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The Sun and Nearby Stars: Microwave
Observations at High Resolution

Mukul R. Kundu and Kenneth R. Lang

Microwave observations in the 1960’s
and 1970’s added new dimensions to
studies of solar active regions. The qui-
escent, or nonflaring, microwave emis-
sion at different wavelengths originates
in levels of the solar atmosphere where
the brightness temperatures (7g) are
comparable to the local electron tem-

dominant emission mechanism depends
upon the wavelength and the physical
conditions within the active region (I).
The solar active regions have intense
magnetic fields that result in high de-
grees of circular polarization of the mi-
crowave emission. Magnetic fields per-
meate every level of the solar atmo-

Summary. High-resolution microwave observations are providing new insights into
the nature of active regions and eruptions on the sun and nearby stars. The strength,
evolution, and structure of magnetic fields in coronal loops can be determined by
multiple-wavelength observations with the Very Large Array. Flare models can be
tested with Very Large Array snapshot maps, which have angular resolutions of better
than 1 second of arc in time periods as short as 10 seconds. Magnetic changes that
precede solar eruptions on time scales of tens of minutes involve primarily emerging
coronal loops and the interactions of two or more loops. Magnetic reconnection at the
interface of two closed loops may accelerate electrons and trigger the release of
microwave energy in the coronal parts of the magnetic loops. Nearby main-sequence
stars of late spectral type emit slowly varying microwave radiation and stellar
microwave bursts that show striking similarities to those of the sun.

peratures. Values of Ty increase with
increasing wavelength, A, from ~6.5 X
10* K at A = 2 mm in the low chromo-
sphere through ~10° K at A = 2 c¢m in
the chromosphere-corona transition re-
gion to ~10° K at A = 20 cm in the low
corona.

The microwave radiation of solar ac-
tive regions is, with the exception of
bursts, thermal in nature. The radiation
at millimeter wavelengths is thermal
bremsstrahlung. At centimeter wave-
lengths the gyroresonant radiation of
thermal electrons accelerated by mag-
netic fields can compete with the brems-
strahlung of thermal electrons acceler-
ated in the electric fields of ions. The
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sphere above active regions. The micro-
wave observations uniquely provide
direct measurements of the strength and
structure of the magnetic fields in the
low corona and the transition region (be-
tween the photosphere and the corona).
The observed radiation is circularly po-
larized in the extraordinary mode of
wave propagation, with right-handed cir-
cular polarization corresponding to a
positive magnetic field directed toward
the observer. When thermal bremsstrah-
lung is the dominant radiation mecha-
nism, the circular polarization is due to a
propagation effect in the presence of a
magnetic field. An electromagnetic wave
passing through a magnetoionic medium
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is split into ordinary and extraordinary
components, and the degree of circular
polarization of the emergent radiation
depends upon the optical depth for these
two components. The longitudinal mag-
netic field strength (H,) can be inferred
from the polarization and the optical
depths. When gyroresonance dominates,
the circularly polarized radiation is emit-
ted at the second or third harmonic of the
gyrofrequency. One is thus able to infer
the magnetic field strength from the ob-
served frequency (2).

The development of aperture synthe-
sis instruments at radio wavelengths in
the 1970’s made possible the spatial reso-
lution of the solar microwave sources
and opened the way for comparisons
with observations of similar angular res-
olution at optical and x-ray wavelengths.
The high-resolution microwave observa-
tions were initially carried out at wave-
length A = 6 cm with the Westerbork
Synthesis Radio Telescope in the Neth-
erlands and the Very Large Array (VLA)
spread out on a desert near Socorro,
New Mexico. These observations indi-
cated that gyromagnetic effects predomi-
nate in the regions above sunspots and
that maps of circular polarization at 6 cm
specify the structure of the coronal mag-
netic field (3). The high-resolution obser-
vations also indicated that the impulsive
component of microwave bursts is usual-
ly located near the top of magnetic loops
and that brightness and polarization
changes precede solar bursts on time
scales of tens of minutes (¢, 5).

Three reviews, written when the solar
application of microwave aperture syn-
thesis was at an early stage, dealt almost
solely with observations at 6 cm (6). This
research area has matured in recent
years, with multiple-wavelength VLA
observations and snapshot synthesis
maps produced in time periods as short
as 10 seconds. We provide here a review
of these recent developments. We begin
with a discussion of the results of the
multiple-wavelength studies that specify
the three-dimensional structure of quies-
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Fig. 1. Very Large Array synthesis map of a coronal loop at wavelength A = 20 cm. The
contours mark levels of equal Ty corresponding to 0.2, 0.4 . . . 1.0 times the maximum Ty of
2.0 x 10° K. A schematic portrayal of the 6-cm microwave emission, which comes from the
legs of magnetic dipoles, is also shown, together with the underlying sunspots that are detected
at optical wavelengths.

Angular scale (minutes of arc)

Fig. 2. A Westerbork Synthesis Radio Telescope synthesis map of circular polarizationat A = 6
cm overlaid on an Ha photograph obtained from the observatory at Athens. The contours are in
steps of 1.5 X 10° K. The circularly polarized horseshoe structure that rings the sunspot umbra
is due to gyroresonant emission in the curved magnetic fields of the sunspot penumbra.
[Courtesy of Astrophysical Journal (Letters))
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cent, or nonflaring, active regions. Per-
haps the most important new develop-
ment has been the discovery of the mi-
crowave counterpart of the ubiquitous
coronal loops, which heretofore have
been observable only with satellite-
borne x-ray telescopes.

Quiescent (Nonflaring) Microwave
Emission from Solar Active Regions

Because the microwave emission from
nonflaring active regions varies slowly
over time scales of several hours, one
may investigate its detailed structure by
using the earth-rotation aperture synthe-
sis technique (7). The instruments that
one uses for this technique are generally
composed of one or several linear arrays
and utilize the rotation of the earth to
change the relative orientation of the
array and the radio source; Fourier in-
version methods are used to determine
the angular power distribution of a radio
source from the array response (visibility
functions). Synthesis maps of total inten-
sity, I, describe the two-dimensional dis-
tribution of source brightness, whereas
synthesis maps of circular polarization,
or Stokes parameter V, describe the two-
dimensional structure of the longitudinal
magnetic field. Observations at different
wavelengths sample different levels
within the solar atmosphere, with longer
wavelengths referring to higher levels.
The heights of the microwave structures
can be inferred from their angular dis-
placements from underlying photospher-
ic features, and the two-dimensional
maps at different wavelengths in the mi-
crowave domain can be combined to
specify the three-dimensional structure
of solar active regions.

Multiple-wavelength synthesis obser-
vations of solar active regions have been
carried out mainly at the VLA with
A = 2,6, and 20 cm (8). The emission at
these wavelengths often originates at dif-
ferent heights within the coronal loops
that join sunspots of opposite magnetic
polarity (Fig. 1). The 2-cm emission has
been attributed to thermal bremsstrah-
lung of the 10° K plasma that overlies
sunspots at heights A ~5,000 km where
H, is ~10° G. Bright, highly polarized 6-
cm cores mark the legs of dipolar loops
with Tg ~2 x 10° to 5 X 10° K and &
~30,000 km above the underlying sun-
spots (Fig. 1). Values of H, of ~600 to
900 G are inferred from the fact that
these cores emit gyroradiation at the
second or third harmonic of the gyrofre-
quency. The 20-cm emission comes from
the hot, dense plasma trapped within the
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magnetic loops that connect underlying
sunspots. These coronal loops have
Ts = 2 X 10°to 4 x 10° K and extents of
about 100,000 km. The 20-cm emission
may be attributed to thermal bremsstrah-
lung or gyroresonant radiation, or both.

One of the most satisfying observa-
tional results has been the detection of
circularly polarized ring-shaped or
horseshoe structures predicted by the
theory of gyroresonant emission from
individual sunspots (9). Circular polar-
ization maps at A = 6 cm reveal highly
polarized (up to 100 percent) structures
that lie above the curved magnetic fields
of sunspot penumbrae (see Fig. 2). There
is no detectable circular polarization
above the central sunspot umbrae where
the magnetic fields project radially up-
ward into the hot coronal regions. The
total intensity of the 6-cm radiation is
often enhanced above the sunspot um-
brae, with Tg ~10° K; but it is also often
enhanced above sunspot penumbrae and
depressed over the umbrae. A 6-cm
brightness depression above sunspot
umbrae may be attributed to cool materi-
al above sunspot umbrae or to geometri-
cal effects. For instance, there is negligi-
ble gyroresonant absorption when the
angle between the magnetic field and the
line of sight is small. Both cool material
and variable absorption may be present,
but the two effects cannot be easily dis-
entangled.

Although gyroresonance in the legs of
magnetic loops usually dominates the 6-
cm emission, weaker bremsstrahlung
can sometimes be detected at 6 cm near
the loop apex. The coronal loops are
more reliably mapped out if one uses the
VLA at A = 20 cm, where emission from
the entire loop is routinely detected (10).
The magnetic and temperature structure
of coronal loops can be specified from
the 20-cm observations. This emission is
due to thermal gyroresonant absorption
and/or bremsstrahlung of the same hot
plasma that gives rise to x-ray emission
by thermal bremsstrahlung. Because the
magnetic energy density dominates the
thermal energy density at coronal
heights, this plasma remains trapped
within the magnetic loops. Electron tem-
peratures T. of 2 x 10° to 4 x 10° K,
electron densities N, of 10° to 10'° cm™3,
loop extents of 10° to 10'° ¢cm, and H,
values of 200 G can be inferred from the
20-cm intensity and polarization maps.
Thermal bremsstrahlung may also some-
times play a role in the 20-cm coronal
loops, and in this case stronger magnetic
fields of H, ~ 500 G are inferred from
the circular polarization if it is due to
propagation effects.
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Microwave Bursts from
Solar Active Regions

The VLA has also recently been used
to detect changes in the configuration of
coronal magnetic fields and temperature
enhancements within coronal loops that
are important in the excitation of solar

bursts. The origin and prediction of these
powerful bursts is one of the most impor-
tant and interesting problems of solar
physics. It has long been known that
solar eruptions are intimately connected
with the magnetic fields in active re-
gions, for the ultimate source of energy
for these bursts must be magnetic ener-
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Fig. 3. The time profile of a solar burst at A = 20 cm (top of figure) suggests heating within a
coronal loop prior to the emission of two impulsive microwave bursts. The 20-cm VLA
synthesis maps for 10-second intervals (bottom of figure) suggest that a coronal loop twisted in
space. Energetic particles associated with hard x-ray emission at relatively low levels that
occurred during the calibration gap shown in the figure may have either initiated the heating in
the coronal loop or supplied it with microwave-emitting particles.
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Fig. 4. Central 1'.1 X 1'.6 regions of preflare (15 minutes) maps of total intensity (/) and circular
polarization (V) from 14" 45™ to 15" 45™ U.T. on 25 June 1980. The beam size is 4" x 6". The
first contour is 1 x 10° K, and the contour interval is 2 X 10° K. Note the reversal of polarity in
component B in the last map, close to the subsequent burst peak (marked by +). The dotted
outline shows the extent of the burst source in the impulsive phase, 15" 51™ to 16" 00™ U.T.

[Courtesy of Astronomy and Astrophysics)
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gy. It has only recently been realized,
however, that evolving magnetic fields in
the solar corona may play a dominant
role in triggering solar eruptions (11).
Theoretical considerations indicate that
loops emerging into the corona, magnet-
ic shear within these loops, and interact-
ing coronal loops can trigger solar bursts
and supply their energy (12). One can
now observe these effects for the first
time by using the VLA to specify the
magnetic field topology in active regions
with angular resolutions of better than 1
second of arc in time periods as short as
10 seconds.

It has been known for several years
that preflare changes in active regions
are detected as increases in the intensity

and polarization of the microwave emis-
sion at centimeter wavelengths. These
increases precede solar eruptions on
time scales of 10 minutes to an hour (13).
They suggest that new magnetic loops
are emerging or that existing magnetic

“fields are becoming more ordered. The

high angular resolution provided by the
VLA has now shown that these in-
creases are related to preburst heating in
coronal loops and to changes in the cor-
onal magnetic field topology. The VLA
snapshot maps have also made possible
tests of flare models that could not be
carried out at optical wavelengths.

The VLA results indicate that no sin-

‘gle flare model is versatile enough to

explain the diverse ways in which mag-
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Fig. 5. The time profile and 10-second VLA synthesis maps of a solar burst at A\ = 6 cm. The
loop structure, peak brightness temperatures, Tg, and degrees of circular polarization (P) are
given below the synthesis maps. Two dipolar loops emerged to form a quadrupolar structure.
The interacting loops created a change in the orientation of the neutral plane and triggered the
emission of an impulsive burst. [Courtesy of Advances in Space Research, Academic Press,

New York]
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netic energy is dissipated in solar bursts.
This is not terribly surprising in view of
the magnetic complexity of solar active
regions. Preburst changes can neverthe-
less be ordered into three major catego-
ries: (i) changes within a single coronal
loop, (ii) the emergence of coronal loops,
and (ili) interaction between coronal
loops (14).

Single coronal loops or arcades of
loops often begin to heat up and change
structure about 15 minutes before the
eruption of impulsive bursts. As illustrat-
ed in Fig. 3, heating within a magnetic
loop was followed by impulsive micro-
wave emission. Energetic particles asso-
ciated with hard x-ray emission (high-
energy x-ray photons) may have initiated
or contributed to this heating. Radio and
soft x-ray data have been combined to
derive a peak T, of 2.5 x 107 K and an
average N, of 10'° cm™3 during the heat-
ing phase of the example shown in Fig. 3.
Future comparisons with observations at
optical wavelengths may indicate wheth-
er the changing orientation of the micro-
wave flaring region (Fig. 3) is related to
the shear of photospheric magnetic
fields, which is sometimes observed be-
fore a flare. Preburst heating and mag-
netic field changes can also occur in
loops that are adjacent to, but spatially
separated from, the sites of the impulsive
bursts.

Preburst activity is also detected in
coronal loops that are adjacent to those
that emit bursts. New bipolar loops can
emerge and interact with preexisting
ones. When the polarity of the new
emerging flux differs from that of the
preexisting flux, current sheets are pro-
duced that trigger the emission of bursts.

An example of a reversal of polariza-
tion in a bipolar feature prior to the onset
of a flare is shown in Fig. 4. It suggests
either the emergence of new magnetic
flux or a change in the topology of the
magnetic field. Joint studies based on the
use of Ha data and the ultraviolet spec-
trometer polarimeter aboard the Solar
Maximum Mission Satellite led to the
conclusion that rising and twisting of
magnetic loops around the site of the
flare triggered its onset (15).

Recent VLA solar observations may
provide direct evidence of magnetic re-
connection in microwave bursts (/6).
This is exemplified by a 6-cm burst,
shown in Fig. 5, in which a gradual burst
first appears with an east-west magnetic
neutral line; superposed on it an intense
emission extending along a new north-
south neutral line appeared just before
the impulsive burst occurred. This north-
south line is indicative of the appearance
of a new system of loops, possibly due to
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reconnections. At the impulsive peak,
the burst source structure changes and
ultimately develops into two oppositely
polarized bipolar regions or a quadrupole
structure. A current sheet may have de-
veloped at the interface of two closed
loops, thereby triggering the burst onset.
The impulsive energy was probably due
to magnetic reconnections of the field
lines connecting the two oppositely po-
larized bipolar regions. It remains to be
seen if the reconnection process can
accelerate electrons to energies of the
order of 100 keV or higher, which are
responsible for microwave burst emis-
sion.

The microwave bursts are character-
ized by a strongly polarized, compact (5"
to 30”) impulsive component with a Ty of
107 to 10° K lasting between 1 and S
minutes. This is followed by a larger,
longer postburst component with rela-
tively low polarization and Tg. The im-
pulsive bursts are due to the gyrosyn-
chrotron radiation of mildly relativistic
electrons with energies of 100 to 500
keV.

The primary release of microwave en-
ergy takes place in the coronal part of
magnetic loops. The impulsive part of
the microwave energy is usually released
in the upper parts of coronal loops and
between the flaring Ha kernels (small
regions) that mark the footpoints of mag-
netic loops (Fig. 6). The impulsive emit-
ting region at A = 6 cm occupies a large
fraction of the flaring loops near their
tops, whereas the 2-cm emission is more
concentrated toward the loop apex. The
microwave emission of the gradual phase
that follows the impulsive burst at 2 cm
is larger and is elongated along the mag-
netic field lines joining the Ha kernels.

Fig. 6 (top). Very Large Array synthesis maps
of the impulsive phase (A) and gradual phase
(B) of a solar burst at A = 2 cm (15.05 GHz)
superimposed upon an Ha photograph of the
flare taken at the same time at the Big Bear
Solar Observatory, Big Bear, California. The
microwave emission of the impulsive phase
(peak Tg = 2.5 X 10° K) was released at the
top part of a dipolar loop, while the Ha
kernels were emitted at the loop footpoints.
The microwave emission of the gradual
phase, which followed the impulsive phase
and lasted for several minutes, is larger and is
elongated along the magnetic field lines join-
ing the Ha kernels (22). [Courtesy of Astro-
physical Journal (Letters)] Fig. 7 (bot-
tom). The time profile of successive impulsive
bursts at A = 20 cm (top) is compared with 10-
second VLA synthesis maps at the same
wavelength (bottom). Although the succes-
sive weak bursts were emitted from the same
coronal loop, the successive intense bursts
arose from spatially separated coronal loops
having peak Ty values between 2 x 107 and
2 x 10® K. The contour intervals are in steps
of 1.0 x 10" K.
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The loop or arcade model of flares
postulates the release of energy in the
coronal part of a magnetic loop. This
energy release [possibly through magnet-
ic reconnection brought on by a tearing-
mode instability (/2)] impulsively heats
the plasma in the upper part of the loop.
A nonthermal tail of high-energy elec-
trons (energies up to a few hundred kilo-
electron volts) 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 (17). Electrons with velocities
greater than approximately three times
the electron thermal speed in this region,
however, are not confined by the con-
duction fronts and escape to the lower
part of the loop. When the electron gyro-
frequency exceeds the plasma frequen-
¢y, the escaping electrons are unstable to
the generation of electrostatic plasma
waves which scatter the particles in pitch
angle to a nearly isotropic distribution
(17). This scattering can enhance the
microwave emission from the upper part
of the loop because more electrons are
trapped in that part of the loop, and the
scattered electrons have a higher mean
pitch angle. Using an isotropic particle
distribution and a uniform magnetic
field, one can show (/2) that microwave
emission originates 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.

During the course of impulsive bursts,
the microwave source sometimes drifts

toward the limb. This apparent limbward
motion can be attributed to a radial
movement of expanding magnetic loops
at velocities of a few hundred kilometers
per second. Alternatively, bursts could
be sequentially triggered at higher levels
in the solar atmosphere.

There is also evidence for the sequen-
tial triggering of microwave bursts in
different loops within magnetically com-
plicated regions. As illustrated in Fig. 7,
successive intense bursts can originate in
adjacent coronal loops, whereas succes-
sive weaker bursts are located in the
same coronal loop.

Microwave Emission from Nearby

Stars of Late Spectral Type

Nearby main-sequence stars of late
spectral type exhibit quiescent x-ray
emission whose absolute luminosity may
be as much as one hundred times that of
the sun. These stars thus may have large-
scale coronal loops and intense magnetic
fields. The solar analogy indicates that
the hot coronal plasma ought to be de-
tected at A = 20 cm and that polarized 6-
cm emission should reveal the presence
of large-scale magnetic structures.

In fact, the dwarf M flare stars exhibit
slowly varying, circularly polarized mi-
crowave emission at A\ = 6 cm that is
analogous to the quiescent, or nonflar-
ing, microwave emission from solar ac-
tive regions (/8). Brightness tempera-
tures of 107 to 10® K are inferred if the
microwave-emitting source covers the

entire visible surface of the star. Bright-
ness temperatures comparable to that of
the sun’s quiescent microwave emission
(Ts ~10° K) are obtained if the stellar
emitting region is three times as large as
the visible star. The detected emission
might then be explained as the gyrores-
onant emission from thermal electrons
spiraling in magnetic fields with H, ~300
G. Alternatively, the gyrosynchrotron
emission of a small number of energetic
electrons in starspots may account for
the stellar microwave emission.

The dwarf M flare stars also exhibit
microwave bursts that are similar to
those emitted by the sun (19). For exam-
ple, impulsive microwave bursts from
the sun sometimes exhibit rapid millisec-
ond fine structure that is 100 percent
circularly polarized (20). Brightness tem-
peratures as high as ~10'° K have been
inferred for the solar fine structure.

One impulsive burst from the dwarf M
star AD Leo is composed of a rapid
sequence of highly polarized (100 per-
cent) spikes with rise times of less than
200 msec (Fig. 8). An upper limit to the
linear size of the emitting region is
6 x 10° cm, the distance that light trav-
els in 200 msec. If the emitting starspot is
symmetric, it has an area that is less than
3 percent of the star’s surface area, and
its Ty exceeds 10'® K. The high Ty and
high degrees of circular polarization of
these star bursts can be explained in
terms of electron-cyclotron maser emis-
sion at the second harmonic of the gyro-
frequency in longitudinal magnetic fields
of H, ~250 G (2I).
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Fig. 8. Rapid, highly polarized spikes make up this 20-cm burst from the dwarf M star AD Leo. The spikes marked 1, 2, and 3 had rise times of
less than 200 msec, indicating that the emitting source was less than 6 x 10° cm in diameter. Brightness temperatures in excess of 10'* K are in-
fered for these spikes; LCP and RCP designate, respectively, left-handed and right-handed circularly polarized emission. [Courtesy of

Astrophysical Journal (Letters)]
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the turn of the century. Yet Waynbaum’s
book received no attention and it has
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dard term since Aristotle, reinforced by
Darwin’s classic work (2), implicitly
fixed their role in the emotional process,
and ‘‘solved’’ the problem by definition.
The term “‘expression’’ specifies a priori
the causal sequence among emotional
correlates, placing the efferent process at
the terminus. As such, therefore,
‘“‘expression’’ cannot be the cause of any
other aspect of the emotional process.
The term ‘‘expression’’ also implies the
existence of an antecedent internal state
which ‘‘expression’’ externalizes, mani-
fests, and displays. It implies further that
the antecedent internal state seeks exter-
nalization that forces itself onto the sur-
face. Hence, there also exists the term
‘““suppression.”” In many cases the be-
havioral output may well ‘‘express’’ an
internal state, and some reactions are
indeed suppressed. But it is by no means
established that all facial gestures that
are classified as expressions are caused
by internal subjective states. It may be
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