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Abstract

High resolution observations in the radid range from the ground and X-rays from
satellites during the past few years have provided new insights into the nature of emission
processes and energies of solar eruptions. It is becoming increasingly clear that the
strength, evolution, and structure of magnetic flelds play a fundamental role in the
burst mechanisms in the corona. Magnetic changes that occur before soler flares provide
fmportant clues on the interaction between emerging coronal loops and existing two
or more loops, resulting In magnetic reconnection and triggering the release of micro-
wave and hard X-ray emission. In this overview, the recent results pertaining to some
mlerowave and hard X-ray events are presented. Their interpretation in terms of coronal
physics {s given. It is obviously clear that to remain in the forefront of research in
solar physics in the next decade we have to consider seriously to set up dedicated high
resolution multifrequency microwave observation facility and at the same time have

our solar hard X-ray monitor payload in one of the Indian sclertific satellites to be
launched in the near future. :

1. Introduction

In 1960's and 1970's, solar radio astronomers increasingly realised the Importance
of high resolution microwave observations over a wide frequency range and particularly
from solar active reglons since these regions have intense magnetic fields. The microwave
- observations provide direct mensurement of the strength and structure of magnetic

fields in the transition region between the photosphere and the ‘corona and in the low
coronal region. The brightness temperature of microwave emission under nonflaring
conditlon increases with wavelength from 6000 K at 2 mm in the low chromosphere
to ~10% 1K at 20 em In the low corona and exhibits high degree of cireular polarizetion
due to the presence of intense magnetic fields. The dominant emisslon mechanism,
whether thermal bremsstrahlung and/for gyroresonance, depends upon the wavelength
and the physical situstions prevalent in the active region. When gyro-resonance process
" dominates, the circularly polarized radiation is emitted at the second or third harmonic
of the gyro-frequency. It is possible to infer the longltudinal megnetic field strength
from the degree of circular polarization and the optical depths (Kundu and Lang, 1985),

The .emergence of aperture synthesls technique at radio wavelengths In 1970's
provided information on microwave source sizes that could be compared with high resolu-
tion H-slpha and X-ray pictures. These observations showed that the impulsive component
of microwave bursts usually came from the top of magnetic loops and changes In bright-
ness and polarization occurred well before solar flares (Marsh and Hurford 1982, Kundu
and Viahos 1982). In recent years, multiple wavelength abservations and snapshot synthesis
mapping are Increasingly becoming availsble with 1 arcsec apgular resolution and 10 sec
in time, With still greater resolutions planned, important advances are expected to

be made In the near future in understanding the three-dimenslonal structure of active
regions and burst phenomena. '
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One of the most outstanding features that has withstood the test of time is the
establishment of close similarity of time profiles between microwave and hard >§—t:ay
bursts during flares, This suggests of a single population of energetic electrons giving
rise to these two kinds of emissions, The production of energetic electrons in the impul-
sive phase of many solar flares is a basic feature for the emission of X-rays from elec-
tron bremsstrahlung and microwaves from gyro-synchrotron radiation (Takekura 1972
Kane 1974), High energy X-rays and microwave emisslon have shown very good temporal
correlations, right from rapidly varying time structures of one second or less to durations
of tens of minutes (Parkes and Winkler 196%; Kane and Anderson 1970; Frost and Dennis
19713 Takakura et al. 1983a, b). Hence it is widely believed that observations of solar
hard X-rays and microwaves provide the most direct clue to the spectrum and flux
of energetic electrons during fiares and their subsequent evolution,

It has been possible to make deductions about evolution of electron population
on the basis of theory and observed hard X-ray and microwave spectrum during solar
flares (Batchelor 1984). However, the observations are not yet highly spatially resolved,
without which the characteristics of the source reglon in which electrons interact eannot
be uniquely found from the analysis of either X-rays or microwaves alone. But by com-
bining the information of both kinds it is possible to specify the density, rmagnetic
field, volume of the source region, electron distribution and temperature, etc, (Hoyng
et al. 1976; Crannel et al. 1978; Martens et al. 1985

2. High Resolution X-ray and Microwave Observations

With the launch of Solar Maximum Mission satellites by NASA in 1980 and Lhe
Japanese Hinotari satellite in 1981, thousands of solar hard X-ray events were observed
upto 1982-83, in the period when the solar activity was maximum, The X-ray photons
were counted over the energy range from about 20 keV to 400 keV at very high time
resolution of ~10 milliseconds, Figure 1 shows an example of hard X-ray time profile
and microwave time profile at 17 GHz for the solar event observed on August 11,
1981 and October 15, 1981, The X-ray intensity is In counts per sec and is shown for
three channels only for convenience, though the data exists for all the seven channels
covering the energy range from 30 to 360 keV. These data were obtalped from the
Japanese Hinotari satellite and the microwave data from Nobeyama Solar Obaervatory
in Japan. It can be seen from Figure 1 that there is s time, delay between the peaks
of occurrence of low energy X-rays and that of microwaves at 17 GHz on August 11,
1981 whereas no time delays are observed for the event ‘on Octaber 15, 1981. This
is an importent point which has been discussed in detail by, Takekura et al (1983b)
and Degaonkar (1985) as it gives information on the time required for electron accelera-
tion from low te high energles during solar flares in a single or two step process.

From observations of a gradual type of solar hard X-ray event observed on April 1,
1981 it was found that the low energy end from 30 to 40 keV shows the highest X-ray
counts for ashout 30 minutes beginning 012% UT, in individual peaks well separated n
time. The common feature is that the count rate decreamses with increasing energy
of X-rays. The hard X-ray spectra are obtained by plotting the observed phaton flux
as a function of energy at any short time interval of 2 to 3 seconds. The spectra are
fitted with simple thermal model spectrum also. It was surmised that the thermal mode!
shows a better fit with the observed values at 0153 UT while the nonthermal model

fits better at 0135 and 0156 UT. The power law index ls typleally about 3.5 and the
electron temperature about 10° K,

Takakura et al. (1982) have obtalned the hard X-ray source images In two dimensions
with spatial resolution of about 10 arc sec from solar X-ray telescope onboard the
Hinptar'i satellite, They found that the image appears stationary throughout the Ltime
period depicting a loop like structure projected on the sofar disk. Blpolar sunspots are
found to be located near the foot points of the loop. A comparison of the X-ray image
with an one-dimensional brightness distribution scan at 35 GHz during the same evenl
shows that the radio peak coincides very well with the centre of the X-ray image indi-
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cated by a cross. This shows that the micro

wave emission at 3 -
synehrolron process by MeV electrons takes plac an at 35 GHz due to gyro

e in the same loop as the X-ray source,

Degacnkar (1985) has studied the X-ray and radio spectra during some irmpulsi
and gradual events observed in 1981 and derived the sourcs parametarsgby rf?ftinrgii:agl'z
thermal model spectra, The radio spectra for the six events at the time of the peak
intensity are shown in Figure 2, The shape of the spectra changes from eventto event
and so It is not easy to ‘interpret them. The turnover frequency from optically thick
fow fraquenc.:y region to optically thin high frequency region occurs usually around 10 GHz.
From the observed flux at the turnover frequency, It is possible to calculate the burst
sgurce parameiers and the source size assuming gyro-synchrotron mechanism to be
gperative (Crannel et al. 1978; Takakura 1972; Degaonkar st al. 1981). Wiehl et sl.
(1763) heve derived similar results using SMM X-ray date and microwave date at Bern
far 13 atrong events. The

y tried a single temperature and multi-temperature models
to fit the date bul no clear answer could be obtalned.

3. Relation Between Hard X-rays and Microwaves

Kal et al, (1985) found approximate relations by plotting microwave peak fluxes
sl 17 GHz against herd X-ray peak fluxes integrated over 67-152 keV for 55 impulsive
bursts with duration shorter than 10 min end 6 extended bursts with duration longer
than 10 min, The dependence of radlo flux on X-ray flux is given by FR=37.2 F&7" for
impulsive bursts and FR=60 FY'! for extended bursts with scatter of data points less
than 0.3 orders of magnitude r.m.s. The mMain features that emerge from their study
aret (i) the scetter of points is strikingly small though the physical conditions are
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expected to vary unsystematically “from oné flare to another, and (ii) the extended .

bursts sra in general more intense than impulsive bursts. The explanation for these
has to be sought In the magnetic field values and the total number of electrons at
the burst source. It appears that the energertic electrons are more apundant than pre-
viouely thought and the electron energy distribution has an extended tail towards high
energy fraom 1 MeV to 10 MeV with reduced power-law index.

4. High Resolution Synthesié Maps

Instruments like Westerbork Synthesis Radio Telescope in Holland and Very Large
Array In USA have provided high angular resolution maps of solar aclive regions at
multiple wavelengths, mainly at 2, 6 and 20 cm. The e_miasioq,, at .these wavelengths
originates at different heights within the coronal loops which bridge sunspots of, opposite
magnelic polarity. Synthesis maps of total intensity show the twu-d;menglongl distribution
of brightness temperature of the source while those of circulat polarization of Stokes
parameters show the two-dimensional structure of longitudinal magnetic _faeld. With
height information of microwave structures inferred from their anguler displacerment
from photospheric features and with multi-wavelength maps, it s possible to cpnstPUEt
the three dimensional structure of active regions. The folluwmg table summarises. the
properties of the quiescent radio emission from sctive regions.

‘Table 1
Quiescent Radiation from Actlve Regions
Emission height above Magnetic field, Brightness

A oem sunspot, - Temp, " Mechanism
' km Qauss oK ,
' 3 10° 10% Thermal-Bremsstr,
E g ):c 13“ 600 3 % 108 Gyro-radiation
20 10° 200 3x 1ﬂé Gyro-resonant/

Therma! Bremsstr..
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Apart from quiescent radiation from solar active regions, occasionally solar eruptions
take place in the form of powerful bursts which last for short durations. The magnetic
fields in the active regions provide the energy needed for those eruptions. ML_lch work
has gone into understanding the nature of these bursts, their energeti.cs and their occur-
rence probability. The VLA results indicate preflare changes in Intensity and polarization
of microwave emission due to preburst heating in coronal loops and to changes In the
corona! magnetic field configuration. Single coranal loops or arcades of loops begin
to heat up ebout 15 minutes before the impulsive burst toakes place. Preburst activity
is also detected in coronal loops which exist near the site of bursts, New bipolar loops
can emerge and interact, with the existing ones and current sheets can be produced
when loops with different polarities interact. These current sheets can trigger the burats.

The microwave bursts are characterized by a strongly polarized compact wilh
scale sizes 5 arc sec to 30 arc sec impulsive component showing brightness temperature
of 107 to 10 K and lasting between 1 and 5 minutes. A post-burst component which
is larger in size and longer in duration follows the impulsive component which is duc
to the gyro-synchrotron radiation by mildly relalivistic clectrons having cnergies of
the order of 500 keV. The impulsive emission is seen to come from the top of the loap
whose footpoints manifest in the H-a kernels seen on the two sides of the loop. The
gradual component is larger and elongeted along the magnetic field lines joining Lhe
H.-a kernels. Evidence for sequential triggering of microwave bursts in adjacent coronet
loops for intense bursts and in the same loop for weak bursts was given by Kundu and
Lang (1985}

The general interpretation is that in the arcade model of flares the energy release
takes place In the coronal part of the loop or loops through magnetic reconnection.
A non-thermal tail of high energy electrons (> 100 keV) would be produced at this time,
The hot plasma within the conduction fronts moves downward towards the footprints
of the loop with lon-acoustic velocity (Brown et al, 1979, Smith and Lilliequist 1979).
Electrons moving faster than the lon-acoustic velocity will not be confined and so will
penetrate deeper into the lower loops and would produce high frequency microwavee
by gyro-synchrotron process and hard X-rays by bremsstrahlung. The escaping electrons
are unstable to the generation of electro-static plasma waves which scatter the particles
in pitch angles to nearly isotropic distribution (Holman et al. 1984), which in turn en-
hances the microwave emission from the upper part of the loop. The loop in the opticelly
thick region thus looks larger than in the optically thin reglon and the loops somotimes
drift radiaily toward the limb as indicated by the movement of the source In the impul-
sive events or afternatively it could be due to sequential triggering of emission at
higher levels in the corona, :

5. Discussion and Conclusions

Cranne! et al, (1978) deduced the X-ray and microwave parameters using OSO 5§
hard X-ray data for 22 events observed in the 1969-70 In the previous sclar sctivity
maximum period, However, the solar activity in that cycle was considerably lower
than in the recent solar cycle which had maximum in 1979-81. Consequently, Degaonkar
(1985} found that the values of source parameters such as temperature, emission measura,

vnlum%and)tntal energy were conslderably higher in 1981 than those obtained by Crannael
et al. (1978).

Sub-second time structures in X-rays and microwaves have been reported by Takakura
et al. (1983a) and the energy dependent time delays in X-rays and the frequency dependent
time delays in microwaves are discussed In depth by Takakura et al. (1983b). They
found that the time delays between the peaks of X-rays and microwaves are generally
one :second or less in most impulsive bursts but delays of 5 second or more are noted
in some exceptional cases having gradual rise time profiles. In those events where the
time of peak intensity shifts with increasing energy of “X-rays, the peak associated
with microwave burst at 17 GHz (or perhaps are stlll higher frequency) nearly coincides
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Fig.1. Impulsive solar hard X-ray and microwave
burst at 17 GHz observed on August 11, 1981
and October 15, 1981, showing time delay and no
time delay respectively between the X-ray and
microwave peaks. Only & few channels in X-ray
data are shown as examples. Note the high temporal
correlation between X-rays and microwaves (From
Degaonkar 1985) '
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with that of the X-ray burst In the high energy range. This is understandable since
the gyrosynchrotron emission from solar flares at high frequencies is due to high energy
{above 100 keV) electrons (Takakura 1972), The low energy electrons however make
the source optically thick (optical depth greater than unity) at low frequencies due
to self absorption of radio emission. The observed time delays from low energy X-ray
peak to that of high energy may be viewed as the time taken for electrons to get
accelerated in one or more steps. To understand this process thoroughly, we need to
have the high energy X-ray spectra above 360 keV with good time resolution of 1 sec
or less. Long time delays between X-rays and microwaves in gradual events could be
considered as the time taken for the increase of the total number of electrons above
300 keV as compared to that below 100 keV and also to the temporal increase In the
slze of the burst source in the optically thick part of microwave frequencies.

The microwave spectra in general are more complex and it is uncommon to find
a spectrum truly varying with the square of the frequency as it would be in the case
of a blackbody emission, In many cases, the U-shaped spectra appear in the microwave
band following large solar flares indicating proton events. The radio emission at frequen-
cles higher than about 10 GHz is guided by the strength of high energy tall of the
velocity distribution of the electrons. ‘

In conclusion, we would like to emphasize that the high resolution observations
in hard X-rays and microwaves over a wide frequency range will provide rich material
for understanding the physical processes in the solar chromosphere-coronal reglon. To

achieve that end we must establish eppropriate experimental programmes well before
the next solar activity maximum expected in 1990-91.
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