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Recent advances in solar radio physics
M R KUNDU
Astronomy Program, Universityof Maryland, CollegePark, Maryland 20742, USA

Abstract. We reviewhigh spatial resolutionmicrowaveobservationsof solar activeregions,
coronalloops and flares.Observationsof preflareactiveregionsare presented;in particularwe
discuss the interpretationsof reversal of polarizationat the flare site and the role of newly
emerging flux in triggeringthe onset of flares. We discuss the spatial locationsof microwave
burst emittingre.gions;loops or arcadesof loopsappear to be the sitesof flareenergyreleasein
microwavebursts. We providedirect observationalevidenceof magneticreconnectionas the
primary cause of accelerationof electrons in microwavebursts.
Keywords. Solarradio physics;coronal loops; flares;microwavebursts.
1. Introduction
In this article we provide an account of the present status of the observations and
interpretations of the sun's radio emission at centimeter wavelengths. We emphasize
this part of the radio spectrum, because great progress in solar radio physics has been
made by the recent advances in plasma and radiation theory combined with the
capability of observing the sun with a spatial resolution of about a second of arc at
centimeter wavelengths, using large arrays such as the very large array (VLA)and the
Westerbork synthesis radio telescope (WSRT). We deal with the radio emissions
originating from different solar atmospheric regions--active regions, coronal loops
and flares. High spatial resolution studies o f centimeter wave emissions from these
regions are important because they provide information on the heating of coronal
loops, the magnetic field topology and the region o f energy release in flares and
acceleration of electrons to relativistic or mildly relativistic energies.

2. Active regions
The centimeter wavelength emission of solar active regions is an important diagnostic
tool for understanding the physical conditions in these regions in the lower corona and
the chromosphere--corona transition zone. Observations o f this emission provide
good estimates of electron temperature and are extremely useful for the study of
magnetic fields which strongly influence the opacity of the regions. Thus, they can be
used for studying the magnetic field configuration and obtaining estimates of the field
strength in such regions as sunspots, plages and loops.
Observations with aperture synthesis instruments at a wavelength of 6 cm (e.g.
Kundu et al 1977; Alissandrakis and Kundu 1982; Kundu and Velusamy 1980;
Pallavicini 1980) have shown the existence of the following radio features: (i) Bright
sources (Tb ~ 0.5-2.5 x 106 K) associated with sunspots, occasionally with a depression
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in brightness directly over the umbrae; (ii) Weaker sources (Tb ~ 105 K) associated
with strong magnetic fields in plage areas; (iii) Sources, sometimes bright (Tb ~ 5
• 10 6 K ) a s s o c i a t e d with the magnetic neutral lines on the underlying photosphere; and
(iv) Loop like structures.
The spectrum and high degree of circular polarization of centimeter sources have
supported the interpretation of their emission being due to thermal gyroresonance
absorption at low harmonics of the gyrofrequency (Zheleznyakov 1962; Kakinuma and
Swarup 1962). Further support for this interpretation has come from simultaneous
microwave, x-ray and EtJV observations of Kundu et al (1979) and the model
calculations ofAlissandrakis et al (1980). It is important to note that at 6 cm, the second
harmonic comes from a magnetic field of 900 gauss, the third from the 600 gauss level,
and the fourth from the 450 gauss level. Thus, if the emission is due to gyroresonance
emission, a fairly accurate estimate of the magnetic field can be made in solar
atmospheric regions not easily accessible for field measurements by other means.
Alissandrakis and Kundu (1982) reported the detection of a new kind of sunspot
associated emission confined near the sunspot penumbra, and discussed the results in
terms of physical conditions in the transition zone and corona above the spot. As an
example, the total intensity map for 25 May 1980 is shown in figure la, superposed on
an Ha photograph. The region (Hale No. 16864) shows a prominent ring structure
(a) associated with the main spot, an elongated source (b) extending along an H~
filament and some diffuse emission (c) in the following part of the region. The rim of
the ring source does not have a uniform intensity but its brightness temperatu.re, Tb,
ranges from 1.5 x 106 to 2.5 x 106 K while at its centre it drops to less than 5 x l0 s K.
The diameter of the ring measured between the points of maximum intensity is about
50", which is intermediate between the diameters of the umbra and penumbra of
the spot. The source associated with the elongated filament extends from the penumbra
of the spot in the NE direction and has three distinct components with Tb ~ 3 x 10 6 K;
the southernmost part of the source is located near a smaller spot sharing a common
penumbra with the large spot and extends eastward along a second Ha filament. Tl~
circular polarization map of the same region is shown in figure lb. The most striking
feature is that practically all of the polarized emission shows left circular polarization
which corresponds to the extraordinary mode in a region of negative (black) magnetic
polarity.
The strongest emission peaks are weakly polarized, whereas the most prominent
peaks of the V-map occur at the slopes of strong sources, where the degree of
polarization reaches about 80 9/0. The low polarization at the peaks may be due to their
high opacity and to the location of the g-r emission layers higher in the atmosphere
where the temperature gradient is small. It should be emphasized here that this circular
polarization ring is not the same phenomenon as the total intensity ring. The existence
of such polarization structures was pointed out by Alissandrakis et al (1980), while
similar structures were more recently observed by Lang and Willson (1982). These
polarization rings occur above the penumbra, where only the 3rd and 4th harmonics are
located in high temperature (106 K) atmospheric layers; the third harmonic is optically
thin in the ordinary mode and optically thick in the extraordinary, which results in high
polarization (Alissandrakis 1980).
This ring structure could be produced as a result of the low g-r opacity when the angle
between the magnetic field and the line of sight is close to zero; such a structure should
exist above the centre of a sunspot located near the centre of the disk so that the
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(a)

(b)
Figure 1. (U) Total intensity (b) circular polarization contours for a region observed on 25
May 1980 at 6.16 cm overlaid on an Ha photograph obtained from the observatory at A~hens.
Three active regions are included in the field of view. The contours are in steps of 5 x 105 K for
the total intensity and 1.5 x 105 K for the circular polarization. Hatched contours show
decreasing brightness temperature. The scale is in min of arc (Alissandrakis and Kundu 1982).
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orientation of the magnetic field is predominantly longitudinal (Zheleznyakov 1970).
Since under conditions prevailing above spots, the region of small opacity is very small
for the second harmonic and more extended for the third, one expects a decrease in total
intensity in such regions (Alissandrakis 1980; Gel'freikh and Lubyshev 1979).

3. Radio models of the ring source

Strong et al (1984) investigated the roles played by the geometrical effect of
gyroresonance absorption and of the low ( < 106 K) temperature flux tubes above the
relevant sunspot, by combining the WSR'r6 cm observations with the x-ray observations
made with x-ray polychromator (xRe) on the solar maximum mission (SMM).
The x-ray data analysis shows that the electron temperature of the sunspot associated
regions is about the same as the maximum brightness temperature observed at 6 cm;
however, the same analysis gives no indication of the presence of low temperature
material above the umbra. Strong et al (1984) made model computations of total
intensity and circular polarization (as well as ordinary and extraordinary mode
emission), and compared them with the observations. The emission was computed
along a line through the centre of the sunspot in the direction of the limb. Both 0-1"and
f - f processes were taken into consideration, although g-r is by far the most dominant
( ,-, 90 ~o of the emission). They used the same model for temperature and density as in
Alissandrakis et al (1980), which is a plane parallel, constant conductive flux model. In
this model the temperature and density at a height of 2 x 103 km were assumed to be
105 K and 5 x 101~cm-3, respectively. Computations were done for a range of values
of the conductive flux, in order to study the effect of temperature changes; higher
conductive flux means higher temperature at a given height.
The results are shown in figure 2. The total intensity shows a depression, displaced by
7 x 10a cm from the centre of the spot in the direction of the disk centre, which is due to
the angle effect. This depression appears only in the ordinary mode and corresponds to
the region where the angle between the magnetic field and the line of sight is small
enough to make the second harmonic optically thin in the ordinary mode.
Consequently at the location of the total intensity depression there is a peak in the
circular polarization. In this model computations, two more peaks appear in the
circular polarization plots, located at the edges of the spot and corresponding to
the circular polarization rings. These occur in locations where only the 3rd and 4th
harmonics are in high temperature regions; these harmonics are optically thin in the
ordinary mode while they can be optically thick in the extraordinary mode.
In figure 3 are shown plots of the observed I, V, e-mode and o-mode emission
through the centre of the ring source of 25 May 1980 (of. figures la, b). The observed
circular polarization curve shows three peaks, two at the edges of the spot and one in
between. The general shape is very similar to the model computations, while the middle
peak indicates an angle effect. However the minimum of the brightness temperature
depression in the/-curve does not coincide with a polarization maximum, which should
be the case if the depression was entirely due to the angle effect.
The combined observations of active regions with the WSRr and the SUM-XRe
instrument give complementary information on the physical conditions in the low
corona and the mechanisms responsible for microwave emission. The comparison of
model computations of the sunspot associated radio emission with the observations
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Figure 2. Computed brightness temperature at 6 cm along a line through the centre of the
ring source in figure 1 in the direction of the limb. The computation was done using a vertical
dipole field'model and a plane-parallel, constant conductive flux model of electron temperature
and density, for three values of conductive flux: 3 x l0 s cgs units (curve 1), 2-7 x 105 cgs units
(curve 2), and 2.47 x l0 T cgs units (curve 3). Note the absence of the brightness temperature
minimum in the extraordinary mode emission (Strong et al 1984).
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206

M R Kundu

show that although part of the brightness temperature depression inside the ring can be
attributed to the low opacity of the #-r layers, the bulk of the depression must be due to
the formation of the radio emission in regions of low electron temperature. This implies
either that low temperature material is present above the umbra at coronal heights or
that the magnetic field configuration is such that the maximum field intensity occurs in
the spot penumbra rather than the umbra. While it is hard to accept the latter
interpretation, the former is apparently inconsistent with the x-ray data. The radio and
x-ray data can be made consistent if the hot x-ray emitting region is located above the
cooler region where the microwave emission originates.

4.

Radio observations of coronal loops

The observations of magnetic loops at radio wavelengths are important in view of the
apparent abundance of such structures at x-ray wavelengths in the low corona (Rosner
et al 1978). X-ray imaging of the sun has shown that loops of hot plasma are a major
structural component of the low corona. X-ray observations have been particularly
useful in understanding the physics of active regions and coronal heating, and in
enabling plasma parameters such as pressure and temperature to be determined.
However, radio observations have the advantage that they can provide information on
the loop magnetic fields, and their gradients along and across the loops, and the
magnitude of possible poloidal fields due to electric currents along the loops. Kundu
and Velusamy (1980) first reported the existence o f a looplike structure connecting two
sunspots of opposite polarity in an active region at 6 cm wavelength (figure 4). The
observations were made with the VLA with a resolution of 3.5". The loop is
delineated by contours of lower brightness temperatures ( -,, 10 6 K ) than those at the

Figure 4. Overlaysof right and left circularly polarized intensity maps of a loop like
structure at 6cm on the BaSOH~tfiltergram(Kundu and Velusamy1980).
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footpoints of the loop, where the brightness temperatures are as high as 5 x 10 6 K. The
6 cm emission at the footpoints located near the sunspot umbra must be due to the
gyroresonance process, while the emission in the loop (outside of the footpoints) is
attributed to thermal bremsstrahlung, the lower T bof ,-~ 10 6 K being due to the fact that
it is optically thin at 6 cm. This would explain its lower temperature compared to
frequently observed x-ray temperatures of ~ 2-5 • 10 6 K. The many structural details

(u)

(b)
Figure 5. (a) A 20 cm m a p of an active region showing loops. Peak T b = 1.7 x 106 K, and the
contour levels are 15, 30, 45, 60, 75 and 90 % o f the m a p maximum. The broken contours show
the 20 % level from the corresponding 6 cm map. (b) The 20 cm m a p supcrposed on a Kl'SO
magnetogram (McConnell and K u n d u 1983).
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that are seen in the loop are possibly due to the superposition on the loop emission of
radio-emitting regions which are not necessarily associated with the loop. This is
certainly true of the many high brightness regions seen along the H0t filaments and/or
magnetic neutral regions; these must be generated by the gyroresonance absorption
process, which greatly increases the optical depth when the angle between the line of
sight and magnetic field approaches 90 ~ Kundu and Velusamy (1980) also observed
several highly polarized, compact, high brightness radio sources in the emerging flux
region around one of the sunspots. Some of these sources are coincident with arch
filament systems (ArS)in this region. These associations suggest that the 6 cm sources
may be related to the neutral current sheets that might be generated above AFS in
emerging flux regions. By comparing x-ray and 20 cm observations of postflare loops,
Velusamy and Kundu (1981) found gyroresonance absorption to be the most likely
source of optical depth in the 20 cm loop. On the other hand, Lang et al (1982) observed
a radio loop at 20 cm and attributed all the observed emission to thermal bremsstrahlung. Thus, there appears to be disagreement over the source of optical depth within the
loop.
Figure 5 shows the total intensity map of a 20 cm active region (McConnell and
Kundu 1983); the 20 cm sources connect regions of opposite magnetic polarity and
therefore they must be magnetic loops in the low corona. In order to derive a consistent
model of the radio emission in loops, McConneU and Kundu (hereafter MK) used
models for active region loops and calculated the expected thermal bremsstrahlung and
gyroresonace emissions.

4.1a Thermal bremsstrahlung emission For loops small compared with the pressure
scale height in the corona, the pressure p is expected to be constant along the field
(Rosner et al 1978). Then the ideal gas law
N~ = P/2kTe,

~(1)

leads to the expression
K B ~ T-7/2.

(2)

Therefore the bremsstrahlung opacity will be much greater in the lower, cooler parts of
the loop. To estimate the magnitude of the bremsstrahlung opacity in the loop, M~
considered two models of coronal loops, those of Rosner et al (1978) (RXVhereafter) and
Vesecky et al (1979) (VAU).The former used an analytic model of a cylindrical loop
whereas the latter computed a numerical model of a loop whose cross-sectional area
was a function of height.
From x-ray observations of loops Ra'V determined an empirical law relating the
temperature maximum T,, of a loop (which should be at the top of the loop for thermal
stability) with its kinetic pressure p and length, I. Thus
T,, = 1"4 x 103 (pl) 1/3.

(3)

RTV took the pressure to be a constant along the loop as a basic assumption which
should be a good approximation only for loops much shorter than the pressure scale
height.
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Using Rrv's sealing law (3) one can get the absorption coefficient at the top of the loop
as:

T5/2
K s r " 1"3 x 10 -7 -m
12 .

(4)

The brightness temperature Tb is determined by the optical depth, which is z8 ~_ KBr w
where w is the width of the loop. Using the measured values for loop A in figure 5 of
l -- 7 x 109 cm and w _ 3 x 10 9 cm, one requires Tm -- 5 x 10 6 K to explain the
observed Tb ~ 1.7 x 10 6 K. This implies that the loop apex is not optically thick. As one
proceeds away from the loop top towards cooler and denser plasma, K B increases
rapidly and the brightness temperature should actually increase. This is not observed.
MI~noted, however, that the secondary maxima near the footpoints of loop A could be
explained in terms of thermal bremsstrahlung. Thus the brightness peak of the
observed 20 cm loops cannot be due to thermal bremsstrahlung. This result is contrary
to the conclusion of Lang et al (1982).

4.1b Thermal gyroresonance emission McConnell and Kundu (1983) considered
thermal gyroresonance emission as the cause of the emission peak observed near the
centre of the loop. The magnetic field strength required to give resonance for 20 cm
radiation is 170G or 130G, depending on whether the third or fourth harmonic
dominates. Since the angle (0) between the line of sight and the magnetic field is
maximum near the top of the loop and the loop temperature is maximum at the top,
thermal gyroresonance emission should peak at the top of the loop provided the
magnetic field strength falls in the right range. This is as observed. Indeed, MK showed
that for realistic physical parameters of the loop [Ne -~ 5 x 10 a cm- a , f = 1446 MHz,
T-~ 2 x 106 K and for large 0(0 ~ 64~ the required scale length of magnetic field
variation, LB would be ~ 2 x 107 cm and ~ 5 x 109 cm for zg, ~ 1 at the 3rd and 4th
harmonics respectively. Both these conditions are plausible but the former is probably
more easily satisfied.
Thus, the 20 cm loop emission can be explained by a model consisting of two
components: a component due to bremsstrahlung which is important near the feet of
the loop, and a gyroresonance component which peaks near the top of the loop. Using
the scaling law, the variation of temperature along the loop and the assumed pressure
constancy of the RXV model loop, McConnell and Kundu (1983) determined the
variation of brightness temperature due to bremsstrahlung along the loop. They
assumed the top of the loop to be optically thick due to gyroresonance absorption, so
that T = _ 2 x 106K for loop A. Figure 6 shows the electron temperature Te
and brightness temperature due to bremsstrahlung T~ as a function of distance from
the foot of the loop. The maximum predicted T~ value lies near the loop feet and is
Tb - 0.5 x 106 K, comparable with the observed brightenings near the feet of loop A.
Thus the secondary maxima of brightness temperature near the footpoints is explained
by the increased density and path length of the line-of-sight and the decreased
temperature in the lower parts of the loop. The VAUmodel leads to similar results. One
computes the following plasma parameters for the top of the loop: B - 130 - 170 G; Te
-- 1.7 x 10 6 K; N -~ 5 x 10s; fl = 8n p/B 2 ~- 3 x 10 -4. Assuming the 6 cm emission
near the loop feet to be due to gyroresonance at the 3rd or 4th harmonic (B - 500 G)
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Figure 6. Variation of temperature with projected distance S along a coronal loop. The
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Kundu 1983).

and at a height of about 104 km above the photosphere, the scale height of magnetic
field variation, L B is estimated to be ,~ 3 x 109 cm.

5.

Three-dimensional structures of solar active regions

The three-dimensional structure of magnetic fields above active regions in the low
corona and chromosphere-corona transition zone can be determined from multiwavelength radio observations. Radio methods of measuring magnetic fields in active
regions are based upon the measurement of total intensity (I) and circular polarization
(V) and the use of precise knowledge of the generating mechanisms ofradio emission in
active regions. The circular polarization in the gyroresonance absorption process which
is relevant for sunspot associated sources is due to the fact that for typical conditions in
the corona, the extraordinary mode becomes optically thick at the levels wheref = 3fn
or 2fn (fn = gyrofrequency), whereas the ordinary mode becomes optically thick at the
level f = 2fn which is located at a lower level in the sun's atmosphere; the circular
polarization in the extraordinary mode then results as a consequence of the
temperature structure above active regions. In the free-free process, the circular
polarization results from the fact that in the presence of a magnetic field the absorption
coefficient in the extraordinary mode is higher than that in the ordinary mode;
consequently, the T = 1 level in the e-mode occurs higher in the solar atmosphere than
in the o-mode. Both these processes have been used to estimate magnetic field strengths
at centimeter and millimeter wavelengths (Alissandrakis et al 1980; Kundu et al 1977;
Kundu and McCullough 1972). The circular polarization maps can be used as
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chromospheric and coronal magnetograms provided there is no radio wave propagation effect, which can be verified from the correspondence of the radio polarities with
those of the photospheric magnetic field.
Besides magnetic field structure, the knowledge of the structure of an active region as
a function of height is important. This is especially so when the active region appears in
the form of a loop as is often the case at centimeter wavelengths. Three-dimensional
active regioh studies have been reported by Shevgaonkar and Kundu (1984) from
multifrequency observations using the VLA. They studied a region that exhibited a
single loop without any other interacting loop nearby.
Figure 7 shows the total intensity (I) and circular polarization (V) maps at 2, 6 and
20 cm wavelengths. The 2 cm radiation ( ~ 80% polarized; Tb ~ 1.5 x 105 K) comes
from two isolated spots which are co-spatial with two strong magnetic regions with
opposite polarities, the sense of polarization being of the same sign as the magnetic
fields on the magnetogram (figure 7). Thus, the 2 cm radiation appears to originate from
the footpoints of a magnetic loop. The 6 cm total intensity map again shows two
regions (T0 ~ 4.5 x 106 K; p ~ 10-15 %), approximately at the same positions as the
2 cm regions, but larger in size. The larger size o f the two regions at 6 cm compared to
that at 2 cm, indicates that, if the active region emission originates in a loop, the loop
must be diverging towards its apex. The existence of two isolated regions at 6 cm, with
T0 ~ 4.5 x 106 K indicate that the two legs of the loop have not started closing, and that
the 6 cm radiation originates from the upper part of the legs o f the loop. At 20 cm, the
two regions are almost merged into each other but still keep their identity as two
regions. The centres o f these two merging regions are again co-spatial with the 6 cm
peaks within the errors o f measurement. The size of the two 20 cm regions is larger than
that at 6 cm, but the peak T0 has decreased to ~ 2.5 x 106 K and p is ~ 20%.
The maps at different wavelengths obviously give sectional views of a magnetic loop
at different heights. The magnetic field diverges along the loop in the upward direction.
The loop seems to start closing at a height of ~ 50 x 10 a kms, where the 20 cm
radiation originates. The 2 cm polarization data indicate that the extraordinary mode is
optically thick in the transition zone, with T e ~ 1.5 x 105 K, and the ordinary mode
becomes optically thick at a lower level (i.e. for a lower harmonic), with Te ~< 105 K or it
is optically thin. Shevgaonkar and Kundu (1984) concluded that the 2 cm radiation
is dominated by thermal bremsstrahlung and originates from a layer where
Ne ~ 101~ cm -3 and B ~ 2000 G. The T0 at 6 cm is ~ 4.5 x 106 K and polarization is
~ 15 %. Since polarization is low, the gyroresonance radiation has to be optically thick
for both modes. Taking at ~ 45 ~ L s = 109 cm, N e = 4 x 109 cm -3, the highest
harmonic for which both modes are optically thick is 3, resulting in B ~ 600 G at a
height of ~ 104 kin. Assuming that the same magnetic field diverges with height, the
conservation of the magnetic flux requires that ifB is ~ 600 G and 2000 G respectively
at 6 and 2 cm, the ratio o f the source sizes at 6 cm and 2 cm should be ~ 3.5, in contrast
to the observed ratio of --, 24. This difficulty was overcome by assuming that in the
outer rim of the m~ignetic pole, the 2 cm To is < 10% of its peak value, which requires
the optical depth to be ~_ 0.1. Shevgaonkar and Kundu (1984) showed that the
observations could be explained if N~ decreases by a factor of 3 from the core to the
outer rim and B decreases towards the edge o f the loop by a factor of 1.76 ifTis taken
constant or even more slowly if a cool core model is assumed, consistent with the
combined high resolution microwave and soft x-ray observations of Strong et al (1984).
If the magnetic field remains constant over the outer rim, the conservation of flux gives
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(b)
Figure 7. (a) Total intensity (I) and circular polarization (V) maps at 2, 6 and 20cm
wavelengths of an active region. At 2, 6 and 20 cm, peak TB = 1.5 x 105 K, 4.6 x 106 K and 2.3
x 106 K respectively;the corresponding contour intervals are 2.9 x 104 K, 5-9 x 10s K and 3.1
x 10s K. For V-maps, the contour intervals are 1-9 x 104 K, 2.2 x 105 K and 1 x 10s K
respectively. (b) The 2 cm map is superposed on a KPNOmagnetogram (Shevgaonkar and
Kundu 1984).

magnetic pole size ,,~ 2"5 times that o f the 2 c m region, the same as the pole size in the
magnetogram.
At 2 0 c m , the r a d i a t i o n (T~ ~ 2.5 x 10 6 K , p ~ 20~o) originates from the u p p e r
p o r t i o n o f the legs o f the loop. A c c o r d i n g to the l o o p m o d e l with u n i f o r m energy
d e p o s i t i o n function a l o n g the l o o p (Rosner et a11978), the l o o p apex should be hottest
a n d so T e at 20 cm level must be at least 5 x 106 K, the same as the 6 c m T B. But since the
observed T B is ,,- 2.5 x 106 K, the r a d i a t i o n m u s t be optically thin with 9 ~ 0.7 to satisfy
R o s n e r et al's model. F o r a source o f d i m e n s i o n 5 x 109 cm, N e required to m a k e
~ 0.7 due to t h e r m a l b r e m s s t r a h l u n g s h o u l d be ,,~ 4 x 109 c m - 3 , o r an emission
measure o f ~ 1029 cm -5. This emission measure is higher b y a b o u t one o r d e r o f
m a g n i t u d e t h a n t h a t c o m p u t e d by L a n g et al (1983) from VLA o b s e r v a t i o n s a n d b y
Vaiana a n d R o s n e r (1978) f r o m x-ray observations. F r o m m a g n e t i c flux conservation,
the source size at 20 c m c o m p a r e d to that at 6 cm gives a magnetic field o f ~ 150 G at
20 cm level, which is sufficient to generate the 3rd o r 4th h a r m o n i c g y r o r e s o n a n c e
emission at 20 Cm. Thus, the 20 c m r a d i a t i o n m u s t be due to g y r o r e s o n a n c e a b s o r p t i o n .
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For s -- 3, Zres "~ 103 for both modes. By reducing Ne, it does not seem that the radiation
can be made optically thin for s = 3. Thus, Te must be 2.5 x 106 K. For N e ~ 1 0 9 cm-3
or an emission measure of .-~ 1028 cm -5 the region is optically thin due to thermal
bremsstrahlung for T e ,-. 2 x 106-5 x 106 K, which cannot explain the observed high Tb
of "-~ 2"5 • 1 0 6 K. Lang et al (1983) concluded from their VLA observations that
the 20 cm radiation (Tb ~ 0.5 x 1 0 6 K) was optically thin bremsstrahlung, with T~ ~ 2
• 106 K. However, to get Tn ,-. 2-5 x 106K as observed by us, gyroresonance
mechanism has to be invoked. Thus, the higher layer from which the 20 cm radiation
originates is cooler than the lower layer from which the 6 cm radiation originates. This
result does not support Rosner et ars (1978) model of uniform energy deposition along
the loop, which gives maximum temperature at the apex of the loop. On the other hand,
our observations provide evidence for Vesecky et ars (1979) model, according to which
the temperature maximum need not necessarily occur at the apex of the loop but there
could be two maxima, one on either side of it and a minimum at the apex of the loop.

6.

Flares

The imaging capability of the VLA with a spatial resolution of 1" arc at microwave
frequencies, equals and often exceeds the resolution of optical telescopes in space or on
the ground; consequently it is possible to observe fine structural details in flaring
regions that put constraints on the existing flare theories and our observations of
preflare changes in active regions have been oriented in that direction.
A solar flare represents the sudden release of energy stored before the flare in the
coronal region of the sun's atmosphere and, that energy is stored as the free energy of a
current-carrying magnetic field. Various models of magnetic field configurations have
been proposed to meet the basic requirement that the storage of energy must be in a
metastable state, stable to small perturbations but unstable to large perturbations,
which can lead to an impulsive release of the stored energy.
There are three morphological classes of magnetic field topologies in flare models;
(i) isolated loops or arcades, where the current running along the magnetic field lines
can produce a sheared magnetic field unstable to a current interruption (Alfv6n and
Carlquist 1967); (ii)current sheets in the interface of two loops with opposite magnetic
polarity (Heyvaerts et al 1977; Sweet 1958; Gold and Hoyle 1960), For example, two
pre-existing loops are driven against each other due to the relative motion of the
footpoints at the photosphere, or the neutral sheet is due to the emergence of a new loop
interacting with an overlying magnetic structure. Also in this category falls the model of
Gold and Hoyle, which consists of twisted flux tubes in close proximity to each other.
(iii) large scale current sheets between open magnetic field lines, as supposed to exist at
the base of a helmet streamer, have also been proposed (Sturrock 1967) as the flare site.
Clearly, these diverse flare models are characterized by specific magnetic field
configurations in the corona, and by the ultimate explosive reconnection of magnetic
fields. These theoretical magnetic configurations can be subjected to observational tests
using the intensity and polarization maps made with the YEA. The high spatial
resolution available with the VLA and the centimeter wavelengths at which the YEA
operates are ideally suited for determining the magnetic field structures of the flaring
region from its polarization structures.
Observations of an active region prior to (on a scale of tens of minutes) the onset of a
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flare are o f obvious importance to our understanding o f the flare build-up process.
Since the radio observations provide information on the magnetic field, it is important
to study the flare build-up at centimeter wavelengths with an angular resolution of
1" or so. At centimeter wavelengths (2-6 cm), one observes this flare build-up in the
form of increased intensity and increased polarization of active region. The flareassociated bursts originate in these intense sources, and the probability of occurrence of
bursts increases with the increasing intensity o f these narrow bright regions (Kundu
1959).

7.

Preflare changes in active regions

(a) Since the VLApermits us to produce two-dimensional synthesized maps over short
periods, we have produced several 15-min synthesized maps in total intensity (I) and
polarization (V) (Kundu 1981) prior to the onset of an impulsive 6 cm burst observed
on 25 June, 1980 in association with a hard x-ray burst.
Figure 8 shows the central 1.1' x 1.6' regions of 15 min synthesis maps over the
period 14:45-15:45 UT. As can be seen from these figures, the region is very complex,
consisting of numerous components many of which are bipolar. These oppositely
polarized componenns could be the footpoints of magnetic loops. Near the centre of
the field of view, the component regions marked A, B, C (which appear in all the preflare
maps) seem to be arranged in clearly separated regions of opposite polarity. These
components have brightness temperatures of 6-9 106 K during the hour before the
flare. The burst o f 25 June 1980 starting at 1550 U T was located close to the neutral line
of these oppositely polarized regions near B. The burst maximum is identified with
a " + " and the burst extent averaged over the period 1551-1600 U T is shown by the
dotted contour in the last map.
1445-If~)0 UT

1500-1515 UT

S

1515-1530UT

c.)

1530-1545UT

N

iv !t v.-.
PRE-FLARE 6 CM MAPS

25 JUNE 1980

Figure 8. Central 1.1' • 1.6' region of prettare (15 m) maps of I and II, 15:00-15:45 UT,
25 June 1980.The beamsizeis 4" • 6".The firstcontour is 1 • 106 K and the contour intervalis
2 x 106 K. Note the reversalof polarityin componentB in the last map, closeto the subsequent
burst peak (marked by +). The dotted outline shows the extent of the burst source in the
impulsive phase, 1551-1600 UT (Kundu et al 1982b).
6
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As one can see from these maps, there was a definite trend for the active region
undergoing brightness and polarization changes. The central component B intensified
at 1515-1530 UT and increased in polarization slightly. In the last map (1530-1545)
several new components appeared with polarization of 40-80 %. However, the most
remarkable feature is the change of the sense of polarization of component B (see figure
8); also the component on the northern side of B greatly increased in polarized intensity,
with polarization of 80-90 %. This might imply the emergence of a flux of reverse
polarity at coronal levels. (The photospheric magnetograms show little or no change.)
Consequently, we feel that we may be dealing with a preflare activity similar to the one
considered in the flare model of Heyvaerts et al (1977). It is not entirely clear how the
reverse polarity could occur at coronal levels without any correspOnding signature in
the photosphere. We believe that this may be caused by the expansion of an old flux
tube in which twisting increases its coronal magnetic field so that it becomes equal to or
higher than that corresponding to the third harmonic of the gyrofrequency (600 G at
6 cm-2) (Kundu 1965); at the same time there must be some heating of the loop.
Alternately one can conceive of a previously existing loop of opposite polarity which
was not observable at 6 cm due to its weak magnetic fields; it is possible that a sudden
onset of currents in the loop builds its field strength in the corona to values of the order
of 600 G for it to be observable at 6 cm-2 (Kundu et ai 1982b). Simultaneous
observations in H~t at the Ottawa River Solar Observatory (oRso) and with the SMMUVSa experiment favour the second possibility.
(b) A second case of preflare changes in an active region was observed by us at 2 cm
on 1 May 1983, in which newly emerging flux appears to be responsible for the
triggering of onset of a flare. As mentioned earlier, the most common manifestation of
preflare changes in an active region prior to the flare onset is the increase in brightness
temperature due to increased heating and polarization changes. With arc-second
resolution such as presently available with the VLA,it is possible to determine the exact
location of the flare relative to the region which is heated. Indeed, with the Skylab Aa'~
x-ray imaging data obtained with a resolution of ~ 5" arc, it was found that even
soft x-rays the preflare regions underwent heating; however, it was not always the
preheated region that flared up. This has been interpreted by Kundu (1980) by some
kind of loop structure linking the two regions, the nonflaring heated region being
magnetically connected with the flaring region. Using the viA, we studied the preflare
activity in a simple active region at 2 cm, the active region consisting of two components
both of which were preheated. However, only one component flared up.
Figures 9(a) and 9(b) show two 1-min maps just before the flare onset, and a l-rain
map just at the beginning of the impulsive rise phase. The most important point to note
here is that the southern component which was as compact as the northern component,
develops considerable structure in the 3 min before the impulsive rise of the flare.
Indeed, this source has now three components; we believe that the two new components
represent emerging flux. At the onset all three components intensified and finally the
flare took place at the edge of the easternmost component which is the same as the
original compact southern component. We believe that the interaction of the emerging
flux region or regions with the pre-existing region resulted in the flare. The V-map
during the 3 min prior to the onset show that the easternmost component was
polarized, the polarization being only about 15 %. However, the two other components,
presumably the emerging flux regions did not show any significant polarization. The
polarization during the rise phase and at the burst maximum was only ~ 10 %.
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Figure 9. (a) Left: 12 hour synthesis total intensity (I) map of 2 cm active region, contour
interval=2.9xl04K; middle: /-map during 21:02-21:10 UT; right: I-map dtiring
22:15-22:22 UT, contour interval for both = 1-9 x 105 K. (b) Left and middle: Two 1-min
/-maps at 2 cm just before flare onset; right: l-rain/-map at 2 cm at beginning of impulsive
flare (Kundu and Shevgaonkar 1984 submitted).

8.

Loops and arcades of loops as sites of primary energy release

The impulsive bursts at 6 cm occur quite often near the neutral line o f magnetic fields,
as determined by the polarization maps o f 6 cm active regions (Kundu et al 1977;
Alissandrakis and Kundu 1978). They also occur between two Ha flaring kernels
located over regions o f opposite magnetic polarity. This implies that the microwave
burst region is located near the top of a flaring loop that connects the two magnetic
regions o f opposite polarity. A good example (figure 10a) o f such burst location at 2 cm
has been provided by Marsh and Hurford (1980). At 6 cm wavelength, the situation
appears to be more complex in the sense that instead o f a single loop an arcade o f loops
may be involved in the flare process (Kundu et al 1982a).
As one can see from the samples o f 10s synthesized maps produced during the
impulsive phase o f the burst observed on 25 June 1980 (figure 10b) the burst source is
very complex; it consists o f several component sources, the most intense of which is
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Figure 10a. Ha photographs o f a flare along with VLA maps at 2 cm-2 produced with a
resolution of 1" arc with 10 s o f data, The contour interval is 20% of the peak brightness temperature. (A) Peak of impulsive phase, T b = 2.5 x 10SK; (B) peak of gradual phase,
T b = 5.2 • 10s K (Marsh and Hurford 1980).
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located near the centre. The polarization (V) maps show that most of the burst
components have bipolar structures. Several components, including the strong central
source, have almost the same finite extent in total intensity and polarization
(~ 5" x 10"); the neutral line (6 cm) passes through the peak of total intensity and
divides it into two regions of opposite polarity across the shorter extent of the region.
This clearly implies an arcade of bipolar flaring loops in which the microwave burst
source is located near the top of the loop and occupies a significant portion of the legs of
the loops. Most of the Hat flaring emission occurs near the footpoints of the coronal
loops seen in the burst radiation. It should be noted that the 2 cm burst source has a size
of only ,--2", smaller than that of the 6 cm burst source. The peak brightness
temperatures at both wavelengths lie in the range 108-109 K.
It is clear that the loop or arcade model of flares involves the release of energy in the
coronal part of a magnetic loop. This energy release (possibly through magnetic
reconnection brought on by a tearing mode instability (Alfv6n and Carlquist 1967;
Spicer 1976) impulsively heats the plasma in the upper part of the loop. A nonthermal
tail of high energy electrons (energies up to a few hundred keV) may also be produced at
this time. The hot plasma is confined between a pair of conduction fronts which
propagate down the legs of the loop with a velocity near the ion sound speed (Brown
et al 1979; Vlahos and Papadopoulos 1979). Electrons with velocities greater than
approximately three times the electron thermal speed in this region, however, are not
confined by the conduction fronts and escape to the lower part of the loop. Holman et al
(1982) showed that when the electron gyrofrequency exceeds the plasma frequency, the
escaping electrons are unstable to the generation of electrostatic plasma waves which
scatter the particles in pitch angle to a nearly isotropic distribution. They showed that
this scattering can enhance the microwave emission from the upper part of the loop
because more electrons are trapped in the upper part of the loop, and the scattered
electrons have a higher mean pitch angle. In a complementary work, Petrosian (1982)
computed the variation of gyrosynchrotron intensity and spectrum along a closed
(semi-circular) magnetic loop. Using an isotropic particle distribution an&a uniform
(little variation from top to footpoints) magnetic field, he showed that microwave
emission originated predominantly from the upper part of the loop and that a loop
would appear larger in the optically thick regime than in the optically thin regime.

9.

Magnetic reconnection in microwave solar bursts

In this section, we discuss a set of 6 cm observations made with the VLA (spatial
resolution ,-- 2") that pertain to changes in the coronal magnetic field configurations
that took place before the onset of an impulsive burst observed on 14 May 1980. We
also discuss a second set of 6 cm VLAobservations (spatial resolution 18" arc) where
several interacting loops were involved in triggering the onset of an impulsive burst
observed on 24 June 1980, 19:57:00 UT. Both sets of observations are examples of
magnetic reconnection processes being involved in accelerating microwave emitting
electrons.
(a) The burst appeared as a gradual component on which was superposed a strong
impulsive phase (duration ,-, 2 min) in coincidence with a hard x-ray burst. Soft x-ray
emission (1.6-25 keV) was associated with the gradual 6 cm burst (before the impulsive
burst), as is to be expected. There was a delay of hard x-ray emission ( > 28 keV) relative
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to 6 cm emission ( ~ 10 sec delay from 6 cm maximum to hard x-ray start and ~ 20 sec
delay from 6 cm maximum to hard x-ray maximum). The perflare region at 6 cm
showed intense emission with peak Tb "~ 1-3 • 107K and degree o f polarization
p ~ 65 % extended along a neutral line situated approximately in the east-west
direction. A gradual burst source of intense emission with T b ,,, 4 x 107 K and p ,~ 50 %
-80 % appeared initially. The most remarkable feature of the 6 cm burst source
evolution was that an intense emission (Tb -~ 1.4 x 108 K; p ,,~ 60 %) extending along
the north-south neutral line (line of zero polarization at 6 cm), possibly due to
reconnections, appeared, just before the impulsive burst occurred. This north-south
neutral line must be indicative o f the appearance of a new system of loops. In the 20 sec
preceding the impulsive peak (Tb ~ 1.1 x 109 K; p ~ 40%) the arcade o f loops (burst
source) changed and ultimately developed into two strong bipolar regions or a
quadrupole structure whose orientations were such that near the loop tops the field
lines were opposed to each other. This quadrupole field configuration is reminiscent of
the flare models in which a current sheet develops at the interface between two closed

Figure 1 l. Preflare active region and burst source maps for the 14 May 1980 burst at 6 cm.
Each map was synthesized from data taken during a time interval appropriate to the observed
6 cm flux. Preflare 6 cm map 18:06-18:45 UT, Tb (max) ~ 13 x 106 K; gradual phase of burst,
18:59-19:14, Tb(max ) ~ 4 0 x 106 K; last 5m before impulsive phase, 19:14-19:19, Tb (max)
~ 1.4 • 10 s K; peak of the impulsive phase 19:19:55-19:20:05, Tb(max) ~ 1100 x 106 K;
(Note the remarkable quadrupole structure); gradual phase of burst, 19:21-19:30, Tb(max )
40 X 106 K (Kundu 1983).
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Figure 12. (a) Top:Amplitudein sfu (1 sfu = 10- 22w m- 2hz- ~)vs time profileof the 6 cm
bursts at 19:50 and 19:57 UT, 24 June 1980corresponding to the shortest baseline of 1400
wavelengths; Middle and bottom:Total emission light curvesin cts s- ~of the 19:57UT event
in soft (3.5-8.0 keY)and hard (22.00-32-0keV) X-rays. (b) Sample VL^ 10 sec snapshot maps
for the 19:57 UT burst with a spatial resolution of 18" arc, see text (Kundu et al 1984).

loops. The impulsive energy release must have occurred due to magnetic reconnection
of the field lines connecting the two oppositely polarized bipolar regions (Kundu et al
1982b; Velusamy and Kundu 1982; Kundu 1983). After the impulsive phase was over,
the gradual burst still continued for another 10min, with the magnetic field
configuration being very similar to what existed in the gradual phase prior to the
impulsive event. The important changes in the coronal field configuration, and hence,
magnetic field reconnections, are schematically represented in figure 11. The reconnection process accelerates electrons to energies of the order of 100 keV or higher, which
are responsible for the microwave and possibly, the hard x-ray bursts. The delayed hard
x-ray emission, assuming it to be nonthermal, must be attributed to the fact that not
enough electrons of energy > 28 keV were able to reach a thick target region to
produce observable x-ray emission at the onset of 6 cm impulsive burst. The hard x-ray
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spectrum may be either thermal (exponential) or nonthermal (power law). In the
thermal interpretation, impulsive phase plasma temperatures of 1-2 x 10a K and a
plasma density of ~ 1 x 109 cm-3 are implied, if the x-ray emitting volume is
comparable to the microwave emitting volume. The thermal interpretation implies
delayed heating of the flare plasma to ,,~ 108 K.
(b) The second burst observed on 24 June 1980, 19:57 UT provides a good example
of interacting loops being involved in triggering the onset of a 6 cm impulsive flare
associated with a hard x-ray burst (Kundu et al 1984). It also provides evidence of
preflare polarization changes on time scales of a minute or so, which obviously are
related to coronal magnetic field configurations responsible for triggering the burst.
The time profiles of the 6 cm burst and the hard x-ray burst are shown in figure 12a. A
sequence of synthesized maps with a resolution of 18" arc are shown in figure 12b. The
6 cm burst source is complex, consisting initially of two oppositely polarized bipolar
sources separated E-W by ~ 1.5' arc. The first brightening occurs in one component at
19:57:10 UT, located at the same position as the burst that occurred at 19:51:05 UT.
The western component is much weaker at this time. It then brightens up at 19:58:05
UT, just at the onset of the impulsive rise of the burst and is accompanied by changes in
its polarization structure. It then decays and by 19:59:05 UT it appears to split into two
weak sources separated E-W by -~ 12" arc. The eastern component brightens up at
19:58:15 UT and then decays until 20:00:15 UT. This brightening is accompanied by
significant polarization changes, including reversal of polarization. A third component
appears approximately midway between the eastern and western component at
19:58:45 UT during the peak of the associated hard x-ray burst (figures 12a,b). The
appearance of this source is again associated with polarization changes, in particular
the clear appearance of several bipolar loops; its location overlaps two opposite
polarities implying that it might be situated near the top of a loop. The third source
reaches maximum intensity at 19: 59: 05 UT and by 19: 59:15 UT it disappears. At the
time of maximum intensity the burst source appears to lie at the interface between two
oppositely polarized loops. Clearly, in this set of observations we are dealing vCith
interaction between multiple loop structures and the resultant formation of current
sheets between two oppositely polarized loop structures. The magnetic field reconnection process that ensues must be responsible for the acceleration of electrons
responsible for impulsive microwave emission.
These two sets of observations provide the first observational evidence for magnetic
reconnection in microwave flares.
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