens of keV inferred from soft X-ray and radio spectroscopic observations (a; Aschwanden and
Benz, 1997) and of electrons of several hundreds of keV as inferred from microwave imaging (b; Hanaoka, 1999).

III bursts, and their sources are located in the backward
extrapolation of the type III trajectories. The studied
events occur at greater coronal altitudes than inferred
for the acceleration of electrons during flares. They are
related with electron beams escaping to the high corona
(metric type III bursts) outside flares, since there is no
HXR or microwave emission.

The HXR associated decimetric spikes have only
rarely been mapped, and their location with respect to
HXR and microwave signatures of energetic electrons
is basically unexplored. Benz et al. (2002) studied events
where the low-frequency part of spike clusters could be
located by the Nancay Radioheliograph. They found the
spike sources far from the hard X-ray sources, but the
morphology of the magnetic structures was complicated
in their events. Since spikes are due to coherent emission
processes, it is expected that their overall spectral extent
reflects distributed regions of acceleration. One may
speculate that the lower outskirts of the acceleration re-
gion from which spikes at relatively low frequencies are
seen are not the regions where the most energetic elec-
trons are accelerated. Again, the lack of imaging obser-
vations over the whole frequency range where spikes
occur sets limits to our ability of exploring acceleration
sites. Only when the low-frequency part and the high-
frequency part of the clusters will be imaged and com-
pared with magnetic field extrapolations will we be able
to give a clearer statement on the relevance of decimetric
spikes as tracers of electron acceleration during flares.

Doubts on such a central role come from the delays of
spikes after HXR emission, up to several seconds (Asch-
wanden and Guedel, 1992). It is not clear if such delays
can be explained by coronal transport, since the earlier
HXR emission clearly shows that electrons are precipi-
tated in the low atmosphere up to several seconds before
the first spikes are observed in the dynamic spectra.
Alternatively, the spikes might also be related with elec-
tron transport to the remote microwave source discussed
in Section 2.2. The delays of spikes are much longer than
those observed from microwaves (Hanaoka, 1999), but
this may be due to the different energy ranges of the
radiating electrons, i.e., tens of keV for the spikes, hun-
dreds of keV for the microwaves.

3.3. Possible radio signatures from regions of magnetic
reconnection

Spectroscopic studies provided other, less indirect sig-
natures which may be related to the energy release and
electron acceleration during solar flares.

Kliem et al. (2000) studied the time evolution of the
radio spectrum during a burst related with a “plasmoid
ejection” observed in soft X-rays (Yohkoh/SXT). The
radio emission exhibited quasi-periodic pulsations
whose envelope gradually drifted to lower frequencies.
Using an MHD model of dynamic magnetic reconnec-
tion in a large scale current sheet above the top of coro-
nal loops, Kliem et al. showed that magnetic islands
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form and coalesce repeatedly and gradually build up a
large-scale plasmoid that is accelerated outward. Elec-
trons are quasi-periodically accelerated during the for-
mation of the magnetic islands. Their increasing height
explains the gradual drift of the radio emission towards
lower frequencies.

Electron acceleration at the shock of a reconnection
outflow was argued by Aurass et al. (2002) and Aurass
and Mann (2004) to be at the origin of a specific radio
spectral signature which in many respects resembles type
IT emission from travelling shocks in the corona, e.g.,
through the presence of both fundamental and har-
monic emission or of splitted bands of emission. But un-
like type II emission the new signature displays little or
no frequency drift, which led the authors to ascribe it
to a standing shock generated by the downward propa-
gating jet from a coronal reconnection region. This type
of emission was found in the late impulsive as well as
during the extended phase of flares, coming from
sources above soft X-ray loops. The complexity of the
radio spectra during large bursts makes it likely that
the signature is easily hidden during impulsive flare
phases, and could be much more frequent than the def-
inite detections suggest.

A further spectral signature recently discovered are
sawtooth-shaped oscillations (Klassen et al., 2001),
which were also interpreted as signatures of energy re-
lease, in analogy with observations in tokamaks (see
also discussion in Kliem et al., 2003).

4. Conclusion

Radio waves provide a variety of diagnostics on elec-
tron acceleration during solar flares. We owe to micro-
wave imaging and modelling information on the mildly
relativistic part of the electron populations accelerated
during flares which are not accessible to present sensitiv-
ities of HXR or y-ray imagers. That mildly relativistic
electrons are the emitters of cm- and-mm-wavelength
emission has been confirmed by recent joint studies in a
few cases where y-ray continua could be measured. Deci-
metric spectroscopy has shown an increasing number of
signatures that can be related to the acceleration pro-
cesses, although much of the interpretation is speculative
for the time being. A lacking element for further under-
standing is imaging observations which, although the
sources emitting spectral fine structure cannot be re-
solved, would allow one to localise them with respect
to the global magnetic field configuration.

From this, two new tools of investigation will be
needed in the future: the extension to higher frequencies
and spectral imaging over the whole range from millime-
tre to metre waves. Observations with BIMA and now
the Solar Submillimeter Telescope (Kaufmann et al.,
2001; Gimenez de Castro et al.,, 2005) and the Koin

Observatory for Submillimeter and Millimeter Astronomy
(KOSMA,; Liithi et al., 2004) and their possible exten-
sions to shorter wavelengths promise to be a unique tool
to probe up to which energies electrons can be acceler-
ated during solar flares, and thereby to constrain the po-
tential acceleration mechanisms. An open task is the
connection of the various pieces of information from
different ranges of the radio spectrum that have been
discussed here, from microwaves to metre wavelengths.
The Frequency Agile Solar Radio Telescope project
(FASR, Bastian, 2003) is the promising tool to achieve
this performance.
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