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INTRODUCTION

Researchsupport under NASA Grant 5-501with the SMM Guest Investigator

Program from 01 February, 1985to 31 January, 1991has resulted in a total of 25

publications in refereedjournals of the highest quality. The main body of this Final

TechnicalReport consistsof an index and reprints of thesepapers.

But first we can highlight the important new results that are given in thesepa-

pers: Very Large Array (VLA) observationsat 20 cm wavelengthcan detect the hot

coronal plasma previously observedat soft X-ray wavelengths. Thermal cyclotron

Iine emissionhasbeendetected at the apex of coronal loops where the magnetic field

strength is relatively constant. Detailed comparisonsof simultaneousSolar Maximum

Mission (SMM) Satellite and VLA data indicate that physical parameters such as

electron temperature, electron density and magnetic field strength can be obtained,

but that somecoronal loops remain invisible in either spectral domain. Theseearly

collaborative studies led to the Coronal Magnetic Structures Observing Campaigu

(COMSTOC), involving simultaneous SMM, VLA and other ground-basedobserva-

tions; the combined data have been used to infer emissionmechanismsand plasma

parametersfor quiescentcoronal loops aboveactive regions.

Collaborative SMM, VLA and NancayRadioheliographobservationshavealso pro-

vided newperspectivesabout the spatial and temporal evolution of intensesolar flares.

The unprecedentedspatial resolution of the VLA at 20 cm wavelengthhasshownthat

the precursor,impulsive and post-flare componentsof solarbursts origim_tein nearby_

but separateloops or systemsof loops. In somecasespreburst heating and magnetic

changesare observedfrom loops tens of minutes prior to the impulsive phase. Com-

parisonswith soft X-ray images and spectra and with hard X-ray data specify the
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magnetic field strength and emission mechanism of flaring coronal loops.

At the longer 91 cm wax'elength, the VLA has detected extensive emission in-

terpreted as a hot l0 s K interface between cool, dense Ha filaments and the sur-

rounding hotter, rarefied corona. Observations at 91 cm also provide evidence for

time-correlated bursts in active regions on opposite sides of the solar equator; they

are attributed to flare triggering by relativistic particles that move along large-scale,

otherwise-invisible, magnetic conduits that link active regions in opposite hemispheres

of the Sun.
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ABSTRACT

VLA observations of a solar active region at 10 closely spaced frequencies between 1440 and 1720 MHz are
presented. The synthesis maps show, on two successive days, significant changes in the brightness temperature
within this narrow frequency range. We show that these changes cannot be due to either thermal bremsstrah-
lung or gyroresonance emission from a coronal loop in which the temperature, density, or magnetic field
varies monotonically with height. Instead, we attribute the brightness spectrum to cyclotron line emission
from a narrow layer where the temperature is elevated above the surrounding part of the loop.

Subject headings: interferometry m radiation mechanisms m Sun: radio radiation

I. INTRODUCTION

Very Large Array (VLA) _ observations of solar active
regions near 20 cm wavelength delineate looplike structures
that appear to connect lower lying areas of opposite magnetic
polarity (Lang, Willson, and Rayrole 1982; Dulk and Gary
1983; Lang. Willson, and Gaizauskas 1983; McConnell and
Kundu 19831. These sources have peak brightness tem-
peratures of between 1.5 x I0 e and 4.0 x 106 K, suggesting
that they are the radio wavelength counterparts of coronal
loops seen at soft X-ray wavelengths.

The radiation mechanism responsible for this emission is,
however, the subject of some controversy. Lang, Willson, and
Rayrole (1983) and Dulk and Gary (1983) have, for example,
attributed 20 cm emission to optically thick thermal brems-
strahlung of a hot plasma trapped within magnetic arches con-
necting underlying sunspots. There is no detectable
polarization near the magnetic neutral lines, and this has been
attributed to optically thick emission or to magnetic fields that
are transverse to the line of sight. A few 20 cm loops exhibit
small circular polarization (p, < 20%) near their legs, and this
has been attributed ot the effects of bremsstrahlung propagat-
ing in longitudinal magnetic fieids of strength H_ _. 20--70 G
(Dulk and Gary 1983).

Other VLA observations suggest that low-harmonic gyrore-
sonance absorption may provide the bulk of the opacity in
20 cm loops. McConnell and Kundu (1983) have, for example,
found that the brightness of one loop could be best explained
by gyroemission near the loop top and thermal bremsstrah-
lung near the feet. Velusamy and Kundu (1981) also compared
radio and X-ray observations of systems of postflare loops, and
found that gyroresonance emission was the most likely mecha-
nism in these sources.

Both competing processes of bremsstrahlung and gyroreson-
ante emission predict a smoothly varying continuum spectrum
that decreases slowly with increasing frequency. The theory of
cyclotron absorption, for example, indicates that observations
at a given frequency, .v, refer to a narrow layer in the solar
atmosphere at which v =_ svn, where s = 2, 3, 4 is the harmonic
number and vx is the gyrofrequency. If the magnetic field in a

t The VLA is a facility of the National Radio Astronomy Observatory.
which is operated by Associated Universities, Inc., under contract with the

National Scien_ Foundation.

coronal loop decreases uniformly with height, then it was
thought that the individual cyclotron lines would merge to
form a smooth continuum. Theoretical work has shown
however, that individual cyclotron lines might also be detected
as narrow-band enhancements in the radio-frequency spectra
of solar active regions if the radiation were emitted from rela-
tively thin layers in the corona where the magnetic field is
relatively constant (Syrovatskii and Kuznetsov 1980; Kuznet-
sov and Syrovatskii 1981). The presence of neutral current
sheets, in which the temperature and density are higher than in
the surrounding parts of the loop, might also lead to abrupt
changes in the brightness temperature over a small frequency
range (Syrovatskii 1977; Syrovatskii and Kuznetsov 1980).
Recently, Willson (1983) mapped several act,:ve regions at three
closely spaced frequencies near 1446 MHz and found that two
of, the sources showed striking changes in brightness within
these narrow frequency ranges. These changes could not be
explained by either thermal bremsstrahlung or gyroresonance
emission from a loop in which the temperature, density, or
magnetic field varied uniformly with height. They could,
however, be explained by individual cyclotron lines emitted in
small regions (10"-30") where the magnetic field was relatively
constant with H _ 125--180 G.

Observations of cyclotron line emission are potentially
important because they provide a means of specifying the
physical conditions within coronal loops and current sheets.
We have now tried to confirm the presence of cyclotron lines
on the Sun by using the VLA to map an active region on two
successive days at 10 different frequences between 1440 and
1720 MHz. In this paper we present these observations and
compare them with theoretical spectra of cyclotron line emis-
sion from coronal loops.

Iz. OBSE_VA'nONS

The VLA (B-configuration) was used to observe the active
region AR 4398 on 1984 January 28 and 29. The position of
AR 4398 at 1300 UT on January 28 and 29 was 14*N II*W
and 14*N 24"W, respectively. The active region was observed
at 10 different frequencies between 1440 MHz (21.8 cm) and
1720 MHz (17.4 cm) with bandwidths of 12.5 MHz during a
10 hr period between 1300 UT and 2300 UT on each day. At
these frequencies the half-power beamwidth of the individual
antennas ranges between 26:0 and 31'.2 and the synthesized
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914 WILLSON

beamwidth varies between 3'.'0 x 3."5 and 3':6 x 4':2. The four
independent intermediate frequency channels now available at
the VLA made it possible to record the left and right circularly
polarized signals of two different frequencies at once. The
active region was observed at successive pairs of frequencies for
a period of 5 minutes, so that all I0 frequencies could be
observed in 25 minutes. This sequence of observations was
followed by successive 2 minute observations of the calibrator
source 3C 48. The data were calibrated using 3C 48 together
with a correction for the difference in the signals from high-
temperature noise sources located on four of the antennas. The
temperatures of these sources were measured at each frequency
and polarization prior to the solar observations and are
believed to be accurate to <5%. The flux of 3C 48 at each

frequency was determined from its flux of 15.37 Jy at
1465 MHz and its spectral index of,, = -0.81. Since some of
the observations were made outside of the nominal protected
radio band near 1421 MHz, the total power signal from two of
the antennas was monitored for the presence of interference.
No interference was detected during these observations,
however. We also examined the data for the presence of solar
bursts which could have corrupted the maps at one or more
frequencies. Only one burst was detected, between 1820 and
1950 UT on January 29, and these data were edited before
maps were made. The calibrated data were edited and used
together with the standard CLEAN procedure to make synthe-
sis maps of both total intensity, I, and circular polarization, V.

The maps of total intensity are shown in Figures 1 and 2.
There was no detectable circular polarization (V/I < 15%) on
either day, suggesting that the regions were optically thick to
both the ordinary and extraordinary modes of wave propaga-
tion. On both days the region shows a looplike structure of 1:0
to 175 in length, whose peak brightness temperature first
increases systematically from ~ 1.5 x 106 K at 1440 MHz to
~4.0 x 106 K at 1658 MHz, and then begins to decrease at the
highest frequencies. In Table I we give the brightness tem-
peratures at a point denoted by a cross on the peak intensity at
1658 MHz, and in Figure 3 we plot these temperatures as a
function of frequency. The error bars in Figure 3 represent 3 a
uncertainties determined from the residual noise left on the

CLEANed maps.
As a check on the integrity of the solar calibration pro-

cedure, we have also plotted the brightness temperatures
observed in a loop within the active region AR 4399, located
~6_5 to the east of AR 4398. This was the only other major
active region on the Sun during these 2 days. In contrast to AR
4398, the brightness spectrum of AR 4399 is nearly constant on
both days, with an average brightness temperature of TB _ 1.5
x 104 K. This result seems to indicate that the changes in
brightness temperature observed from AR 4398 are not
common to all sources, and therefore not due to an artifact of
the calibration or CLEANing procedure.

In Figure 4 we compare the radio maps at the peak fre-
quency of 1658 MHz with Kitt Peak magnetograms taken on

the same day. The radio emission appears to connect regions of
opposite magnetic polarity, suggesting that the sources are
dipolar loops which join the underlying sunspots. Observa-
tions made at Mount Wilson Observatory (R. Howard, private
communication) indicate that the two dominant spots have
magnetic field strengths of 1HI _ 2000 G, and that the mor-
phology and surface fields of these spots did not change appre-
ciably from one day to the next. As we will argue in the next
section, this may explain why the spectrum and morphology of
the radio loops were also similar on the two days.

IIL DISCUSSION

In this section we will show that the observed changes in
brightness temperature of about a factor of 2.5 over a fre-
quency range of ~ 300 MHz are difficult to explain by either
thermal bremsstrahlung or gyroresonance emission from a
loop in which the temperature, density, and magnetic field vary
uniformly with height. These radio results, then, appear to
conflict with the results of numerical models of quasi-static
coronal loops which predict smooth gradients in both tem-
perature and density along the loop (e.g., Rosner, Tucker, and
Vaiana 1978; Vesecky, Antiochos, and Underwood 1979). On
the other hand. these sharp changes in brightness temperature
are consistent with the existence of neutral current sheets or

thin inhomogeneous layers in the coronal loop where the tem-
perature or density are thought to be higher than in their
surroundings (Syrovatskii 1977).

As a starting point in our analysis, we assume that the mag-
netic field strength B(Z) in the loop can be represented by a
dipole function, B(Z) = BoR_/(Z + Ro) _, where Z is the height
above the photosphere, Bo (4 2000 G) is the magnetic field at
the solar surface, and Ro is the depth of the dipole below the
loop base. IfRo is taken to be equal to one-half the distance, D,
between the two footpoints, then Mount Wilson sunspot
observations indicate D _ 8.0 x 109 cm and Rt_ _ 4 x 109 cm.
We next divide the loop into thin layers of thickness
1.0 x l0 s cm and compute the optical depth due to thermal
bremsstrahlung and gyroresonance emission with assumed
values of temperature and density at each height, Z, in the
loop. In the simplest models, we assume that the loop has a
constant temperature and density between Z = 2 x 109 cm
and 5 x 10_ cm, the approximate height of 20 burst centimeter
loop emission (Willson and Lang 1984). The equation of trans-
fer for the emergent brightness temperature and circular
polarization as a function of frequency was then solved for
temperatures between 1.5 x 106 and 4.0 x 106 K, and den-
sities between 1.0 x 109 and 5.0 x 10 9 ¢m -3, using the equa-
tions for the thermal bremsstrahlung and gyroresonance
optical depth given by Willson (1983). Models were also com-
puted for different values of the parameter $ (20 ° < 0 < 90°),
the angle between the magnetic field and the line of sight.

The results of these calculations indicate that for this range
of temperatures and densities, and for 0 > 60°, gyroresonance
absorption would render the !oop optically thick with a nearly

TABLE !

MXXIMUM B_lGlrry_c,t_ TE.'aPER^'nJREK Tdmax ), wtT"-dtt, i AR 4398 AT Dirr'_E.'cr FREOUE'_cn_

Date 1440' 1480 1515 1558 1585 1620 1658 1690 1705 1724

1984 Jan 28 ........ 1.4 x 106 1.4 × 106 1.6 × 106 1.8 x l06 Z2 x 106 2,.0 x l06 3.7 × 106 3.2 × 106 2.5 × 106 2.6 x tO e

1984 Jan 29 ........ 1.3 × 106 1.7 × tO e 1.8 x 106 2.0 × 106 2.2 x 106 3.2 x 106 4.0 × 106 2.8 x 106 2.7 × 106 2.3 x 106

' All frequencies are in megahertz,all temperatures are in kelvins.
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temperature for different values of tem-

perature density, and magnetic field strength

in a coronal loop (top, middle). Maximum

brightness temperatures or the loops in

AR 4398 (top, middle) and AR 4399 (bottom)

are also plotted with error bars correspond-

ing to peak-to-peak fluctuations in back-

ground temperaxure of the synthesis maps.

Curves 1 and 2 correspond to a coronal

loop model that contains a thin

(AL = 1.0 x l0 s cm) layer where the mag-

netic field is H- 145 and 119 G, respec-

tively, and where the temperature and

density at T,=3.8 x 106 K and N,= i.0

x 10 ¢cm -=. The temperature and density

in the rest of the loop are taken to be equal

to T,=l.Sx 106K and N,=l.0x 10 ¢

cm- 3. Curve 3 corresponds to the same par-
ameters as model 1, except that N, = 2.0
x 10j° cm -a. Curve 4 corresponds to a

loop in which electron temperature increases
monotonically from T, = 1.5x L06 at
Z =" 5 x |0 9 ¢m to _ I'=3.8 X 10 6 K at

=-6x l09cm. In all cases, the angle 0
between magnetic field and line of sight was
taken to be equal to 0 - 70°.

Brightness temperature of active region
AR 4399, located ~6:5 east of AR 4398,
together with typical error bars, is plotted on
bottom panel of figure.
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FIG. 4.--VLA synthesis maps of total
intensity at 1658 MHz on [934 January 28

(top) and 29 January (bottom), superposed on

Kitt Peak magnetograms taken on the same
day. Note that radio emission appears to

connect areas of opposite magnetic polarity,
and that peak brightness temperature occurs
nearly along magnetic neutral line.
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THERMAL CYCLOTRON LINE EMISSION 917

constant brightness temperature between 1.5 x 106 and
4 x 106 K, and a low degree of circular polarization (p, <
20%) throughout the range of frequencies observed. This is
because the individual cyclotron lines at different harmonics
that are emitted from a layer with constant temperature would
merge to form a continuum. These results are in agreement
with those of McConnell and Kundu (1983) who found that
20 cm coronal loops would be optically thick to gyroresonanee
emission at the third harmonic of the gyrofrequency for mag-
netic fields H _ 130-170 G, temperatures T _ 1.5 x 106 K,
and densities of N, ,_, 5 x 108 cm- 3. We also found that these

results are unchanged if the temperature and density are
allowed to vary monotonically with height. In Figure 3 we
show one such model in which the temperature varied from
T,= 1.5x 106K at Z=5 x 109cm to T,=3.8 x 106K at
Z = 6 x 109 cm.

Instead, we find that the peak in brightness temperature can
be produced if the temperature, say T,, in one of the layers with
constant magnetic field is assumed to be higher than in the
other layers. In this case, the individual cyclotron line with
peak brightness temperature T, will appear above the contin-
uum spectrum produced by the other layers in the loop. The
results of these model calculations are shown in Figure 3 for
different values of the magnetic field strength, temperature, and
density for which the peak at -,- 1658 MHz is a harmonic of the
gyrofrequency. We find that the spectrum can be satisfactorily
fit if the loop contains a thin layer in which T, -- 3.5--4.0 × 106
K, where the magnetic field is H _. 145 G (n = 4), or possibly
H = 119 G (n = 5). For n -- 3 (H = 197 G), the line profile is
too wide and flat-topped, while for n > 6 (H > 100 G) the lines
are optically thin. That is, one explanation of these brightness
temperature variations is the existence of a thin layer in
which the temperature is ~ 3 times higher than in the rest of
the loop where T, _ 1.5 x 106 K. For an electron density
of N, = 10 9 cm -3, we obtain good fits for
1 x 107 cm < AL < 1 x 10s cm. For narrower layers, the
lines become optically thin and do not give a good fit to the
data. The data also constrain the angle 0 to 0 _ 65°-80 °, since
smaller values would yield unacceptably high circular polariz-
ation (p, > 30%), and higher values would result in cyclotron
line profiles that are too wide and flat-topped. We also find

that these results are relatively insensitive to the assumed
density in the heated layer, up to N, _ 2 x 10*° cm -a. For
higher densities, thermal bremsstrahlung becomes dominant in
the layer, resulting in a sharp step in brightness temperature
above ~ 1600 MHz (Fig. 3).

The fact that the brightness spectrum is nearly identical on
both days suggests that the physical conditions in the loop
were similar on these days. As noted earlier, the magnetic fields
of underlying sunspots were relatively constant, so that one
might also expect the coronal extension of these photospheric
fields to be also relatively unchanged. The frequency of the
cyclotron line emission would, under these conditions be rela-
tively unaffected, and this might explain the similarity of the
microwave spectrum from one day to the next.

The physical mechanism that gives rise to a thin, apparently
stable, hot layer in the corona is uncertain. We note, however,
that EUV observations of coronal loops have revealed the
presence of temperature inhomogeneities in a number of
sources (Foukal 1975, 1976; Raymond and Foukal 1982; Pye
et al. 1978). These inhomogeneities cannot be explained by
quasi-static loop models in which the pressure is assumed to be
uniform (e.g., Rosner, Tucker, and Vaiana 1978), but they may
be accommodated in more sophisticated models in which the
pressure and heat deposition are allowed to vary with height
and distance in the loop (Serio et al. 1981). Whether these
structures represent current sheets or regions where the
heating rate is higher than in the surrounding parts of the loop
is also an open question at this time. Future observations with
the VLA and other multifrequency radio interferometers,
together with observations at ultraviolet and X-ray wavelength
with the repaired SMM, may provide a more complete descrip-
tion of the magnetic field temperature and density stratifi-
cation of active region coronal loops.
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ABSTRACT

Multiple-wavelength VLA observations uniquely specify the three-
dimensional structure of the magnetic field and the plasma in the

coronal atmosphere above solar active regions. Synthesis maps at
20 am wavelength specify the density, temperature, and magnetic fields

of the ubiquitous coronal loops that are the dominant structural ele-
ment of the low solar corona; the 6 cm maps delineate the magnetic

structure of the legs of coronal loops that radiate at the second or
third harmonic of the gyrofrequency. Individual cyclotron lines have

been detected at 20 am wavelength at the apex of a coronal loop where

the magnetic field strengthis relatively constant and neutral current
sheets may lead to enhanced emission from a relatively thin coronal

layer. Although thermal bramsstrahlung and/or thermal gyroesonance
emission dominate the quiescent microwave emission from solar active

regions, some plage-associated microwave sources require nonthermal
emission mechanisms in the presence of weak magnetic fields. Intense

filament-associated sources might be attributed to the nonthermal

gyrosynchrotron emission of subrelativistic electrons.
Snapshot synthesis maps for tir.e intervals as short as ten seconds

have led to a new understanding of the excitation and eruption of
solar bursts. The impulsive phase of 20 cm bursts is released near

the apex of coronal loops located at a height of about 40,000 km above

the soIar photosphere. Solar bursts are triggered by preburst heating
and/or magnetic changes that precede the bursts on time scales of lO

minutes to an hour. The preburst changes can occur within single
coronal loops o_ arcades of coronal loops. Magnetic triggering can

also be caused by current sheets that develop during the emergence of
coronal loops or the interaction of preex_isting coronal loops. Suc-
cessive bursts can be excited in adjacent coronal loops. Observations

of microwave bursts at closely spaced wavelengths provide evidence for
narrow-band, highly circularly polarized bursts that may be attributed

to gyrosynchrotron masers or electron-cyclotron masers.
Observations of nearby stars with high time resolution provide

stringent limits to the size o_ the stellar bursting sources; highly
circularly polarized emitters with very high brightness temperatures
suggest coherent emission mechanisms. The slowly varying emission

from one nearby flare star also exhibits narrow-band microwave emis-
sion characteristic of a coherent mechanism.
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I. QUIESCENT (NONFLARING) E[ICR_,VAVEEMISSION FROM SOLAR ACTIVE REGIONS

Because the microwave emission from quiescent (non-flarlag) active

regions varies slowly over time scales of several hours, one may in-

vestigate its detailed structure by using the Earth-rotation aperture

synthesis technique. When the Very Large Array is used in this way,

the rotation of the Earth changes the relative orientation of the

array and the radio source; Fourier inversion methods are then used

to determine the angular power distribution of the radio source from

the array response (visibility functions). Angular resolutions of

better than one second of arc are achieved for fields of view that can

be as large as the entire solar disk. These angular resolutions exceed

those of optical telescopes or existing spacecraft telescopes at X-ray

or ultraviolet wavelengths.

Synthesis maps of total intensity, I, describe the two-dimensional

distribution of source brightness, whereas synthesis maps of circular

polarization, or Stokes parameter V, describe the two-dimensional

structure of the magnetic field. The observed radiation from quiescent

active regions is circularly polarized in the extraordinary mode of

wave propagation, with right-handed circular polarization correspond-

ing to a positive magnetic field directed toward the observer.

The microwave synthesis maps of circular polarization uniquely pro-

vide direct measurements of the strength s_nd structure of the magnet-

ic fields in the low corona and the transition region (between the

photosphere and the corona). This is not possible with any other

technique. When thermal bremsstrahlung is the dominant radiation

mechanism, the circular polarization is due to propagation effects in

the presence of a magnetic field; the longitudinal magnetic field

strength is then inferred from the polarization and the optical depth.

%When gyroresonant radiation of thermal electrons dominates, the cir-

cularly polarized radiation is emitted at the second or third harmonic

of the gyrofrequency. One is then able to infer the longitudinal

magnetic field strength from the observed frequency.

Single wavelength V.L.A. synthesis maps of quiescent active regions

at 20 cm wavelength have been used as coronal magnetograms that

specify the strength and structure of the magnetic field in the low

solar corona, while also specifying the temperature distribution

16
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along the coronal loops that are the dominant structural element in

the low corona. ELang et al. (1982) ; McConnell and Kundu (1984 ); Lang

et al. (1983); Lang and Willson (1983); Shevgoankar and Kundu (1984,

1985); Kundu and Lang (1985) ]

Our recent Very Large Array observations have revealed three power-

ful new approaches to the study of these ubiquitous coronal loops.

They include multiple wavelength observations that establish the

three-dimensional structure of active regions and specify the physical

parameters and radiation mechanisms at different levels in the solar

atmosphere (following Section I A), observations of cyclotron line

emission from individual loops (following Section B), and observations

of nonthermal emission in regions of relatively weak magnetic fields

(following Section I C).

I A. Quiescent Eticrowave Emission at Widely Spaced Wave!en_ths

The quiescent, or nonflaring, radio emission at longer wave-

lengths originates at higher levels in the at-osphere. This is be-

cause the local electron density, Ne, decreases with height, and

emission at a given frequency, y, can arise only from regions where

the electron plasma frequency, 2p = 8.9 x 103 Ne½Hz is equal to or

lower than )J.

Radiation at longer microwave wavelengths, }k, also originates at

,higher hotter levels in the solar atmosphere. Tne brightness temp-

eratures, TB, are comparable to the local electron temperature, Te.

They range from TBN 6.5 x 103K at _k-- 2 mm in _.helow chromosphere

through lO 5 K at _ = 2 am in the chromosphere-corona transition

region to lO6 K at _ = 20 cm in the low corona.

The heights, h, of the microwave structures can be inferred from

their angular displacements from underlying photospheric features.

Very Large Array observations indicate that 2 am emission overlies

sunspots at heights h_5,000 kin. and that the 6 cm emission marks the

legs of magnetic dipoles at h,_30,OOO km above the photosphere. As

illustrated in Figure l, the 20 am emission comes from the hot, dense

plasma trapped within coronal loops with total extents of about

[Lang and Willson (1983); -,Lang et al. (1983);i00,000 kin. Shevgoankar

and Kundu (1984); K_ndu and Lang (1985)J
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6 ¢m LEG

x.O..o,CORONAL

IMB 6 cm LEG

Figure i. A Very Large Array synthesis map of a coronal loop at 20

centimeters wavelength. The contours mark levels of equal brightness
temperature corresponding to 0.2, O.4,...I.0 times the maximum value
of 2.0 x lO6 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.

One of the most satisfying observational results at 6 cm wavelength

has been the detection of circularly polarized horseshoe structures

predicted by the theory of gyroresonant emission from individual

sunspots ( see figure 2 and Kundu and La_ng (1985)). The circular

polarization maps at 6 cm reveal highly polarized (up to lO0 percent)

structures that lie above the curved magnetic fields of sunspot pen-

umbrae. There is no detectable circular polarization above the cen-

tral suspot umbrae where the magnetic fields project radially upward

into the hot coronal regions. Values of a longitudinal magnetic

field strength of H = 600 to 900 Gauss are inferred from the fact

that the 6 cm radiation is emitted at the second or third harmonic

of the gyrofrequency. These magnetic field strengths apply to the

legs of coronal loops.

We have also carried out simultaneous observations of solar active

regions with Very Large Array (VIA) and the Solar Maximum Mission

(S_) satellite. The VLA observations at 20 cm wavelength can be

compared with the soft X-ray polychromator (XRP) data from S_g

( see figure 3). Physical parameters such as electron temperature,
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Figure 2. A Westbork Synthesis Radio Telescope s3_thesis map of

circular polarization at 6 cm wavelength super_osed on a Hc_ photo-

graph from the observatoz-y at Athens. The conto_s are in steps of

1.5 x l05 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.

M •i lee 1.w_,_

Figure 3. Plots the soft X-ray, H_ and 20 cm (right) emission of a

solar active region taken on the same day. The most intense radio

emission is spatially correlated with the most intense H_ and soft

X-ray radiation, but there is intense 20 am emission associated with

the sunspots where there is no detectable H_ or soft X-ray emission.

There is a 60" spacing between £iducial marks on the axes.
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74 K.R. Lang

Te, and electron density, He, can be independently inferred and com-

pared at two wavelengths. For instance, the intense 20 cm emission

from the apex of coronal loops can be interpreted in terms of thermal

bremsstrahlung with an electron temperature and emission measure that

are consistent with those inferred from bright X-ray sources at the

same regions. However, there is intense 20 cm emission above and

near sunspots where there is no detectable X-ray emission (see

figure 3). The 20 cm emission from these regions requires an extra

source of opacity that may be attributed to gsrroresonance absorption.

Although this effect has been previously noticed at 6 cm, Schmahl

et al. (1980), this is the first time that it has been observed at

the longer 20 cm wavelength. We also notice the excellent correla-

tion between bright H_ plate, intense X-ray emission and intense 20

cm emission over a range of 10 S in wavelength.

I B. Quiescent _.dcrowave Emission at Closely Spaced wavelengths

As previously mentioned, the gyroresonant radiation of thermal

electrons accelerated by magnetic fields can compete with the brems-

strahlung of thermal electrons accelerated in the electric field of

ions. The discoveNj of circularly polarized ring-shaped or horse-

shoe structures above individual sunspots at 6 cm wavelength (see

Figure 2) showed t_hat gyroemission dominates the radiation from the

legs of magnetic dipoles; these results have played an important role

in theoretical models of the quiescent radio emission from solar

active regions.

The thermal electrons gyrate around the magnetic fields, emitting

cyclotron lines at harmonics of the gyrofrequency. The frequency,

)_, of the cyclotron lines therefore provides a sensitive measurement

of the longitudinal magnetic field strength, H, through the relation

;I= 2.8 x lO 6 nH Hz, where the harmonic number n = 2,3,4 .... However,

because the magnetic field strength in a coronal loop decreases uni-

formly with height, it was thought that the individual cyclotron lines

would merge to form a smooth continuum.

Theoretical speculations have nevertheless led to two hypothetical

situations in which individual cyclotron lines might be observed.

The presence of neutral current sheets might lead to enhanced emis-

sion from relatively thin coronal layers where the magnetic field

20
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is constant, Syrovatskii and Kuznetsov (1980); Kuznetsov and

Syrovatskii (1981); Somov and Syrovatskii (1982). The individual

cyclotron lines might then be detected if the region of current sheet

emission was resolved and appropriate spectral data were obtained.

Alternatively, the thermal cyclotron emission from a dipolar loop

might be detected through spatial and polarization st_:ctures that

are sensitive to both observation frequency and the angle of obser-

vation, Holman and Kundu (1985).

Preliminary Very Large Array observations at three closely spaced

wavelengths near 21 cm showed significant brightness changes that

suggested cyclotron line emission from the apex of a coronal loop

where the magnetic field strength is relatively constant. These

results were substantiated in greater detail, Willson (1985), when

observations at ten closely spaced frequencies revealed the spectral

shape of a cyclotron line that could not be attributed to alternative

emission mechanisms (see Figure 4). The brightness spectrum was

attributed to cyclotron emission from a narrow layer where current

sheets resulted In enhanced temperatures in regions of relatively

constant magnetic field.

v
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Figure 4. The maximum brightness temperature observed from a coronal
loop at ten close!y-s_aced frequencies near 1446_z (20cm) showing

a thermaA cyclozron llne from active region AR 4389 on two successive

days, together wilh optically thick thermal bremsstrahlung spectra
from active region AR 4399 on the same days.
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The discovery of individual cyclotron lines provides a sensitive

new diagnostic tool for specifying the magnetic and plasma properties

of coronal loops. For example, a change in the magnetic field

strength of only 20 Gauss produces a 170 _z shift in the central

frequemcy of a cyclotron llne near 1420 )_Hz(or 21 cm wavelength).

Msasurements of the central frequency therefore specify the magnetic

field strength with unprecedented precision.

I C. _'nermal and Nonthermal Emission Mechanisms for Quiescent
Microwave Emission

The quiescent microwave emission from solar active regions has

generally been attributed to thermal radiation from hot electrons,

Kundu and Lang (1985). Thermal bremsstrs.hlung and/or thermal gyro-

resonance effects dominate both the 6 cm _nd the 20 cm emission from

the legs of coronal loops.

Nonthermal microwave emission has been recently suggested by the

detection of high brightness temperatures in regions where the mag-

netic fields are weak, Webb et al. (1983); AF_hmedov et al. (1985

see figures 5 and 6. Thermal bremsstrah!_ng cannot account for the

radiation because the temperatures are too high and the electron

o

N

w

c

Figure 5. One-dimensional fan beam scans of AR 3084 taken with the
RATAN 600 at wavelengths of 2.0 and 2.3 centimeters. Sources A and

C are associated with sunspots; sources B and D are associated with
filaments.
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The radiation spectra of the four sources shown in Figure

5. The steep spectrum of the filament-associated source D is attri-
buted to the gyros_mchrotron radiation of mildly relativistic elec-

trons, whereas the flat spectrum of source B is attributed to thermal
bremsstrahlung. The sunspot-associated sources A and C are attributed

to gyroresonant emisssion.

densities are too low. Thermal gyroemlssion is similarly ruled out

because the weak magnetic fields require a high harmonic of the gyro-

frequency where the optical depth is far too small to account for the

high brightness temperatures. The nonthermal radiation might be ex-

plained by the gyrosynchrotron emission of subrelativistic electrons,

Akhmedov et al. (1985); Chiuderi-Drago and_Melozzi (1984); but the

acceleration mechanism is difficult to explain because of the short

lifetime of the electrons.

II. MICROWAVE BURSTS FROM SOLAR ACTIVE REGIONS

The 27 antennae of the Very Large Array are interconnected electro-

nically to provide a total of 356 interferometer pairs. Signals re-

corded every three seconds of time therefore provide sufficient data

to construct snapshot synthesis maps with angular resolutions of a few

seconds of arc without relying on the Earth's rotation to provide vari-

able interferomatric baselines. Snapshot maps of total intensity, I,

and circular polarization, or Stokes parameter V, can be made at time

intervals as short as three seconds. These maps can be used to detect

changes in the configuration of coronal magnetic fields and tempera-

ture enhancements within coronal loops that are important triggering
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agents for solar bursts.

The origin and prediction of thdse powerful bursts is one of the

most important and interesting problems of solar physics. It has long

been known that solar eruptions are intimately connected with the mag-

netic fields in active regions, for the ultimate source of energy for

these bursts must be magnetic energy. It has only recently been real-

ized, however, that evolving magnetic fields in the solar corona may

play a dominant role in triggering solar eruptions.

Snapshot maps of the impulsive phase of 20 cn bursts indicate, for

example, that the microwave energy is released near the apex of coronal

loops, while the underlying optical flares occur near the footpoints

of these loops. The examples shown in Figure 7 indicate that the 20 cm

bursts are displayed by about 40,000 km above _he solar photosphere.

The loop plasma is impulsively heated at the icop tops where most of

the electrons remain trapped, but some high-s;eed electrons escape to

the lower parts of the loop detected at H_ wavelengths.

Theoretical considerations indicate that loops emerging into the

Figure 7. Ten second V.L.A. synthesis maps (white contours) of the

ulsive phase of two solar bursts at 20 cm wavelength superposed on
photographs of the optical flares taken at the same time at the

Big Bear Solar Observatory. The 20 cm bursts originate near the tops

of coronal loops that are about %0,000 kilometers above the flaring
region seen at optical wavelengths. The contours mark levels of
equal brightness corresponding to 0.2,0.4, ... 1.0 times the maximum

value of i0_ K. The an_ular scale can be inferred from the 30" arrows,
and the western solar limb is visible on both photographs.
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corona, magnetic shear within these loops, and interacting coronal

loops can trigger solar bursts and supply their energy, Heyvaerts

et al. (1977); Spicer (1977); Hood and Priest (1979); Syrovatski and

Kuznetsov (1980); Kuznetsov and Syrovatski (1981); Spicer (1981);

Emslie (1982); Somov and Syrovatskii (1982); Priest (1983). Very

Large Array solar observations have played a crucial role in demon-

strating that many of these theoretical effects actually take place

on the Sun, Kundu and Lang (1985). These observations indicate that

no single theoretical model is versatile enough to explain the diverse

ways in which magentic energy is dissipated in solar bursts. They

nevertheless indicate that preburst changes can be ordered into three

major categories - changes within a single coronal loop, the emergence

of coronal loops, and interaction between coronal loops, Lang and

Willson (1983, 1984); Willson and Lang (1983); K_ndu (1984); Kundu

and Lang (1985).

our recent Very Large Array observations have revealed two new

approaches to an understanding of the excitation and eruption of solar

bursts. They include the observation of preburst heating and magnetic

triggering in coronal loops (following Section II A), and the observa-

tion of coherent burst mechanisms at closely spaced frequencies (fol-

lowing Section ll B).

II A. Preburst Heating and _a_netic Trigg_rin_

Interferometric observations at microwave wavelengths first indicated

that preburst activity is associated with brightness and polarization

changes that precede solar bursts on time scales of tens of minutes;

but these observations had inadequate resolution to determine the

sources of this activity. The high two-dimensional angular resolution

provided by the Very Large Array has recently shown that the intensity

or brightness increases are associated with preburst heating in coro-

nal loops, Lang and Willson (1984); Willson (1984) and that the changes

in circular polarization are aasociated with changes in the coronal

magnetic field, Lang and Willson (1984); Willson and Lang (1984);

Eundu (1984); Kundu and Lang (1985). Both the preburst heating in

coronal loops and the changes in coronal magnetic fields may trigger

solar eruptions.

There is evidence for sequential triggering of microwave bursts in
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Z MINUTES

Figure 8. The time profile of successive impulsive bursts at 20 cm

wavelength (top) is compared with ten second V.L.A. synthesis maps
at the same wavele_ngth (bottom). Here the contour intervals are in

steps of 1.0 x I07 K and there is a 30" spacing between the _iducial

marks on the axis. .Although the successive weak bursts were emitted
from the same coronal loop or arcade of loops, the successive intense

bursts arose from spatially separated loops or arcades of loops.

different loops within magnetically complicated regions. VLA 20 cm

maps of total intensity (Figure 8) show that successive intense bursts

can originate in adjacent coronal loops, whereas successive weaker

bursts are located in the same coronal loop. The 20 am maps of cir-

cular polarization indicate that the feet or legs of the loop-like

feature shown in Figure 8 originate in regions of opposite magnetic

polarity.

As illustrated in Figure 9, single coronal loops or arcades of loops

often begin to heat up and change structure about 15 minutes before

the eruption of imulsive bursts. Radio and soft X-ray data have been

combined for this example to derive a peak electron temperature of

Te = 2.5 x 10 7 K and an average electron density of N e --i0 I0 cm-3

during the heating phase. This heating may be related to the develop-

merit of current sheets at the apex or tops of coronal loops.

New bipolar loops can also emerge and interact with preexisting ones.

When the polarity of the new emerging flux differs from that of the

preexising flux, current sheets are produced that trigger the emission
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|O klNUT[S

Figure 9. The time profile of a solar burst at 20 centimeters wave-
length (top) suggests preburst heating within a coronal loop prior
to the emission of two impulsive microwave bursts. The ten second

V.L.A. synthesis maps (bottom) suggest that adjacent coronal loops
were successively excited or that a coronal loop twisted in space.
The outermost contour and contour interval are both equal to 4 x 105

K, and there is a 60" spacing between the fiducial marks on the axes.

of bursts. Two oppositely polarized bipolar loops may also interact

and reconnect, Kundu (1984); Kundu and Lang(1985). A current sheet

can develop at the interface of the two closed loops, thereby trigger-

ing the burst onset.

II B. Burst Emission at Closely Spaced Wavelengths and Coherent
Mechanisms

Microwave bursts from the Sun are characterized by compact (angular

sizes 8 _-I0"), highly circularly polarized (degrees of circular

polarization _c _ 50%) sources with high brightness temperatures, TB,

in excess of 107 K, Lang and Willson (1984); Willson and Lang (1984).

The high brightness temperatures and high degrees of circular polari-

zation have generally been attribured to the gyrosynchrotron radiation

of mildly relativistic electrons with energies of I00 to 500 key ( see

Kundu and Lang (1985) for a review).

Recently, however, it has been suggested that electron-cyclotron

maser emission may play a role in solar microwave bursts, Holman et

al. (1980); Melrose and Dulk (1982). Such a coherent emission mechan-
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Ism has been invoked to explain intense (TB _L 1012 K), narrow-band,

millisecond spikes that have been detected from the Sun at decimeter

wavelengths, Droge (1977); Slottje (1978).

The long integration times (T2 l0 seconds), broad bandwidths (_

50 _z), and large beamwidths ( e -_ 30") of most radio telescopes ne-

vertheless preclude the detection of coherent burst emission. Rapidly

varying emission is smoothed by the long time constants, leading to

large upper limits to burst duration. This provides unrealistically

large upper limits to the source size from the argument that nothing

can move faster than the velocity of light. Large upper limits to

source size are also constrained by the large antenna bea_vidths. As

a result, the brightness temperatures of the burst emission my be

seriously underestimated. Narrow-band coherent emission is also

smoothed in frequency by the large bandwidths.

Although the high angular resolution of the Ve.--jLarge Array provides

the possibility of isolating and perhaps even resolving individual co-

herent emitters, previous multi-frequency obseNations have been made

over such widely spaced frequencies that the narrow-band features char-

acteristic of coherent emission processes could not be detected. We

have recently used the Very Large Array with narrow bandwidths (ag=12.5

_z) and closely spaced frequencies (30 _) near 1440 _z (or 20.7 cm)

to isolate a coronal loop that exhibited narrow-band burst emission,

Lang and Willson (1984); Willson (1985) - see figure 10). The impul-

sive burst emission was nearly i00% circularly polarized and originated

in a loop-like structure i0" or less in angular size. One burst exhi-

bited a factor of two difference in brightness temperature (1.5 x 10 S

K and O.S x l0 S K) at two wavelengths separated by only 32 _Hz (burst

7 of Figure l0 at 1658 _Hz and 1690 _Hz). The high circular polariza-

tion and narrow bandwidth (&?/_ @ i0 _2) of this burst are comparable

to those expected from gyrosynchrotron masers, Holman et al. (1980)

or electron-cyclotron masers, Melrose and Dulk (1982). Although the

burst source was apparently resolved, the I0 second integration time

of the VLA may have smoothed or integrated several briefer, spatially-

separated coherent spikes.

f-
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Figure i0. A sequence of right circularly Rolarized (RCP) impulsive

bursts from a solar active region observed at wavelengths near 20 cm.

The top and bottom profiles are separated by only 30 MHz; burst 7

has a factor of two difference in brightness temperature over this

narrow frequency interval; suggesting coherent burst emission.

III. MICROWAVE EMISSION FROM NEARBY STARS OF LATE SPECTRAL TYPE

Nearby main-sequence stars of late spectral type exhibit a variety

of phenomena that are closely related to our understanding of solar

active regions including dark spots, activity cycles and bursts at

ultraviolet, optical, radio and X-ray wavelengths. These stars also

emit quiescent X-ray emission whose absolute ituninosity is as much as

one hundred times that of the Sun. They may therefore have large-

scale coronal loops and intense magnetic fields. The solar analogy

suggests that the magnetic fields and coronal plasma of these nearby

stars will be detected as slowly varying microwave emission, and that

their stellar bursts may exhibit coherent microwave emission similar

to that suspected for the Sun.

Nearby dwarf M flare stars do, in fact, exhibit quiescent, or non-

flaring microwave emission that is slowly variable with time scales of

tens of minutes to hours [ Linsky and Gary (1983) Pallavicini, Willson

and Lang (1985 --.] Brightness temperatures of 107 to 108 K are inferred

if the microwave-emitting source covers the entire visible surface of

the star. The dete'cted emission might then be explained as the

gyroresonant emission of thermal electrons gyrating in gigantic
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coronal loops that exceed the stars in size. Alternatively, the

slowly-varying stellar microwave emission might he attributed to the

gyrosynchrotron emission of energetic electrons in magnetic fields

associated with smaller coronal loops of star spots.

The dwarf M flare stars also exhibit intense, highly circularly

polarized microwave bursts that are sim/lar to those emitted by the

Sun. Both the high circular polarization and the high brightness

temperatures might be explained by electron-cyclotron maser emission,

Melrose and Dulk (1982). As discussed in the preceding Section IIB,

a similar coherent burst mechanism may have to be invoked to explain

microwave bursts from t.he Sun.

Another class of microwave-emitting stars is the RS CVn binary stars.

Their microwave emission is intense, highly variable and often clrcu-

larly polarized EMutel and Lestrade (1985); Pal!avicini, Willson and

Lang (1985).3 There is a slowly varying component that varies on time

scales of hours and days. Bursts of short duration that are close to

100% circularly polarized have occasionally been observed; speculation

about the origin of these bursts have involved electron-cyclotron

masers and expanding coronal loops, very Long Baseline Interferometry

(VLBI) has been used to resolve a few of the RS CVn microwave sources,

indicating that they are comparable with the binary separation and/or

an individual stellar diameter (or smaller) in size, Mutel et al.

(1984, 1985).

Observations of the dwarf M star AD leonis with high time resolution

have provided dramatic evidence for coherent burst emission, Lang et al.

(1983). A n%icrowave stellar eruption from AD Leonis was composed of

highly circularly polarized (100%) spikes with rise times of less than

200 milliseconds. An upper limit tO the linear size of the emitting

region is 6 x 109 cm, the distance that light travels in 200 millisec-

onds. If the emitting region is sy=_etrical, it has an area that is

less than 3 percent of the star's surface area, and its brightness

temperature exceeds 1013 K. The high brightness temperature requires

a coherent burst mechanism. Both the high degree of circular polar-

ization and the high brightness temperature may be explained by

electron-cyclotron maser emission.
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Figure II. Slowly-varying emission from the dwarf M flare star Y=

Canis Minoris at two closely spaced frequencies of 1415 and 1515 MHZ

and at 4885 MHz. The emission at the two nearby frequencies peaks

at different times, suggesting a coherent emission mechanism with a

bandwidth of less than I00 MHz. There are no detectable variations

at 4885 MHz.

VLA observations of the slowly varying emission from the dwarf M

flare star YZ Canis Minoris indicate that its microwave emission peaks

at different times at two frequencies near 1420 MHz (21 cm) that are

separated by only i00 MHz (Figures ii and 12). This emission exhibits

narrow-band characteristics that are suggestive of coherent emission

mechanisms, Lang and Willson (1985). Moreover, the mechanism appears

to confined to the stellar corona, and the intensity is far in excess

of that expected from gyroresonance radiation.

IV. CONCLUSIONS

Multiple-wavelength VLA observations of the quiescent microwave

emission from solar active regions at widely spaced wavelengths specify

the three-dimensional structure of the magnetic field and plasma in

the low corona. Gyroresonance effects dominate the 6 cm emission from

the legs of magnetic dipoles; whereas thermal radiation from the

ubiquitous coronal loops is detected at 20 cm wavelength. Individual

cyclotron lines have been detected at the apex of coronal loops, prov-

iding sensitive probes of the magnetic field strength. Nonthermal

radiation mechanisms are required to explain intense microwave emission

with a steep radiation spectrum in regions of relatively weak magnetic
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Figure 12. VIA snapshot maps of the emission from the dwarf M flare

star YZ Canis M/noris. The unresolved emission peaks at different

times at two frequencies separated by only i00 MHz, suggesting a

coherent burst mechanism. The contours are at intervals of 4, 8, 12,

... Jy/beam area, with maximum values of 14 and 22 at 0620 UT and

1415 and 1515 MHz, respectively, and 95 and i0 at 0730 for the same

respective frequencies•

fields.

Snapshot synthesis maps provide evidence for the excitation of solar

bursts by preburst heating within coronal $oops or by magnetic trigger-

ing due to emerging coronal loops or interacting coronal loops. Narrow

band, highly circularly polarized solar bursts require coherent

emission mechanisms like gyrosynchrotron masers or electron-cyclotron

masers. Coherent mechanisms are also required to explain both stellar

bursts and the slowly varying microwave emission from some dwarf M

flare stars.

Radio astronomical studies of the Sun and other active stars at

Tufts University are supported under Air Force Office of Scientific

Research grant AFOSR-83-0019 and by Solar Maximum Mission NASA grant

NAG 5-501. Investigations of flare stars at Tufts University are

supported by NASA grant NAG 5-477.
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ABSTRACT

ge summarize high-resolution microwave observations (VIA) of heating and m_gnetie triggering

in coronal loops. Magnetic changes chat precede solar eruptions on time scales of tens of

minutes Involve primarily emerging coronal loops and the interaction of two or more loops.

Thermal cyclotron lines have been detected In coronal loops, suggesting the presence of hot

current sheets chat enhance emission from relatively thin layers of enhanced temperature and

constant magnetic field. These current sheets may play a role in the excitation of solar

bursts. A filament-assoclated source with a high brightness temperature and steep radiation

spectrum occurs above a region of apparently weak photospheric field. This source might be

attributed Co currents Chat enhance coronal magnetlc fields. Compact (_ = 5") Cranslent

sources with lifetimes of 30 to 60 minutes have also been detected In regions of apparently

weak photospheric field. We conclude by comparing VIA observations of coronal loops with

simultaneous SMM-XRP observaclons.

MAGNETIC CHAN_ES _D PREBURST HEATING

The VLA has recently been used co detect changes In the conflguracion of coronal raagnecic

fields and temperature enhancements vlthin coronal loops that ere important in the

excitation of solar bursts. It has long been known that solar eruptions are intlmacely

connected with the magnecic fields in active regions, for the ultimate source of energy

for these bursts must be magneclc energy. It has only recently been realized, however,

that evolving magnetic _ields £n the solar corona may play a domlnanc role In trl_Eerlng

solar eruptions /I/.

Fig. I. The ten second V.L.A. synthesis maps of the £mpuclslve phase of two solar bursts

at 20 cm wavelength superposed on R_ photographs of the optical flares taken at the same

time at the Big _ear Solar Observatory. The 20 cm bursts originate near the tops oE

coronal loops that are about 40,000 kilometers above the _laring region seen at optical

wavelengths. The western solar llmb Is visible in both photographs.

Preflare changes in active regions are detected as increases in the /_tenslty and polarlza-
tion of the microwave emission at centimeter wavelengths. These increases precede solar

eruptions on time scales of 10 minutes to an hour. The high angular resolution provided

by the Very Large _rray (VIA) has shown thaC these increases are related to preburet heat-

ing in coronal loops and to changes in the coronal magnetic field topology /2/. The VIA

snapshot maps have also made possible CesCs of flare _dels Chat could noc be carried out

at optical wavelengths. For Instance, the region of microwave energy release occurs at the

36
OR Glb AL PAGE IS
OF POOR QUALITY



9S K. [_,. [.an,:, ;rod R. F. \Villa, on

apex of coronal loops, while the optical flares occur at the loop footpoints (See Fig. l).

The VIA results indicate that preburst changes can be ordered into three major categories:

(I) changes within a single coronal loop, (II) the emergence of coronal loops, and (III)

interaction between coronal loops. As illustrated in Figure 2, coronal loops or arcades of

loops often begin to heat up and change structure about 15 minutes before the eruption of

impulsive bursts. Examples of the other types of magnetic interaction detected by the

University of _aryland and Tufts groups are given in the review by Kundu and Lang /2/.

/ /

Fig. 2. The time profile of a solar burst st 20 cm uavelength suggests heating within a

coronal loop prior to the emission of two impulsive microwave bursts. Radio and X-ray data

have been combined to derive a peak electron temperature Te o_ 2.5 x 107 K and an average

electron density Ne of I0 I0 cm -° during the beating phase. The changing orientation

illustrated in the I0 second VLA snapshot maps could be related to the shear oE photo-

spheric fields.

THER.HAL CYCLOTRON LINES AND EVIDENCE FOR CURRENTS

Theoretical work has shown that individual cyclotron lines might be detected as narrow-band

enhancements in the radio-frequency spectra of solar active regions 13/. The spectra of

individual cyclotron lines have subsequently been observed at wavelengths near 20 cm when

the apex of a coronal loop is resolved /4/ - see Figure 3. This is because the magnetic

field strength is relatively constant near the loop apex; the cyclotron lines would merge

into a continuum along the loop legs where the magnetic {ield strength decreases uniformly

with height. Neutral current sheets might also play a role, leading to intense radio

emission from a thin layer near the loop apex. Both a uniform field and a steep temperature

gradient in the uniform region are probably required to detect the cyclotron lines. In any

event, observations of individual cyclotron lines indicate magnetic flel4 strengths of

N - 145 ± 5 G at the apex of some coronal loops. Observations of individual cyclotron

lines provide an unusually accurate method of specifying the coronal magnetic field

strength, while also suggesting the presence of currents.

Evidence for current amplification of the coronal magnetic field may be provided by sources

of high brightness temperature and steep radi_tlon spectrum above regions of apparently-weak

magnetic field /5/. An example is the filament associated source _ whose spectrum is sho_n

in Figure 4. If this emission is due to thermal gyroradiation, strong magnetic fields are

required to produce gyroradiation at the first few harmonics of the gyrofrequency. Higher

harmonics produce insufficient optical depth to account _or the high brightness tempera-

tures. The strong magnetic fields could be obtained if currents amplify the magnetic field

in the low corona to values greater than those expected from extrapolations from the photo-

sphere. The emission could alternatively be due to nonthermal radiation in weak magnetic

fields. Nonthermal synchrotron radiation from mildly relativistic electrons is one

possibility, but some as yet unspecified mechanlsm must be continuously accelerating the

electrons.

COMPACT VARIABLE SOURCES

We have recently discovered compact, variable highly-polarized sources in regions of

apparently-weak photospheric magnetic field /6/. Our subsequent VLA observations have

confirmed the existence of compact, variable 2 ca sources that are not associated with

active regions, but these sources had no detectable cltcular polarization.

The 2 cm maps showed two compact (e " 5"), highly circularly polarized (0c = 80 to 90%)

sources that vary on time scales of 30 to 60 minutes. The left circularly polarized source

varied in maximum brightness temperature from T B - 2.0 x 105 K to T 5 _ 0.5 x 105 K.
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Fig. 3. ViA data at ten closely-s_aced rr=quencies near 1440 _0_z (20 cm) showing therma?

cyclotron line spectra from active cegion AR 4398 on successive days, together with opti-

cally-thick thermal bremsstrahlung spectra from active region AR 4399 on the same days.

Fig. 4. The radiation spectra for the three types of sources usually detected at short

centimeter wavelengths. The most common type of source is the sunspot-assoclated component

(A and C) that is attributed to thermal gryoresonance radiation in the legs of coronal loops

that are connected to the underlying sunspots. Source D is a filament-assoclated component

located above a magnetic neutral llne in regions of apparently-weak magnetic field. It

may be due to thermal gyroradiatlon in current-ampllfled magnetic fie_ds. The filament-

associated source B has the flat spectrum of optically-thln thermal bremsstrahlung.

Comparisons with Mr. Wllson magnetograms indlcate that the two compact, variable sources

were located in regions of apparently-weak photospheric magnetic field (H < 80 G), and

that they did not overlie sunspots. The high polarization of these sources is therefore

somewhat enigmatic, for the polarization of thermal radiation requires strong magnetic

fields of B = 2,000 G.

The enigmatic presence of highly polarized sources in re_ions o£ apparently-weak photo-

spheric magnetic field may be explained by any one of three hypothesis. First, the photo-

spheric field may have strengths of up to 2,000 G in compact regions that are not readily

detected by the photospheric magnetograms. Alternatively, the m_gnetlc field in the

trsnsltion region or the low corona may be Lmplifled by currents to a strength above that

in the underlying photosphere. If either of these hypothesis is true, then the high clr-

-cular polarisation of the 2 ¢m sources can be attributed to either thermal gyroradlation

or the propagation of thermal bremsstrahlung in the presence of a magnetic field of

strength R - 2,000 C. A third hypothesis is that the compact 2 cm sources are due to non-

thermal &Trosynchrotron radiation of mildly relativistic electrons in relatively weak

magnetic fields of strength H = 50 G.

ONGOING COMPARISONS OF VLA AND _MM-XP.P DATA

We are continuing with a comparison of 20 ¢m coronal loop data (VIA) with soft X-ray data

obtained with the SMM satellite. In some instances, there is radiation at 20 centimeters
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wavelength near sunspots where no X-ray radiation is detected /7/. In Other cases, the

20 centimeter radiation appears at the apex of coronal loops, but w_th a slightly lower

brlghtness temperature, T B - 1.4 to 1.7 x 10 6 K, than the electron temperature, Te - 3.0 x

10 6 K, inferred from the X-ray data. This may be explained by a low temperature plasma

with T e - 10 5 K that lowers the effective brightness temperature of the radio bremsstrah-

lung while not affecting the X-ray data that only detects the 106 K plasma /8/.

14|0 MMI o_

Fig. 5. A comparison of the 20 cm e_ission (V.L.A.-left), soft X-ray (S.M.M.-middle) and

Ra (SOON-right) emission of an active region on the same day. The angular spacing between

flduclal marks on the axes is 60 arc-seconds.

As illustrated in Figure 5, there are other instances in which the 20-cm radiation and

the soft X-ray emission have the same an_ular extent. In chls case, the maxlmum hrightnes_

temperature of the radio e_ission has the same value as the electron temperature, T e - 3 x
106 K, inferred from the X-ray data. At first sight It _uld seem that the 20-cm emission is

the thermal bremsstrahlung of the X-ray emitting plasma (electron density Ne - 2 x i0I0 cm-3),

but in this instance we have also detected a cyclotron llne. Preliminary modeling indl-

cates a thln layer oE Te - 4 x 106 K with a magnetic field strength of H - 145 or 187 @

(harmonlc n = 4 or 3). The thermal electrons that give rise to the X-ray radiation there-

fore also seem to produce strong Tlroresonant radiation at 20 centimeters wavelength.
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ABSTRACT

Very Large Array (VLA) observationsofa solaractiveregionat 2 cm wavelengthhave revealeda new class

ofcompact, variablesourceson the Sun. The compact sourcesvary on two differenttime scalesof 10-20 s
and 30--60minutes.They are small (angularsize0 = 5"),hot (brightnesstemperaturesTs --0.5-3x I0_K),

and highlycircularlypolarized(degreesof circularpolarizationp_--80%-90%). This emissionoriginatesin

regionsof low magnetic fieldstrengthH _ 80 G. The high circularpolarizationmust neverthelcssbe associ-
ated with magnetic fields,and a plausibleexplanationforthe sourcevariabilityisvariationsin the magnetic
fieldson the two time scales.Alternatively,the variabilitymight bc attributedto a variablenonthcrma[elec-

trondensity,perhaps resultingfrom a variableaccelerationmechanism. The compact sourcesarc attributedto

gyrosynchrotronemissionfrom mildlyrelativisticelectronswith a power-law spectrum.

Subjectheadinos:interfcrometry-- polarization-- radiationmechanisms m Sun: activitym Sun: radio
radiation

[. INTRODUCTION

The radiation mechanisms of quiescent (nonflaring) micro-
wave emission from solar active regions at 6 cm and 20 cm
wavelength arc now well understood. This emission is attrib-
uted to the gyrorcsonant radiation or the bremsstrahlung of
thermal electrons at the legs or apex of coronal loops, or both
(Lang, Willson, and Gaizauskas 1983; Lang and Willson 1983;
Shcvgaonkar and Kundu 1984; Kundu and Lang 1985). In
contrast, the quicsccnt emission of solar active regions at 2 cm
wavelength is poorly understood.

There are only two published reports of 2 cm VLA observa-
tions of solar active regions (Lang, Witlson, and Gaizauskas
1983; Shevgaonkar and Kundu 1984). Both papers report the
presence of several (2-6) compact (angular sizes 0 < 15"),
highly polarized (dcgrecs of circular polarization Pc =
80%-90%) sources at the feet of corona[ loops and overlying
sunspots. The brightness temperatures (Ts _ 105 K) of these
compact polarized sources suggests an origin in the transition
region, while the high polarization is attributed to intense mag-
netic fields of strength H _ 2000 G.

The relationship of the compact, highly polarized sources to
the magnetic field geometry is controversial. Shcvgaonkar and
Kundu (1984) report the presence of two compact sources
underlying larger 6 cm emission. This suggested that coronal
loops diverge as they rise toward their apex, and contradicted
loop models that assume a constant cross section (Rosner,
Tucker, and Vaiana 1978). In contrast, Lang Willson, and
Gaizauskas (1983) find at least six compact 2 cm sources scat-
tcrcd over an area that is comparable to that of the 6 cm
emission. They also notice that the 2 cm sources are not found
everywhere over sunspots, suggesting an origin in the low
corona rather than the transition region where uniformly
strong magnetic fields are expected above umbrae.

Previous VLA observations of compact, highly polarized
2 cm sources were used to make synthesis maps over intervals

I The VLA is a facility of the National Radio Astronomy Observatory,

which is operated by Associated Universities, Inc., under contract with the
National Science Foundation.

of 11-12 hr. These maps revealed long-lasting sources that
overlie sunspots in regions of strong magnetic field. Our recent
VLA observations at 2 cm wavelength have been used to make
snapshot synthesis maps for time intervals as short as 10 s.
These maps indicate the presence of variable compact sources
that vary over intervals of ~20 s and ~ 30 minutes. The vari-
able sources originate in regions of low magnetic field strength
H < 80 G, but they are highly circularly polarized. These
observations are discussed in greater detail in § II. The
compact (0 _- 5"), highly circularly polarized (Pc = 80%-90%)
sources have brightness temperatures Ts = 0.5-3 x 105 K, and
they vary in brightness on two different time scales of 10-20 s
and 30-60 minutes. In §III we associate the high circular
p01arization with magnetic fields. Since the sources appear
above regions of low magnetic field strength, the high circular
polarization and high brightness temperatures cannot be
explained by thermal radiation mechanisms. Here we explain
the polarization and temperatures in terms of th_ nonthermal
gyrosynchrotron emission from mildly relativistic electrons.
The source variability is attributed to varying magnetic fields
or a varying nonthermal electron density.

If. OBSERVATIONS

The VLA was used to observe the active region AR 4508 in
the C configuration between 1530 and 2330 UT on 1984 June
4. The position of AR 4508 was N06 E57 at I300 UT on this
day. Wavelengths of 2.1 cm and 20.7 cm were used for alter-
nate 15 minute periods, followed by 5 minute observations of
the calibration source PKS 0528 + 134. In all cases, the band-

width was 12.5 MHz. In the C configuration the synthesized
beamwidths are -,- 1."2and 2" at 2.1 and 20.7 cm, respectively.
The data were sampled every 10 s and were calibrated using
the standard solar calibration procedures at the VLA. These
data were then used to make synthesis maps of both the total
intensity, I, and circular polarization, V, at each wavelength.
These maps were finally CLEANed to produce images having
a dynamic range of ~ 10:1.

The synthesis maps of total intensity at both wavelengths
are shown in Figure 1. The 20.7 cm map was made using the
data taken during the entire 8 hr observation period, whereas
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FIG. I.--VLA synthesis maps of total intensity, I. at 20.? cm for $ hr of data and 2.1 cm (box) for 15 minutes o/data (also see Fig. 2). The points marked "+A" and

"B" denote the positions of compact, variable 2 cm sources with lifetimes of 10-20 s (see Fig. 3). All of' the compact 2 ¢m sources lie in regions or weak magnetic
fields and do not o_.'eriicsunspots. The contours mark levels of equal brightness, and the fiducia] marks on the axes are separated by |" at 20 cm and I0" at 2 cm. The
outermost contour and contour intervals are 4.5 x 105 K and 1.5 x 105 K at 20 cm and 6.1 x 10"_K and 3.1 x I0 +" K at 2 cm.

the 2 cm map refers to a shorter 15 minute interval beginning
at 1547 UT. The most intense 20 cm emission is contained

within an elongated Iooplike structure of _ 2_5 in extent which
has a peak brightness temperature of 1.0 x 106 K. There was
no detectable 20 cm circular polarization to a limit of 10% or
less. A comparison with Kitt Peak and Mount Wilson magne-
tograms indicates that the extended 20 cm component lies
along the magnetic neutral line in the western part of the active
region. The weaker component lies -,- 30" to the east of a pair
of sunspots.

In contrast, the 2 cm map shows two compact (0 _ 5"),
highly circular!y polarized (Pc = 80%-90%) sources that vary
on time scales of 30--60 minutes (Fig. 2). Comparisons with
Mount Wilson magnetograms indicate that the two compact,
variable sources appeared in regions of weak magnetic field
with strengths H < 80 G, and that they did not overlie sun-
spots. The left circularly polarized sources (solid contours)
varied in brightness temperature from TB ==2.0 × l0 s K to
T8 < 0.5 x l0 s K, while also moving systematically to the
northwest with a total movement of 12" in 3 hr, or at a rate of
~0.8 km s -1 (1" = 725.3 km on the Sun). The right circulary
polarized source (dashed contours) ranged between 3.0 and
1.0 x 105 K.

Figure 3 shows 30 s snapshot maps of additional 2 cm
compact sources with angular sizes 0 _ 4" and peak brightness
temperatures of Ts = 1.0-3.0 × 105 K. These sources are
denoted by "A" and "B'" in Figure 1. They also appeared in
regions of weak magnetic field (H < 80 G) and did not overlie
sunspots. An examination of 10 s snapshot maps indicates that
sources A and B had respective lifetimes of 10 s and 20 s. The
A source appeared at about 165740 UT and was unpolarized,

whereas the B source appeared at 173130 UT and had a
dipolar structure. Source B suggests the emergence of a small
dipolar loop with a lifetime of 20 s and a temperature charac-
teristic of the transition region.

III. DISCUSSION

The high degree of circular polarization of the compact,
transient 2 cm sources is somewhat enigmatic. This polariz-
ation cannot be accounted for by propagation effects (thermal
bremsstrahlung) or gyroresonant absorption. The compact,
transient 2 cm sources are in regions of weak magnetic field
(H < 80 G) and do not overlie sunspots. The circular polariz-
ation of these sources cannot be explained by propagation
effects of the thermal bremsstrahlung, for magnetic fields of
H _ 2000 G are required. Although gyroresonant absorption
might account for the circular polarization, the weak magnetic
field requires a very high harmonic of the gyrofrequency. The
optical depth due to gyroresonant absorption is then negligibly
small and the observed brightness temperatures T8 _ 105 K
cannot be accounted for by a plausible electron temperature.
(The electron temperatures would be much too high.)

Conventional thermal radiation mechanisms like bremss-

trahtung and gyroresonant, or cyclotron, radiation cannot
explain the high circular polarization and high brightness tem-
perature in the presence of weak photospheric magnetic fields.
However, nonthermal gyrosynchrotron radiation might
explain the observations. This mechanism has been invoked to
explain 6 cm sources of high brightness temperature in regions
of weak magnetic fields (Webb et al. 1983; Chiuderi Drago and
Melozzi 1984), as well as a filament-associated source with a
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maps respectivelyrefertopositiveand negativevaluesof Y.
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VLA OBSERVATIONS

high brightness temperature and steep radiation spectrum
(Akhmedov et al. 1986).

Simplified expressions for the gyrosynchrotron emission
from mildly relativistic electrons with both a thermal
(Maxwellian) and nonthermal (power-law) energy distribution
have been given by Dulk and Marsh (1982). For nonthermal
electrons with a power-law energy distribution of index 8, the
degree of circular polarization, Pc, of the radiation and the
effective temperature, Tort, of the radiating electrons are given
by

Pc ffi 0.20 X lO0"S'llOl'93c*sO-l't6c*'20(V/Vtt) -0"21-0"37'I"0 (1)

and

T.tr ffi 2.2 x 10910-°'at't(sin O)-°.36-°.°6_(v/v,) °.s°÷°.°Ss8 ' (2)

where 0 is the angle between the line of sight and the direction
of the magnetic field, the observing frequency is v and the
gyrofrequency vn = 2.8 x 106H Hz. For an observing fre-
quency of v = 15.0 x 109 Hz and a magnetic field strength of
Hffi50G, we have v/v n= 107.1, and for 0=20°-40 ° we
obtain:

and

Pc ffi22%-36%

Tot t = 1.1 x 10 l° K to i.5 x 10 I° K

for an energy spectral index of 6 = 3.
The high effective temperatures permit brightness tem-

peratures Ts _ 10SK under the optically thin conditions
(optical depth r ,_ 1) that occur when one is observing at such
high harmonics, n, of the gyrofrequency. (For our case, v ffi
nv, = 2.8 x 106 nH = 15 x 109 Hz so that n = 107.) In con-
trast, the effective temperature of thermal electrons is equal to
the kinetic temperature of 105-106 K, and the expected bright-
ness temperatures are very much lower than those observed.
For nonthermal electrons of density N,, above some cutoff
energy Eo, we have

Ta ffi TTeft " HLN,, _ x (3)

where Eo is assumed to be E o = 10 keV = 1.6 x 10 -s ergs,
and

r/......._= 3.3 x 10-2410-°-s28(sin 0) -°'43÷°-6sJ
HN,c

x (v/v,) 1"n-°'9°6 . (4)

If the magnetic field strength H ffi 50 G and the dimension
along the line of sight is L = 109 cm, then a nonthermal elec-
tron density of N,, ffi 5 x 10_ em-_give

= 8.6 x 10 -_ to 3.0 x 10 -s

OF VARIABLE SOURCES 447

and

TB = 1.2 x 105 K to 3.3 x 105 K.

These brightness temperatures are comparable to those
observed.

The absence of nonthermal gyrosynchrotron radiation at
20 cm wavelength can be explained by the large optical depth
in the overlying corona. With an electron temperature of 7",=
10_' K and an electron density of N, ffi 5 x 109 cm -3, the
optical depth due to thermal bremsstrahlung at 20 cm is

= 20. In this case, the nonthermal gyrosynchrotron radiation
would be completely absorbed at 20 cm. Because the optical
depth scales as the square of the wavelength, the corona would
be optically thin at 2 cm wavelength.

Because the compact 2 cm sources are transient with life-
times as short as 10 s, continual acceleration of the electrons is
not required. The energy loss by synchrotron radiation with a
power-law electron energy distribution has a half-life, T, for
the total emitted radiation given by

10s

r _. _-T s . (5)

A magnetic field of strength H = 50 G, gives T a 4 x 10 '_ s
or --. ii hr. But how are the electrons initially accelerated?
Spicer (1979) and Shoub (1983) showed that large electric fields
can be produced in the transition region as a result of the steep
temperature gradient there. One possibility is that the electric
fields become unstable and generate numerous nonthermal
electrons. Spicer's calculations indicate that the number
density of nonthermal electrons is N,, = 5 x l0 s cm -3 for a
thermal electron density of N, = 3 x 109 cm -3. This is consis-
tent with the number of nonthermal electrons required to
account for the compact, transient 2 cm sources.

But what causes the variability of the observed emission?
According to equation (3), the observed brightness tem-
perature decreases with decreasing magnetic field strength and
decreasing nonthermal electron density. We have observed an
apparent emergence and disappearance of a dipolar magnetic
field in one case. A plausible explanation for the source varia-
bility is therefore variations in the magnetic fields. Alternative-
ly, the variability might be attributed to a variable nonthermal
electron density, perhaps resulting from a variable acceleration
mechanism.

Yet another possibility is that currents amplify the magnetic
fields, leading to magnetic field strengths of H _ 2000 G in the
transition region that are apparently not observed by photo-
spheric magnetograms.

Radio astronomical studies of the Sun at Tufts University
are supported under grant AFOSR-83-0019 with the Air Force
Office of Scientific Research (AFOSR) and contract N0014-86-
K-0068 with the Office of Naval Research (ONR). Compari-
sons of VLA and Solar Maximum Mission (SMM) data are
supported by our NASA-SMM Guest Investigator grant
NAG 5-501.
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E. CORONAL PLASMAS ON THE SUN AND NEARBY STARS

KENNETH R. LANG

Department of Physics and Astronomy

Tufts University

Medford, MA 02155

INTRODUCTION

The Very Large Array (VLA) has been used to observe solar microwave sources

with second-of-arc angular resolution. Both the quiescent, or non-flaring,

microwave sources and the flaring ones are usually resolved. They are often

associated with the apex and/or legs of the ubiquitous coronal loops, which

heretofore have been observable only with X-ray telescopes sent above the

atmosphere. Multiple-wavelength VLA observations can specify the strength,

evolution and structure of the magnetic fields in coronal loops, while also

providing constraints on the electron density and electron temperature of the

plasma trapped within the coronal loops.

VLA observations are providing new insights to the preburst heating and magne-

tic interaction that precede eruptions from solar active regions [Lang and Willson,

(1983, 1984)]; but these interesting studies are not discussed here [see Kundu and

Lang (1985) for a review]. We instead summarize our current understanding

of the quiescent, or non-flaring, microwave emission from solar active regions.

The next section briefly reviews the thermal radiation mechanisms that account for

most of the quiescent emission, while also pointing out that current-amplified mag-

netic fields or non-thermal radiation may be required in some instances. This is

followed by a discussion of the 20 cm radiation of coronal loops and the thermal

cyclotron lines that accurately specify their magnetic field strength. The 20 cm

and X-ray emission of the coronal plasma are then compared. We next discuss the

coronae of nearby stars, where coherent radiation processes seem to prevail, and

then conclude our summary with promising research opportunities for the future.

THEP.M3%L .RADIATION, CURRENTS AND NON-THERMAL RADIATION

The quiescent microwave emission of solar active regions has been attributed

to the thermal radiation of hot electrons trapped within the strong magnetic fields

of coronal loops. The microwave brightness temperature is then on the order of the

million-degree electron temperature, and either thermal bremsstrahlung or thermal

gyroresonant radiation dominate the emission. Bremsstrahlung, or braking

radiation, is emitted when the thermal electrons are accelerated in the electric

fields of ions and qyroresonant radiation is emitted when the thermal electrons are

accelerated by magnetic fields.

Strong evidence for gyroresonant radiation at coronal levels above sunspots

was provided by a comparison of microwave, EUV and X-ray observations

[Kundu, Schmahl and Gerassimenko (1980); Pallavicini, Sakurai and Vaiana

(1981)]. The near equality of the microwave brightness and electron temperatures

indicated that the microwave emission was thermal, but the absence of detectable

X-ray radiation above sunspots indicated a relatively low electron density there.

This meant that the high microwave brightness temperature above sunspots could

not be due to bremsstrahlttng, but it could be explained by thermal qyroresonant

radiation at the second or third harmonic of the gyrofrequency.
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Thermal gyroradiation at coronal levels above sunspots was fully confirmed by

the detection of circularly polarized ring-shaped or horseshoe structures

[Allisandrakis and K_ndu (1982); Lanq and Willson (1982)] that were predicted

using the theory of gyroresonant radiation in the curved magnetic fields above

individual sunspots [Gel'freikh and Lubyshev(1979]. These structures were observed

at 6 cm wavelength where circular polarizations as high as 100% were detected.

Bright sunspot-associated sources observed at 2 to 6 centimeters wavelength are now

widely believed to be due to the gyroradiation of million-degree electrons

spiralling about strong magnetic fieldsabove sunspots.

But there is another class of compact, bright microwave sources in this

wavelength range that are not associated with sunspots. They occur above regions

of apparently-weak photospheric magnetic fields. For instance observations at 6 cm

wavelength revealed sources with coronal brightness temperatures T B > 10 K in

regions away from sunspots [Schmahl et al. (1982); Webb, Davis, D/ndu and Velusamy

(1983)]. Force-free (potential) magnetic field extrapolations from the known

photospheric values indicate that the magnetic field in the low solar corona is

too weak to account for the observed emission by gyroradiation.

The situation is even worse at shorter wavelengths where stronger magnetic

fields are required to produce qyroradiation at the first few harmonies of the

gyrofrequency. (Higher harmonics produce insufficient optical depth to account

for the high brightness temperatures.) Lang and Willson (1986a-this proceedings)

and Willson and Lang (1986) report the presence of compact, bright 2-cm sources

that require magnetic field strengths of H - 2,000 G in the low solar corona at

regions away from sunspots if they are attributed to gyroresonance radiation.

Bright microwave sources in regions of apparently-weak photospheric fields

can be explained by two different hypotheses. First, the emission could be thermal

gyroradiation at the second or third harmonic of the gyrofrequency in strong

magnetic fields. Currents might amplify the magnetic field in the low corona to

values greater than those expected from extrapolations from the photosphere.

Alternatively the photospheric magnetograms could be misleading, and strong

magnetic fields could exist in isolated regions away from sunspots. Secondly, the

emission could be nonthermal radiation in weak magnetic fields. Nonthermal

synchrotron radiation from midly relativistic electrons is one possibility, but

some as yet unspecified mechanism must be continuously accelerating the electrons

[Akhmedov et al. (1986), Chiuderi-Drago and Melozzi (1984); Willson and Lang

(1986)].

Figure I provides the radiation spectra for the three types of sources usually

detected at short centimeter wavelengths [.see Akmedov et al. (1986) for greater

details]. The most common type of source is the sunspot-associated component

(A and C) that is attributed to thermal gyroresonance radiation in the legs of

coronal loops that are connected to the underlying sunspots. Source D is a

filament-associated component located above a magnetic neutral line in regions of

apparently-weak magnetic field. Yet, this source has a steep radiation spectrum

and high brightness tempera£ure of T B ) 7 x 106 K. It may be attributed to non-

thermal radiation or to thermal gyroradiation in current-amplified magnetic

fields. Then there is the filament-associated source B that has the flat

spectrum of optically-thin thermal bremsstrahlung. Electron densities

N e = 109 to lO I0 cm -3 are consistent with this interpretation, suggesting that

in this case w_ are detecting the same thermal plasma tha£ is observed at

X-ray wavelengths from coronal loops. But this plasma is more commonly detected

at the longer radio wavelength of 20 centimeters.
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Individual cyclotron lines from AR4398 are shown in Figure 3 together with
the flat spectrum of the nearby active region AR4399. The flat spectrum of AR
4399 is attributed to thermal bremsstrahlung, whereas the spectrum of AR4398 can
be explained by cyclotron line emission from a narrow layer of width AT. - 108 cm,

electron density Ne - 109 cm -3 and a relatively high electron temperature

T e - 4 x 106 K (solid line). Here the harmonic number n - 4 and the magnetic field

strength H - 145 G. A key aspect of this discovery is the extraordinary precision

in measuring the magnetic field strength; a change of only AH = 20 G shifts the

central frequency of the line by 170 MHz.

COMPARISON OF THE 20 CM AND X-RAY EMISSION

As previously mentioned, comparisons between the X-ray and short microwave

(3 to 6 cm) radiation from solar active regions provided evidence for a new source

of opacity at microwave wavelengths above sunspots. It has been attributed to

gyroresonance effects in the legs of coronal loops connecting with underlying

sunspots. Recent comparisons of the 6 cm radiation from the apex of coronal loops

indicates that its brightness temperature is less than the electron temperature

measured at X-ray wavelengths; this has been explained by a cool (- 105 K) external

plasma [Holman (1986 - _his proceedings); Webb, Holman, Davis and Kundu (1986)].

However, there have been no published comparisons of X-ray data with the 20 cm

emission of the coronal plasma. In some instances, there is radiation at 20

centimeters wavelength near sunspots where no X-ray radiation is detected. The

radio emission may be attributed to gyroresonant radiation of a low density plasma

in magnetic fields of strength H = 145 to 290 G (harmonic n _ 4 to 2), [see Lang,

Willson, Strong and Smith (1986a) for greater details].

In other cases, the 20 centimeter radiation appears at the apex of coronal

loops, but with a slightly lower brightness temperature, T B - 1.4 to 1.7 x 106 K,

than the electron temperature, T e - 3.0 x 106 _ inferred from the X-ray

data. This may be explained by a low temperature plasma with T e - 105 K

that lowers the effective brightness temperature of the radio bremsstrahlung

while not affecting the X-ray data that only detects the 106 K plasma

[see Holman (1986 - this proceedings); Lang (1986 - this proceedings); and

Lang, Willson, Strong and Smith (1986a) for greater details]. Because the line of

sight through the low temperature plasma is greatest along the legs of coronal

loops, it can reduce the size of the radio source below that of the X-ray emission.

That is, the low temperature plasma can, under the right circumstances, confine the

detectable radio radiation to the apex of coronal loops.

As illustrated in Figure 4, there are other instances in which the 20-cm

radiation and the soft X-ray emission have the same angular extent. In this case,

the maximum brightness temperature of the radio emission has the same value as the

electron temperature, T e = 3 x 106 K, inferred from the X-ray data. At first sight

it would seem that the 20-cm emission is the thermal bremsstrahlung of the X-ray

emitting plasma (electron density N e - 2 x I0 I0 cm-3), but in this instance we

have also detected a cyclotron line. Preliminary modeling indicates a thin layer

of T e - 4 x 106 K with a magnetic field strength of H = 145 or 187 G (harmonic n =

4 or 3). The thermal electrons that give rise to the X-ray radiation therefore

also seem to produce strong gyroresonant radiation at 20 centimeters wavelength.
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Figure I. The radiation spectra of four sources associated with an active

region. The steep spectrum of the filament-associated source D is

attributed to the qryrosynchrotron radiation of mildly relativistic

electrons whereas the flat spectrum of the source B is attributed to

thermal bremsstrahlung. The sunspot-associated sources A and C are

attributed to gyroresonance emission in the legs of coronal loops.

CORONAL LOOPS AT 20 CM WAVELENGTH AND THERMA_ CYCLOTRON LINES

Radiation from a post-flare loop at 20 centimeters wavelength was reported by

Velusamy and Kundu (1981); but there is a much more extensive literature regarding

the quiescent 20-cm radiation of coronal loops [Lang, Willson and Rayrole (1982);

Lang, Willson and Gaizauskas (1983); McConnell and D/ndu (1983); Shevgaonkar and

Kundu (1984); Kundu and Lang (1985); D/ndu (1986 - this proceedings); Lang (1986 -

this proceedings)]. The radiation at this longer wavelength often comes from the

hot, dense plasma trapped within the coronal loop (see Figure 2 for a typical

example). The 20-cm coronal loops have peak brightness temperatures of 1 x 106 to

4 x 106 K and extents of about i0 I0 cm. Their radio emission can be attributed

to thermal bremsstrahlung or thermal gyroresonant radiation, or both.

Of special interest is the recent detection of thermal cyclotron lines near

the apex of coronal loops at wavelengths near 20 centimeters [see Figure 3 and

Willson (1985) for greater details]. These cyclotron lines are emitted at

harmonics of the gyrofrequency, with a wavelength that depends only on the harmonic

number and the magnetic field strength. However, because the magnetic field in the

legs of coronal loops decrease uniformly with height, the individual cyclotron

lines at short wavelengths will usually merge into a smooth continuum.
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Figure 2. A typical radio wavelength (20 cm) V.L.A. map of the hot, million-

degree plasma trapped in a coronal loop. The angular scale between

fiducial marks on the axes is 60 arc-seconds.

At 20 centimeters wavelength we can observe the apex of coronal loops where

the magnetic field is nearly constant and the spectrum of individual cyclotron

lines can be resolved. This will be particularly true if currents or some other

process confine the intense emission to a thin, hot layer within the loop apex.
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Figure 3. VLA data at ten closely-spaced frequencles near 1446 MH.z (20 cm) show-

ing thermal cyclotron line spectra from active region AR 4398 on success-

ive days, together with optically-thick thermal bremsstrahlung spectra

from active region AR 4399 on the same days.
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Figure 4. A comparison _f the 20 cm emission (V.L.A-Ie_t), soft-X-ray

(S.M.M.-middle) and Ha (SOON-richt) emission of an active region on the

same day. The angular spacing between fiducial marks on _e axis is

60 arc-seconds.

CORONAE OF NE_BY STARS

Nearby dwarf M stars exhibit slowly-varying, quiescent microwave radiation and

microwave bursts that have been detected .with the Very Large Array (VLA) and the

Arecibo Observatory. Observations with high resolution in frequency and time

provide strong evidence for coherent radiation mechanisms in the coronae of these

stars [Lang (1986b)]. Such mechanisms provide stringent constraints on _ne

electron density and magnetic field strength in the stellar coronae.

Narrow-band, slowly varying radiation has been detected from the dwarf M star

YZ Canis Minoris when using the VLA at "wavelengths near 20 centimeters [Lang and

Willson (1986b)]. White, _/ndu and Jackson (1986) subsequently repeated this

experiment, finding narrow-band bursts from the dwarf M stars AD Leonis and UV

Ceti. The narrow-band structure cannot be explained by continuum emission

processes such as thermal bremsstrahlung, thermal qyroresonant radiation or

nonthermal qyrosynchrotron radiation. Although qyroresonant radiation can give

rise to narrow-band cyclotron lines, it requires an implausibly large source that

is hundreds of times larger than the star. The observations of narrow-band

structure can apparently only be explained by coherent mechanisms like electron-

cyclotron lines or coherent plasma radiation.

Independent evidence for coherent radiation mechanisms is provided by

high-time-resolution observations of the dwarf M star AD Leonis at the Arecibo

Observatory [Lang, Bookbinder and Golub (1983), Lang and Willson (1986c)]. As

illustrated in Figure 5, quasi-periodic, highly polarized spikes are observed at 20

centimeters wavelength with rise times of less than 5 milliseconds. An uDDer limit

to the linear size of the sDike emitting region is L 4 1.5 x 108 cm, the distance
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that liqht travels in 5 milliseconds. This size is only five hundredths of the

estimated radius of AD Leonis. Provided that the emitter is symmetric, it has

a brightness temperature greater than 1016 K. The high degrees of circular

I A LCP

I ioo mJy

, i

iB t_ 19 rn 10.9 s lid s I1.1 s 11.2 s 11.3 s

UNIVERSAL. TIME

Figure 5. The total power detected at a frequency of 1415 MHz (21.2 cm) while

trackinq the dwarf M star AD Leonis. The left-hand circularly polarized

(LCP) signal has been displayed with a 5 ms integration time. There are

five quasi-periodic spikes with a mean periodicity of Tp = 32 + 5 ms and

a total duration of T D = 150 ms. Each of these spikes had a rise time of

r R 4 5 ms, leading to an upper limit to the linear size L _ 1.5 x 108 cm

for the spike emitter. A symmetric source of this size would have a

brightness temperature of T B > 1016 K, requiring a coherent radiation

me chani sm.

polarization (up to 100%) indicate an intimate connection with the star's magnetic

field, and the high brightness temperatures suggest a coherent radiation mechanism

such as an electron-cyclotron maser or coherent plasma radiation.

The coherent process provides constraints on the electron density, Ne, and the

magnetic field strength, H, in the stellar coronae [see Dulk (1985) for the

relevant formulae]. If the electron-cyclotron maser emits at the second harmonic

of the gyrofrequency, the longitudinal magnetic field strength H = 250 G and

constraints on the plasma frequency imply an electron density of Ne - 6 x l09

cm -3, Coherent plasma radiation at the fir_ or second harmonic of the plasma

frequency r_spectively require N e = 2 x l0 cm -3 and and H << 500 G or

N e = 6 x l0 _ cm -3 and H << 250 G.

PROMISING DIRECTIONS FOR THE FUTURE

Future VLA observations at 20 centimeters wavelength will continue to provide

diagnostic tools for the solar corona. Observations of thermal cyclotron lines

offer a promising method of accurately determining the coronal magnetic field

strength. Comparisons with soft X-ray spectral lines will help delineate the



electron density and temperature, while also specifying the radiation mechanisms.

One promising approach that grew out of this conference involves simultaneous

observations with the VLA and the Owens Valley Radio Observatory (OVRO). The OVRO

will provide spectral information that is not obtainable with the VLA, whereas the

high angular resolution of the VLA will remove ambiguities in the OVRO data.

Future collaborations between the Tufts' University group and the Observatoire de

Paris - Nancay Radio Heliograph will provide new perspectives to coherent radiation

processes on the Sun. The rapidly growing studies of the microwave radiation from

dwarf M and RS CVn stars will continue to provide new insights to physical

processes in stellar coronae. The full potential of these studies of the Sun and

nearby stars will only be realized by the development of a solar-stellar

synthesis radiotelescope. Such an instrument would be dedicated to solar and

stellar observations with high angular, temporal and frequency resolution.
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F. CORONAL DIAGNOSTICS

KENNETH R. LANG

Department of Physics and Astronomy

Tufts University

Medford, MA 02155

INTRODUCTION

The relatively recent development of satellite-bourne X-ray telescopes and

ground-based aperture synthesis radio telescopes has led to an examination of the

solar corona with unprecendented resolution in space, time and frequency. The

high spatial and spectral resolution of the X-ray instruments aboard Skylab and

the Solar Maximum Mission (SMM) satellite have, for instance, showed that coronal

loops dominate the structure of the Sun's lower corona [see Vaiana and Rosner

(1978) for a review]. Strong magnetic fields hold a hot, dense plasma within the
ubiquitous coronal loops.

Observations of soft X-ray spectral lines indicate that the quiescent, or

non-flaring, coronal loops have electron temperatures Te .. 2 to 4 x 106 K and

electron densities Ne _ 109 to I0II cm -3 with total extents L _ 109 to i0I0 cm.

Similar temperatures are inferred from radio-wavelength brightness temperatures that

are comparable to the local electron temperatures.

The detailed temperature and magnetic structure of the quiescent, or non-flaring,

coronal loops has been inferred from radio wavelength synthesis observations.

Synthesis maps describe the two-dimensional distribution of source brightness and

the two-dlmensional structure of the magnetic field [see Kundu and Lang (1985)

for a review]. The unique ability to specify the strength and structure of

the coronal magnetic fields is an important aspect of the radio wavelength synthesis
maps.

Our current understanding of coronal loops is summarized in this chapter. It

includes observations from ground-based radio telescopes and from X-ray telescopes

lofted above the atmosphere, as well as theoretical interpretations of these
observations.

The remaining sections of this introductory overview highlight both the

observational and theoretical results that are discussed in greater detail in the
following papers. We begin by discussing the three-dlmensional structure of coronal

loops. Alternative radiation mechanisms are then described within the context of

both the radio and X-ray emission. Various methods of determining the strength and
structure of the coronal magnetic field are then described. The final sections of
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this introduction include the coronae of nearby stars and future prospects for radio

diagnostics of coronal loops.

THREE DIMENSIONAL STRUCTURE OF CORONAL LOOPS

Observations at different radio wavelengths generally sample different levels

within coronal loops, with longer wavelengths referring to higher levels. The

heights of the radio structures can be inferred from their angular displacements

from underlying photospheric features, and the two-dimensional maps at different

radio wavelengths can be combined to specify the three-dimenslonal structure

of coronal loops. The accuracy of these height determinations depends on the

geometry of the magnetic field, and the accuracy is greatest near the limb.

6 cm LEG

CORONAL

IMB 6cm LEG

Figure 1. A VLA synthesis map of the total intensity, I, of the ZU cm emission
from a coronal loop. The contours mark levels of equal brightness temper-

ature corresponding to 0.2, 0.4, ...I.0 times the maximum brightness tem-

perature of T B = 2 x 106 K. A schematic portrayal of the 6 cm emission,

which comes from the legs of the magnetic loops, has been added together

with the underlying sunspots that are detected at optical wavelengths.

Multiple-wavelength synthesis observations with the Very Large Array (VLA) have

been carried out at wavelengths X = 20, 6 and 2 cm (see Figure i). The radiation

at 20 cm can 0rlginate at both the apex and legs of coronal loops, and sometimes

delineates the hot, dense plasma detected at X-ray wavelengths. The 20-cm coronal

loops have brightness temperatures TB - i x 106 to 4 x 106 K and extents of L = 109

to i0 I0 cm. Magnetic field strengths of H - 145 G have been inferred

from cyclotron lines at the apex of the 20-cm loops. Bright, highly polarized 6-cm

cores often mark the legs of dipolar loops with TB = 2 x 106 to 5 x 106 K and heights

h = 109 cm above the underlying sunspots. Values of H of N 600 to 900 G are

inferred from the fact that these cores emit gyroradiation at the second or third

harmonic of the gyrofrequency. The 2-cm emission has brightness temperatures of

T B = 105 K and often overlies sunspots at heights h _ 5 x 108 cm where H is _ 103 G.
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The 20-cm coronal loops have been discussed by Velusamy and Kundu(1981), Lang,
Willson and Rayrole (1982), Dulk and Gary (1983), and McConnell and Kundu(1984).
Multiple-wavelength VLAobservations at 2, 6 and 20 cm have been presented by Lang,
Willson and Gaizauskas (1983), Shevgaonkarand Kundu(1984), Kundu and Lang (1985)
and Kundu (1986 - this proceedings). Most recently, Gary and Hurford (1986)
have used microwave spectroscopy during a solar eclipse to delineate the physical
conditions at a variety of levels within the legs and apex of a coronal loop (see
Figure 2.
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Figure 2. Differenced OVRO time profiles at four representative frequencies. Right

hand circular (RH) polarization is shown by the heavy lines, and left hand

(LH) polarlzation by the light lines. Below 3 GHz, the active region appears

as a single board source. At higher frequencies, the region bifurcates into

two maln sources, becoming more localized to the sunspots as the observing

frequency increases. The sense of polarization in the two spot sources is

consistent with gyroresonance emission.
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RADIATION MECHANISMS 0F CORONAL LOOPS

The quiescent, or non-flaring, radiation of coronal loops is usually thermal in

nature. The soft K-ray radiation is, for example, attributed to the thermal

bremsstrahlung of hot million-degree electrons. However, at centimeter

wavelengths there are two different thermal mechanisms: the bremsstrahlung of thermal

electrons accelerated in the electric field of ions and the gyroresonant radiation

of thermal electrons accelerated by magnetic fields can contribute to the emission.

While the thermal bremsstrahlung emission is sensitive to the electron temperature

and emission measure, gyroresonant emission is sensitive to the local magnetic field

and electron temperature. It is this gyroresonant radiation which provides a sensitive

measure of coronal magnetic field strength. Thus, it is important to distinguish

which of these mechanisms is responsible for the emission from any given source at

these wavelengths.

Strong evidence for thermal gyroradiation at coronal levels above sunspots has

been provided by comparing the soft X-ray and centimeter-wavelength radiation of

active regions [ Kundu, Schmahl and Gerassimenko (1980); Pallavicini, Sakural and

Vaiana (1981); Schmahl et el. (1982)]. __Ithough there is intense X-ray emission from

the apex of coronal loop%, the X-ray radiation often falls to undetectable levels in

the legs of coronal loops above sunspots. Yet, intense radio radiation has sometimes

been observed from both the apex and the legs of coronal loops. At other times radio

emission has been detected from just the apex or just the legs of the loops, depending
on the wavelength and observing conditions.

The near equality of the radio brightness and electron temperatures indicates

that the radio emission from coronal loops is usually thermal. But the low electron

densities inferred from the X-ray data above sunspots indicate that thermal

bremsstrahlung is too weak to account for the intense radio radiation. The extra

source of opacity has been attributed to gyrOresonance absorption at the second or

third harmonic of the gyrofrequency,

Figure 3. A Westerbock Synthesis Radio Telescope synthesis map of circular

polarization at I = 6 cm overlaid on an Ha photograph obtained from the

observatory at Athens. The contours are in steps of 1.5 x 105 K. The

circularly polarized horseshoe struct,,re that rings the sunspot umbra is

due to gyroresonant em[sslon in the curved magnetic fields of the sunspot
penumbra.
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Thermal gyroradiation at coronal levels above sunspots has been additionally

confirmed by the detection of circularly polarized ring-shaped or horseshoe

structures at 6 cm wavelength [Alissandrakis and Kundu (1982); Lang and Willson

(1982)]. The highly-polarized (up to I00 percent) structures were precicted by the

theory of gyroradiation in the curved magnetic fields above sunspot penumbrae

[Gel'freikh and Lubyshev (1979)]. There is no detectable circular polarization above

the central sunspot umbrae where the magnetic fields project radially upward into the

hot coronal regions (see Figure 3). Depressions in the radio brightness temperature

above sunspot umbrae have been attributed to cool material in these regions [Strong,

Allisandrakis and Kundu(1984)].

At the longer, 20 cm, wavelength, emission is detected sometimes from both the

apex and the legs of coronal loops (Lang, Willson, Strong, and Smith, 1986, and see

Figure 4), and sometimes from just the apex (Webb et al., 1986). In the latter case,

the electron densities and temperatures inferred from the X-ray spectral lines indicate

that the plasma is optically thick at 20 cm, and hence that the observed brightness

temperature should be equal to the electron temperature. However, the observed

brightness temperature is a factor of 2 - 3 lower than the local electron temperature.

Brosius and Holman (1986--this proceedings) and Holman (1986--this proceedings) explain

this low brightness temperature in terms of a relatively cool, <105 K external plasma

around the hot 2.5 x i0_K loops. Such material absorbs emissions primarily from the

loop footpoints, where the optical depth along the line of sight is greatest. The

loops and the external plasma are separated by a thin transition zone. The emission

measure distributions for such models have been calculated, and have been found not

only to agree well with recent observational emission measure curves for solar active

region loops, but also to rise on both the cool and the hot side of the emission

measure minimum. This is the first time that a theoretical emission measure curve for

a single active region loop has been found to do this (cf. Antiochos and Noci, 1986).

= ___o o o _°
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Figure 4. A comparison of the soft X-ray (S.M.M.-left), H (SOON-middle) and

20 cm (V.L.A.-right) Emission of an active region on the same day. The

most intense soft X-ray emission is well correlated with intense 20 cm

and H emission; but the 20 cm emission also extends across the areas

near the,sunspots where it is also intense. The angular spacing between

fiducial marks on the axes is 60 arc-seconds.
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Alternative radiation mechanisms may be required for intense radio emission from

regions overlying weak photospheric magnetic fields. Observations of these regions

have been reported by Akmedov et al. (1986), Lang (1986a-this prodeedings), Lang and

Willson (1986a-this proceedings), Webb, Davis, Kundu and Velusamy (1983), and Willson

and Lang(1986). A possible explanation, first studied in detail by Chiuderi, Drago and

Melozzi (1984), is the nonthermal synchrotron emission of mildly relativistic

electrons; but some currently-unspecified mechanism must be accelerating the

electrons. An equally plausible explanation is that currents amplify the magnetic

field in the low solar corona to strengths that are a factor of ten larger than those

inferred from magnetograms of the underlying photosphere. The observed radio

emission might then be attributed to the gyroradiation of thermal electrons at the

second and third harmonic of the gyrofrequency.

SPECIFYING THE CORONAL MAGNETIC FIELD

Measurements of the spectrum, polarization and angular size of active region

sources at centimeter wavelengths have been pioneered by Soviet astronomers using the

RATAN 600 [Radio Astronomy Telescope of the Academy of Sciences (Nauk)-see Akmedov

et al. (1986)], and further developed and extended using the frequency-agile

interferometer at the 0VRO [ Owens Valley Radio 0bservatory-see Hurford and Gary (1986)

this proceedings)]. By measuring both the angular size and the flux density at a

variety of wavelengths, one can uniquely determine the brightness temperature spectrum

of the sources. Circular polarization data can additionally be used to specify

the magnetic field strength. Hurford and Gary (1986-this proceedings) have used

this technique of microwave spectroscopy to measure the field distribution in the

lower corona above sunspots.

In fact, both the strength and structure of the coronal magnetic field can be

specified along the legs of coronal loops where gyroradiatlon dominates. The

observations indicate that the magnetic fields systematically diverge and decrease in

strength at higher heights (longer wavelengths) above single sunspots [see Hurford

and Gary (1986) - this proceedings].

The magnetic field strength can also be inferred from individual cyclotron lines

when gyroradiation dominates the emission. The observations at a single wavelength

refer to a predetermined height where the radiation frequency is at one of the low

harmonics of the gyrofrequency. Multiple-frequency observations provide

information at a fixed height, regardless of field strength.

Holman and Kundu (1985) and Holman (1986 - proceedings) have pointed out that

the emitting layers might be spatially resolved when a thin loop is observed. The

magnetic field strength within each layer can then be inferred from the observing

wavelength and the relevantharmonic. However, the cyclotron lines may overlap

when the loop is thick or when a thin loop is observed along its legs.
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The spectrum of an individual cyclotron line may also be obtained whenobserving
at several wavelengths. For example, the spectra of individual cyclotron lines have
been observed at wavelengths near 20 cm when the apex of a coronal loop is resolved
[Willson (1985), Lang (1986a-this proceedings), Lang, Willson, Strong and Smith
(1986)]. This is because the magnetic field strength is relatively constant near the
loop apex; the cyclotron lines would merge into a continuum along the loop legs where
the magnetic field strength decreases uniformly with height. Neutral current sheets
might also play a role, leading to intense radio emission from a thin layer near the
loop apex. Both a uniform field and a steep temperature gradient in the uniform
region are probably required to detect the cyclotron lines. In any even= observations
of individual cyclotron lines indicate magnetic field strengths of H = 145 = 5 G

at theapex of some coronal loops.

Solar bursts might also be used to infer the strength and configuration of

coronal magnetic fields. Roberts, Edwin and Benz (1984) and Roberts (1984, 1986 -

proceedings) have shown that bursts can impulsively generate magneto-acoustlc

oscillations in a coronal loop. These oscillations may be observed as quasl-periodic

radio variations whose onset, duration and periodicity can be used to infer the

height, size and magnetic field strength of the emitting region.

THE CORONAE OF NEARBY STARS

Nearby main-sequence stars of late spectral type exhibit quiescent, or non-

flaring, X-ray emission whose absolute luminosity may be as much as I00 times that of

the Sun [Vaiana et al. (1981)]. This suggests that these stars have hot stellar

coronae with large-scale coronal loops and strong magnetic fields. The solar analogy

suggests that these coronae might also be detected at radio wavelengths.

Nearby dwarf M flare stars do, in fact, exhibit slowly varying radio emission at

6 and 20 cm wavelength that is analogous to that of solar active regions. However,

the X-ray observations rule out detectable thermal bremsstrahlung at radio

wavelengths; the temperatures and emission measures inferred from the X-ray data

indicate that the radio bremsstrahlung would be at least two orders of magnitude

below detection thresholds. Moreover, thermal gyroradiation is an unlikely source of

the intense 20 cm radiation from some of these stars; implausibly large coronal loops

would have to be up to i0 times larger than the star with magnetic field strengths

larger than i00 G at these remote distances. The most likely source of this slowly

varying radiation in M-dwarf stars is gyrosynchrotron radiation from nonthermal

electrons (Holman, 1986; Lang and Willson, 1986b).

In other words, the fact that we detect radio emission from these stars means

that something unusual is happening on them. As an example, radio bursts from the

dwarf M, stars have been attributed to coherent emission mechanisms like electron-

cyclotron masers or coherent plasma radiation [Melrose and Dulk (1982); Dulk (1985)].

Quasi-perlodic and individual spikes have been detected from the dwarf M star AD

Leonis at 20 cm wavelength [Lang et al. (1983), Lang and Willson (1986a), Lang

(1986a)-thls proceedings)]. These spikes are up to 100% circularly polarized with :

rise times less than 5 milliseconds. The rapid rise time indicates that the

emitter's size is less than 0.005 of the star's radius, and that a symmetric emitter

has a brightness temperature in excess of 1016 K. Such a high brightness temperature

requires a coherent radiation mechanism. Similar high brightness temperature spikes
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have been observed during solar flares. Unlike solar flares, however, the underlying
nonspiky emission from the ADLeonis flare is probably also coherent [Holman,
Bookbinder and Golub (1985)].

Coherent emission is also suggested by the narrow-band, slowly varying, 20-cm
emission from the dwarf M star YE Canis Minoris [Lang and Willson (1986)], as well as
narrow-band 20 cm flares from the red dwarf stars ADLeo and UV Ceti [White, Kundu
and Jackson (1986)]. The narrow-band structure cannot be explained by continuum
emission processes such as thermal bremsstrahlung, thermal gyroradiation, or
nonthermal gyrosynchrotron radiation. Coherent radiation processes seemto be
required.

If the radiation is emitted by an electron-cyclotron maser at the second

harmonic of the gyrofrequency, then the magnetic field strength is H = 250 G,

and constraints on the plasma frequency imply an electron density of Ne _ 6 x 109

cm-3. Coherent plasma radiation at the first or second harmonic of the plasma

frequency respectively require Ne - 2 x i0I0 cm-3 and H << 500 G or Ne - 6 x 109

cm-3 and H << 250 G. Thus, the coherent burst mechanisms suggest that the coronae of

dwarf M stars have physical parameters similar to those of solar active regions.

FUTURE PROSPECTS FOR CORONAL DIAGNOSTICS

Probable observations of coherent radiatlon processes on nearby stars are

stimulating further searches for coherent signatures in the Sun's radio radiation.

In fact, narrow-band structure has been observed in a solar burst [Lang and Willson

(1984): Lang (1986b)], and rapid spikes during some solar bursts have been interpreted

in terms of electron-cyclotron masers [Holman, Eichler and Kundu (1980); Holman (1983)].

Future observations with high resolution in time and frequency at the VLA, OVRO and

Nancay will help determine the role that coherent radiation processes play in solar

active regions.

The next decade will also include detailed comparisons of radio and X-ray

observations with model coronal loops that include both thermal bremsstrahlung and

thermal gyroradiation. Coronal magnetic fields may be directly inferred from

observations and models in which the expected radio emission is computed as a

function of wavelength, polarization and viewing angle. A comparison of the observed

radiation with theoretical expectations will determine magnetic field strengths,

electron densities and electron temperatures.

The evolution of coronal loops has strong future potential. Of special interest

are the preheating and magnetic changes that trigger solar bursts [see Kundu and Lang

(1985) for a review]. Emerging coronal loops and the magnetic interaction of

existing coronal loops will be particularly interesting topics.

Future studies of the ev61ution of the three-dimensional magnetic and plasma

structure of coronal loops will lead to valuable new insights to the nature of solar

active regions and eruptions on the Sun and nearby stars. Such insights can only be

fully realized by the development of a solar-stellar synthesis radiotelescope.

Such an instrument would be dedicated to solar and stellar observations with high

angular, temporal and frequency resolution.
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Abstract.Very LargeArray(VLA) observationsof compact transient sources on the Sun at 2 cm wavelength
are presented. These sources have angular sizes of 0_ 5"-25", brightness temperatures of
Ta _- 1-3 x l0s K, and lifetimes ranging between a few minutes to several hours. The emission ori_nates
in regions of diffuse plage and quiet Sun, where the photospheric magnetic fields are relatively weak
(H < 100G). In some cases the 2 cm radiation may be explained as the thermal bremsstrahlung of a dense
(N, < 10_°cm - 3)plasma in the transition region. For othersources, the relativelyhigh circular polarization
(Pc _ 40-50%) suggests a nonthermal emission mechanism, such as the gyrosynchrotron radiation of mildly
relativistic electron with a power-law spectrum.

1. Introduction

VLA observations of solar active regions have shown that the quiescent emission at 2 cm

wavelength often originates in compact (0<5") highly circularly polarized

(Pc = 80-90_o) sources in regions of strong magnetic fields near sunspots (Lang et aL,

1983; Shevgaonkar and Kundu, 1984). The observed brightness temperatures of

Ta = 10s-106 K suggest that this emission originates in the transition region or low solar
corona. More recent observations have revealed a different class of 2 cm sources which

are also compact and often highly circularly polarized but which originate in regions of

apparently weak photospheric field (Akhmedov et aL, 1986; Willson and Lang, 1986).

The nature of these sources is enigmatic because magnetic fields of H _ 1500-2000 G

are required if the observed brightness temperatures and degrees of circular polarization

are to be attributed to thermal gyroresonance emission or to propagation effects (thermal

bremsstrahlung). Alternatively, the 2 cm emission could be attributed to nonthermal

radiation such as the gyrosynchrotron radiation of subrelativistic electrons in low

magnetic fields.

These compact sources are also observed to vary on time-scales of a few tens of

seconds to several hours. In one case Willson and Lang (1986) observed the apparent

emergence and disappearance of a compact (0 < 10") dipolar loop which evolved on
a time-scale of about 60 s. These variations could be due to fluctuations in the magnetic

field strength or to a variable nonthermal electron density, possibly brought about by

changes in the acceleration mechanism. The time-scales of the variations are similar to

those observed at ultraviolet wavelengths from small sources in the transition region and

to optical wavelength fluctuations of so-called ephemeral regions (Porter et aL, 1984;

Marlin et aL, 1985).

In this paper we discuss new VLA observations of the Sun at 2 cm wavelength. In

Solar Physics 114 (1987) 93-104.
© 1987 by Kluwer Academic Publishers.
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94 ROBERT F. WILLSON AND KENNETH R. LANG

Section 2 we present these observations and show that compact, transient sources are

detected in both regions of weak plage without sunspots as well as in regions of the quiet

Sun. There also does not appear to be any clear association between these transient

sources and the photospheric Ha emission. In Section 3 we discuss these observations

in light of both thermal and nonthermal radiation processes. We show that the

unpolarized 2 cm emission could be attributed to the thermal bremsstrahlung of dense,

compact sources in the transition region. The moderate circular polarization

(Pc = 40-50_) of other sources, however, suggests either a nonthermal emission

mechanism such as gyrosynchrotron radiation or else unexpectedly high magnetic fields

in the transition region or corona. Here we also comment on the possibility of detecting

transient sources at other radio wavelengths.

2. Observations

The VLA was used (D configuration) to observe a region of diffuse plage on 1986

January 17. The position of this region was S 10 W62 at 13 : 00 UT on this day.

Observations (B configuration) were also made toward another plage region as well as

toward two regions ofquiet Sun on 1986 August 24. The plage was located at S 10 W08

at 13 : 00 UT, and the two quiet-Sun regions were located at N30 WOO and S 30 WOO.

On 1986 January 17, the region was observed during an eight hour period between
15 : 00 and 23 : 00 UT. The entire VLA was used to observe the Sun at 2.1 and 6.1 cm

o

t

F
1

o
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| 11

/r '

i_,:: /
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Fig. 1. VLA synthesis maps of the total intensityof the radiation from compact sources at 2.1 and 6.1 cm
(lower right-hand box) during an eight hour period on 1986January17.Each map begins and ends at the
time indicated. Here eack box refers to the same area on the surfaceof the Sun, and the fiducial marks are
separated by 60". The contours mark levels of equal brightnesstemperature. At 2.1cm, the outermost
contour is drawn at 5.2 x 10"K with a contour interval of 1.8x 104K. The inner contour and contour

interval of the 6cm map are equal to 1.0 x l0 s K.
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COMPACT, VARIABLE SOURCES ON THE SUN AT 2 CM WAVELENGTH 95

for 20 m and 10 m, respectively, followed by successive 2 rain observations on a nearby

calibration source. On 1986 August 24, the plage and the northern and southern

hemisphere quiet-Sun regions were observed at 2.1 cm for successive periods of 4.5,

2.5, and 2.5 hr, respectively, beginning at 15 : 00 UT. On both days the bandwidth was

12.5 MHz. At 2.1 cm the half-power beamwidth of the antennas is ~3.5'. At this

wavelength the synthesized beamwidths in the B and D configurations are

~0.4" x 0.5" and 4.2" x 4.6", respectively.

The right and left circularly polarized signals were sampled every 10 s and were

calibrated using the standard VLA solar calibration procedures. These data were then

used to produce CLEANED synthesis maps of the total intensity, I, and circular

polarization, V, over an area of ~ 5' x 5' on the Sun on time-scales as short as 30 s.

In Figure I we show a series of 1-2 hour maps of total intensity for the plage region

observed on 1986 January 17. Here each box refers to the same region on the Sun. This

figure shows several compact 2 cm sources with angular sizes of 0s < 25" and maximum

brightness temperatures of 7", _ 2 x 105 K, These sources lie within more extended

6 cm emission whose peak brightness temperature is Ts _ 106 K. Comparisons with a

Kitt Peak magnetogram (taken at 16 : 05 UT) and SOON and Big Bear Solar Observa-

tory H_, pictures show that these sources were located in regions of diffuse plage with

weak photospheric magnetic fields (H_< 100 G) and no sunspots. The 2 cm sources

were also unpolarized (p_ = VII< 15%) suggesting optically thick emission from

regions where T, = T 8 _ I-2 x l0 s K.

Fig.Z A seriesof SOON H- imagestaken at the UT timeindicatedin the upperright-handcomer.The
outermostcontours o(the 6 cm emissionshownin FigureI ire drawnon the image at 16: 45UT. The
locationsof the variable2 cm sourcesA, B, andC, also showninFigureI, are indicatedin the framesat

15: 05, 18: 25, and22 : 39UT, respectively.
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96 ROBERT F. WILLSON AND KENNETH R. LANG

It is clear from Figure 1 that these compact sources varied substantially in intensity

on time-scales of hours. Source B, for example, appeared to emerge between ~ 17 : 00

and 19 : 00 UT, and then faded and reappeared a few hours later. Likewise, source C

emerged between 22 : 00 and 23 : 00 UT.. A series of maps on hourly time-scales was

also made for the 6 cm data, but they fai/ed to reveal any significant changes in structure

or intensity at this wavelength. Examination of Ha images obtained by the SOON

observatories also failed to reveal any obvious changes in the structure or brightness of
the plage emission.

Figure 1 also shows that the most intense and long lasting source A appeared to move

laterally towards the southeast during these observations. The angular displacement

between the centroids of sourceA between 15:00 and 23:00 UT is ,,-50", and
corresponds to a transverse velocity of ~ 1.3 km s-'. Since the VLA was made to

continuously track the same point on the Sun with an accuracy of ~ 1", this shift in
position cannot be attributed to systematic pointing errors.

In Figure 2 we show SOON Ha images taken throughout the day. The universal time

that the image was taken is given in the upper right-hand comer of each frame. Here

LS:_ _T

0

0 o

0 @

° o
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Fig. 3. VLA snapshot maps of the total intensity of compact variable sources at ZI cm wavelength. Each

map is for I rain of data beginning at the time indicated. These sources were located within a region of weak

plage. The two sources A and B appear to have emerged together at ~ 15 : 41 UT. Source A lasted for
~ 12 rain until ~ 15 : 41 UT, while source B lasted only until ~ 15 : 34 UT. Here the contours mark levels

of equal brightness temperature with an outermost contour and contour interval of 3.5 x 10" K. The fiducial

marks are the axes are separated by 10".
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we have also superimposed the outer contours of the 6 cm emission on the image at

16:45 UT together with the locations of the 2 cm sources A, B, and C, shown in

Figure I. Source A, as well as the most intense 6 cm emission, might be associated with

two patches of H_ emission in the western haft of the frame, but there is no such

association for the variable sources B and C. Furthermore, although the H_ data are

not of the highest quality, it appears that there were no major changes in the intensity

or structure of this diffuse H_ emission during the day, unlike at 2 cm.

In Figure 3 we show a series of 60 snapshot maps of two compact variable sources

detected within the diffuse plage region observed on 1986 August 24. The peak

brightness temperatures and circular polarizations of the two sources, A and B, are

L
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Fig.4. Plots of the total intensity, I = (RCP + LCP)/2 (lop) and circular polarization,
p, = (RCP - LCP)/(RCP + LCP) (bouora), forthe compact sourcesA and B shown in Figure 2.

plotted as a function of time in Figure 4. These data indicate that a bipolar region of

about 10" in size emerged at ~ 15 : 29 UT and reached a maximum brightness a few

minutes later. The weaker right circularly polarized source B, however, decreased in

intensity more rapidly than the left circularly polarized source A, which lasted until
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98 ROBERT F. WILLSON AND KENNETH R. LANG

~ 15 : 41 UT. Here the gap in the data between 15 : 35 and 15 : 40 UT corresponds to

a calibration period. It is interesting to note the abrupt increase in circular polarization

of source B to Pc = 40-50_o between 15 : 32 and 15 : 33 UT, followed by an abrupt

decrease at 15 : 34 UT. Subsequent maps made on 1 min time intervals showed no

evidence for the reappearance of sources at this position or for the emergence of any

other sources (T 8 _< 102 K) during the following 4 hours that this region was observed.

0
20 20 UT 0
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Fig. 5. VLA snapshot maps of the total intensity of a compact source at 2.1 cm wavelength. Each map is

for I rain of data, beginning at the time indicated. Here the fiducial marks are separated by I 0". The contours

mark levels of equal brininess-temperatures with an outermost contour and contour interval equal to

3.5 x l0 _ K.

In Figure 5 we show a series of snapshot maps depicting the emergence and decay

of another 2 cm source located within a region of quiet Sun near the center of the disk

(N30W00). Again, the maps show the evolution of two compact sources on a
time-scale of a few minutes. These sources, however, were, unlike those discussed

previously, unpolarized (Pc < 15_). Thus we cannot say whether these two sources

represent the optically thick emission from the feet of a compact loop, or the unresolved

emission from two separate loops.

Observations toward the quiet-Sun region in the southern hemisphere (S 30 WOO)

yielded no detectal_le emission (T a <- 105 K) during the 2.5 hours that this region was

observed. Thus, only two cases of transient 2 cm emission were observed over an area

of ~ 5' x 5" during the 9.5 hr period of observation.
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3. Discussion

Our results have continued the presence of often highly circularly polarized 2 cm

emission in regions of apparently weak photospheric magnetic fields. These sources are

resolved with angular sizes of between 2" and 25" and undergo variations in intensity

on time-scales of a few minutes to several hours. The inferred brightness temperatures

of T B = I-3 x 105 K are characteristic of the transition region. These sources are found

both in plage regions without sunspots as well as in areas of quiet Sun. The fact that

they are nearly always present within our relatively small field of view suggests they may

be quite common on the Sun. The more rapidly varying 2 cm sources have temperatures,

sizes, and lifetimes that are comparable to sources of rapid brightenings observed in the

transition region at ultraviolet wavelengths (Vernazza et al., 1975; Bruner and Lites,

1979; Athay etaI., 1980; Lites, 1981; Porter etal., 1984). These brightenings occur

frequently throughout active regions with lifetimes of 20 to 60 s, and appear to come

from regions with angular sizes of -<3". High-resolution EUV observations of small

bipolar magnetic features, or ephemeral regions, indicate similar source characteristics

(Roussel-Dupre et aL, 1984). Porter et aL (1984) suggest that the rapid bfightenings may

represent regions of small-scale heating in which magnetic loops emerge and reconnect

with the existing magnetic field structure.

The high degree of circular polarization of the 2 cm sources is somewhat enigmatic.

High circular polarization can be accounted for by propagation effects (thermal

bremsstrahlung) or gyroresonant absorption in the presence of magnetic fields of

B = 2000 G. Both explanations have been invoked to describe the compact 2 cm

sources above sunspots (Lang et aL, 1983; Shevgaonkar and Kundu, 1984). However,

the compact sources described here did not lie near sunspots and in fact lay above

regions of apparently weak photosphere magnetic field (B_< 100G). Although

gyroresonant absorption might account for the circular polarization, the weak magnetic

field requires a very high harmonic (n > 50). The optical depth due to gyroresonant

absorption is then negligibly small and cannot account for the observed brightness

temperature of T a = 105. Thermal bremsstrahlung, however, might explain the

unpolarized sources (Figures I and 4) if the emission measure within the source is

sufficiently high.

Recently, for example, Habbal et aL (1986) used the VLA to observe 20 cm emission

from a number of so-caUed coronal bright points. These sources are variable on

time-scales of a few minutes and have brightness temperatures between I and

5 x 105 K. These observations suggest that the radiation is dominated by emission in

the transition region.

Some of these sources were also moderately circularly polarized with pc < 40 _, yet

there was no indication of exceptionally strong bipolar features underlying the radio

emission. Habbal et aL (1986) interpreted these fluctuations in terms of density and

temperature fluctuations in the transition region combined with plasma motions along

changing magnetic fields. The 20 cm polarization was interpreted as a propagation effect

in a thermal plasma with magnetic fields of between 50 and 200 G.
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They showed the observed brightness temperature of a thermal plasma in the

extraordinary and ordinary modes, TBo and TBo, could be expressed in terms of the

coronal temperature, Toot, the gas pressure, Po, and the conductive flux, F_, in the

transition region as

where

and

TBx, 0 _ ax" 0 Tcor

ax.o+ i

1.95 x 10 -_ P_

a_.o = v2(1 :_ v_/v)2 F_

Po=N.T.,

-6 5/2 dTe
F_= I.I x I0 T,

dl

Here, v is the observing frequency, vx is the gyrofrequency corresponding to a magnetic

field 1-I, N e is the electron density, and T, is the electron temperature.

The observed degree of circular polarization, Pc, is

TB.- TBo
pc =

Tn° + TB,

With T¢o, = 1.5 x 106 K, they showed that the observed brightness temperatures at

20 cm could be explained for P_/F_ _ 2 x 1024r consistent with quiet-Sun values

(Withbroe and Noyes, 1977). For the same values, however, the predicted brightness

temperatures at 2 cm wavelength are about a factor of 100 smaller and, therefore, cannot

explain the present observations.

Under what conditions might we expect to observe the thermal bremsstrahlung

from compact transient sources? Roussel-Dupr_ et aL (1984), for example, derive

electron temperatures of T, = 1.6 x 104-3 × 105K and electron densities of

iV, = 10__-10 _2 era-3 from EUV observations of an ephemeral region. These regions

are similar to the 2 cm sources in that they sometimes appear to move as they grow and

evolve, typically with velocities of _0.5kms -_ (e.g., Martin etal., 1985). For a

pressure ofPo = 3 dyne cm - 2, a magnetic field strength ofH < 100 G, and a conductive

flux ofF_ = 2 x 106 erg cm -2 s-i, typical of a quiet-Sun transition region, we would

expect a brightness temperature of Tnx _ Tn, _ 3 x 105 K at 2 cm wavelength. There-

fore, ifthe transient microwave sources are related to ephemeral regions, or other regions

of enhanced pressure,.then their brightness temperatures could be attributed to a thermal

plasma. However, we cannot explain the high degree of circular polarization

(p, = 40-50%) unless there are unexpectedly high magnetic fields (H _ 2000 G) in the

regions where the 2 cm emission originates.
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An alternative explanation, discussed by Willson and Lang (1986) is that the compact

2 cm sources arise from the nonthermal gyrosynchrotron-radiation of mildly relativistic

electrons in relatively weak magnetic fields. This idea has also been suggested as the

explanation for the high brightness temperatures (T n > 2 x 106 K) of 6 cm sources that

are found close to neither enhanced X-ray emission nor sunspots (Webb et al., 1983;

Chiuderi Drago and Melozzi, 1984).

A fundamental difficulty with this model is the uncertain nature of the mechanism that

accelerates electrons to near-relativistic energies. One possibility is that there are

small-scale magnetic loops in the transition region or corona where electrons can be

accelerated and confined in a magnetic bottle (e.g., Takakura and Kai, 1966; Brown

and Hoyng, 1975). This so-called magnetic trap model has, for example, been successful

in explaining the characteristics of hard X-ray and microwave bursts. It has been

observed that the flux within small (0 < 3") knots in the photosphere can change on

relatively rapid time-scales (Komle, 1979; Wilson and Simon, 1983; Topka and Tarbell,

1983; Simon and Wilson, 1985), and it is the evolution of these fields that might lead

to the acceleration of electrons. These evolving fields might also give rise to isolated

magnetic elements, or plasmoids (Cargill and Pneumann, 1984) which in turn might

explain explosive events representing high-velocity mass ejections that have been

observed at ultraviolet wavelengths (Karpen et aL, 1982).
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Fig. 6. Plots of the brightness temperature for nonthermal (power-law) radiation source. There spectra
were generated assuming a power-law index of8 = 3.0, a nonthermal electron density ofN - 5 x l0Tcm- 3,
a path lengthL = 5 x 107cm, viewingangles 0of20" (left) and 70* (right) and magnetic field strengths of

H = 25, 50, 75, and 100G.

In Figure 6 we show-theoretical spectra of nonthermal (power-law) radiation from

electrons in magnetic fields ofH = 25-100 G. These spectra were computed using the

relationships given by Dulk and Marsh (1982) and Dulk (1984) for a power-law index
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of 6 = 3.0, a nonthermal electron density of N = 5 x 10v cm -_, a path length of

L = 5 x 10v cm, viewing angles of 0 = 20 ° and 70 °, and magnetic field strengths

ranging between 25 and I00 G. These spectra indicate that brightness temperatures of

Tn > 105 K can be produced at 2 cm wavelen_h in relatively low magnetic fields of

H > 75 G. With these values of b, N, and L, the circular polarization may be as high

as Pc = 40-50_ for viewing angles of 0_ 20 °, and magnetic fields of H> 75 G. The

variable polarization of the compact source shown in Figures 3 and 4 may, therefore,

reflect changes in some combination of the electron energy, density, or magnetic field

strength as the source evolved.

Figure 6 also shows that the brightness temperature increases towards the longer

wavelength, reaching Tn _ 109 K at 2 = 20 cm. In this case, nonthermal emission from

compact resources would also be detectable at the longer wavelengths (6 and 20 cm),

available at the VLA. However, if the nonthermal emission is generated in the transition

region, then the surrounding thermal plasma might significantly attenuate this emission

at the longer wavelengths. This is because for a given electron density, temperature, and

path length, the opacity of the thermal plasma increases as the square of the wavelength.

iO0 , , , ,-,, : , , + +

NI+ Iz 109
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Fig. 7. Flux-density spectra of a nonthermal radiation source in the presence of a thermal plasma. These

spectra were generated assuming a source size of 0 = 5", a power law index of3 = 3.0, a nonthermal electron

density of N = 5 x 107 cm" 3, a path length of L = 5 x 107 cm, a magnetic field strength of H = 75 G, a

viewing angle of 0 = 20*-, and thermal electron densities ranging from N, = 1 x 109 cm - 3to 2 x I0 I° cm - 3.

These plots indicate that the nonthermal emission may be significantly attenuated at the lower frequencies

forN,>5 x 109crn -3.
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In Figure 7 we show plots of the flux density ofa nonthermal source embedded within

such an absorbing plasma. Here, we assumed a constant source size of O = 5", typical

of the transient sources discussed in Section 2. These plots were generated by solving

the equation of transfer for the brightness temperature using the density and temperature

structure of the quiet-Sun transition region and corona as given by Vemazza et al.

(1981). For a quiet-Sun transition region pressure of N, T, = 10 _5 cm- 3 K, our calcula-

tions indicate that the nonthermal radiation would not be significantly attenuated.

However, for higher densities ofN, > t01° cm - 3 and T, = 2 x 105 K, the optical depth

due to thermal absorption could be large enough to screen the nonthermal emission and

effectively prevent the transient sources from being detected at the longer wavelengths.

For example, the minimum 20 cm detectable flux of a source 5" in size during a 60 s

integra_n (10:1 signa_to,a_i_ ratio) at the VLA in the A or B configuration

(synthesized beamv,,idths 8'=-1.2." and 4.4", respectively) is ~0.015 SFU and

0.0015 SFU, respectively. This would therefore suggest that nonthermal transient

sources originating in regions where N, t> 2 x 101° cm - 3would not be detectable at this

wavelength with the VLA. Finally, as pointed out by Chiuderi Drago and Melozzi

(1984), collisions with therm',d electrons will decrease the energy of the nonthermal

particles, thereby limiting the time that they radiate. For electron velocities of v > 0.5c

and thermal electron densities of N, >/ 101° cm-3, the so-called energy exchange time

is less than 6 rain, much shorter than the i'adiative lifetime of about 5 hours in a magnetic

field of H _< 100 O. Simultaneous observations at several wavelengths of the brightness

temperature and lifetimes of transient sources could, therefore, place useful constraints

on their emission mechanism and place of origin.
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ABSTRACT

We present the first Very Large Array (VLA) observations of the Sun at 92 cm wavelength (328 MHz). A
solar noise storm, which lasted at least 3 hr, was detected at this wavelength; it consisted of burstlike spikes
superposed on a slowly varying background, and both storm components were 95% _+_5% right-hand circu-
larly polarized. A long-duration soft X-ray event preceded the radio radiation by 30 minutes, suggesting a
disturbance moving outward at a velocity of v = 78 km s-t. The 92 cm noise storm was resolved with an
angular resolution of 9" for time intervals as short as 13 s. During the onset and early phases, the storm
consisted of four compact sources, each with an angular diameter of 40", oriented within an elongated source
with angular dimensions of 40" x 200". During the subsequent hour the most intense emission was located in
two 40" sources separated by 100". Snapshot maps revealed a persistent elongated source at successive peaks,
with a scatter in the source position. A systematic position shift of A0t ;_ 15_ can be produced by Earth's
ionosphere, but these effects can be removed by frequent observations of a nearby calibrator source. Our
observations confirm previously reported trends for a decrease in source size at higher frequencies, but they
suggest a hitherto unresolved complexity in source structure. The new VLA results are also consistent with
previous observations of noise storm polarization and height. The VLA can potentially resolve both the burst
and continuum components of noise storms, while also detecting the effects of anisotropic scattering in the
corona. The high angular resolution and large collecting area of the VLA may either lead to the detection of
the second harmonic of the storm plasma frequency or establish important limits to it.

Subject headings: interferometry -- polarization -- Sun: corona -- Sun: radio radiation

I.INTRODUCTION

Noise storms are the most common phenomenon observed
on the Sun at decimetric and metric wavelengths (see Elgaroy
1"1977] and Kai, Melrose, and Suzuki [1985] for reviews). Here
we will present a brief synopsis of their properties, thereby
providing a perspective for our subsequent observations and
discussion.

The noisestorms consistof a slowlyvarying,wide-band

continuum radiationwith superposed short-lived,narrow-
band bursts.The background continuum, which is usually
observedbetween 50 and 350 MHz, normallycontinuesfora
few hoursand sometimes lastsfordays.The noisestormsare

clear[yassociatedwith solaractiveregions,but thereisno
clear-cutassociationwithsolarflares.

Literally thousands of storm bursts are emitted, each with a
bandwidth between 2 and 10 MHz and a duration of 0.1 to 2 s.

These bursts have been designated type I bursts in order to
distinguish them from other types of solar bursts. They are
superposed upon a continuum that is not thought to be com-
posed of numerous bursts. -

Both the background continuum and the bursts are strongly
circularly polarized (up to 100%), usually with the same sense
and degree of polarization. This polarization is attributed to
coronal magnetic fields that connect with underlying sunspots.
The sense of circular polarization usually corresponds to the
ordinary mode of wave propagation in the magnetic field of the
nearest leading spot; right-handed circular polarization there-
fore corresponds to negative magnetic polarity with the mag-
netic field lines pointed in toward the Sun.

It is thought that noise storms are some kind of plasma
radiation emitted at the plasma frequency, and this is consis-
tent with circular polarization in the ordinary mode. The emis-
sion originates in the lower solar corona at altitudes of

between 0.1 and 0.5 R o (solar radii) above the photosphere.
Radiation at lower frequencies originates at higher altitudes
where the electron density and plasma frequency are smaller
than those at lower altitudes. The inferred electron density at a

given altitude is greater than that of the quiet corona at this
altitude, suggesting an origin in closed magnetic loops (coronal
Ioop_) that contain a high-density plasma.

It. OBSERVATIONS

a) Time Profile

The VLA was used to observe the solar active region AR

4732 in the A-configuration between 1300 UT and 2400 UT on
1986 May 29. The position of AR 4732 was ON 40W on this
day. The array was divided into two subarrays with 12
antennas operating at 92 cm wavelength (328 MHz) with a 3.12
MHz bandwidth, and 15 antennas operating at 21 cm wave-
length (1420 MHz) with a 12.5 MHz bandwidth. The beam-
width of the individual antennas at 21 cm was 31:5 and
included the active region AR 4731 located at 6S 50W at 1300
UT on May 29. The individual antennas had beamwidths of
138' at 92 cm, which includes the entire visible disk of the Sun,
but AR 4731 and AR 4732 were the only active regions on the
visble solar surface during our observations.

All four Stokes parameters were sampled every 6.67 s, and
the data were calibrated by observing 3C 84 every 30 minutes.
The flux density of 3C 84 was assumed to be 32.0 Jy and 8.0 Jy
at 21 cm and 92 era, respectively.

As illustrated in Figure I, a noise storm was detected at 92
cm between about 1930 UT and 2400 UT. No noise storm was
detected at 21 cm, but this is not surprising as plasma radiation
at this wavelength would be absorbed in the overlying solar
atmosphere. The 92 cm noise storm consisted of numerous
burstlike spikes superposed on slowly varying emission.
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Fro. l.--The time profile ora solar noise storm observed with one interferometer pair of the Very Large Array (VLA) at 92 cm wavelength (top) is compared with

the soft X-ray emission detected by the GOES satellite (bottom). The separation of the two antennas was 0.8 kin, providing an angular resolution of 240" at 92 cm
during source transit. Here the data have been smoothed over 33.3 s. $pikelike bursts are superposed upon a slowly varying background; both of these components

were 95% _+ 5*/. right-hand circularly polarized. VLA maps coveting the intervals denoted by 1 and 2 are shown in Fig. 2, and VLA snapshot maps of the spikes
denoted by 3,4, 5, 6, and 7 are presented in Fig. 3. The X-ray emission precedes the 92 cm radiation by about 30 minutes. If we assume that the noise storm is excited

by a disturbance that originates during the soft X-ray event at a distance of 0.2 R o, then that disturbance must travel outward at a velocity of v - 78 km s" _.

The burstlike spikes are analogous to type I bursts, but the
observed data have relatively long integration times that prob-
ably integrate the emission of several type I bursts or chains of
bursts. The slowly varying emission resembles the background
continuum of a typical noise storm. Both the burstlike spikes
and the slowly varying background emission were 95% _ 5%
right-hand circularly polarized.

A long-duration soft X-ray event (also shown in Fig. 1) may
provide a clue to the triggering mechanism for the 92 cm noise
storm that followed it by about 30 minutes. The noise storm
may have been triggered by a disturbance moving outward
from the source of the X-ray radiation. If the sources of radi-
ation in the two spectral regions are separated by a distance of
0.2 R o, then the disturbance moves at a velocity of v = 78 km

-I
S

b) Observations with High Angular Resolution

The VLA can provide angular resolutions that are more
than an order of magnitude better than those of previous
observations of solar noise storms. It is capable of 5" angular
resolution at 92 cm wavelength (328 MHz). By way of compari-
son, the Culgoora and Nang:ay radioheliographs had respec-
tive beamwidths of ~ 2_0and -,, 1'.3at 160 MHz.

As illustrated in Figure 2, the onset and first maximum of the
92 cm noise storm consisted of four compact sources, each
about 40" in angular d!ameter, that were arranged within an

elongated 40" x 200" source. During the subsequent hour, the
92 cm emission was concentrated within the same elongated
source, but it was most intense in two 40" sources separated by
100". For comparison, the tapered beamwidth of 9" x 9" is
shown as a small black dot.

The VLA also has the capability of making snapshot maps
at time intervals as short as 3 s. As an example, Figure 3 shows
VLA snapshot maps of successive peaks in the emission of the
92 cm noise storm shown in Figure 1 (peaks 3, 4, 5, 6, and 7).
These peaks originate in an elongated source that has a persist-
ent, unchanging shape with half-power angular dimensions of
about 40" x 120". The scatter in the locations of the most

intensive emission is real, but there were no apparent trends in
the location change.

Refraction in Earth's ionosphere will produce a systematic
shift in source position. This shift is smallest at source transit
and largest near the horizon. It is also relatively large at sunrise
and at times of increased solar activity.

When theoretical formulae given by Komesaroff (1960) are
combined with measurements of the ionosphere's electron
density, Stewart and McLean (1982) obtain a noontime iono-
spheric shift of A0t = 60" at 160 MHz. Because refraction
scales as the inverse square of the observing frequency, we
would expect A0 r = 15" at 92 cm (328 MHz). This is consistent
with the observations of Erickson (1984) at g0 MHz and with
those of Spoelstra (1983) at 600 MHz. The systematic position

8O
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FIG. Z--Very Large Array (VLA) synthesis maps for a 1 hr interval that includes the beginning of a solar noise storm (left) and for the subsequent 1 hr interval
(right). These two intervals are respectively denoted by I and 2 in Fig. 1. Both the onset and early excitation of the 92 cm noise storm consist of four sources with

angular diameters of 40" and a total angular extent of 200". Emission in the two central 40" sources became more intense later in the noise storm (see Fig. 3). The
fiducial marks on the axes are separated by 100", and the contours mark levels of equal brightness temperature Tr, with an outermost contour of T6 = 1.0 x 106 K
and a contour interval of 7.2 x l0 s K. The synthesized bcamwidth is denoted by the black spot.

shift, A0t, can be automatically removed from future VLA data
by frequent observations of a nearby calibrator source, but a
smaller, random shift should remain because of the fluctuating
component of the ionosphere's electron density.

Ill. DISCUSSION

a) Comparisons with Preuious Results

Observations of noise storms with the Culgoora radiohel-
iograph at two frequencies (80 and 160 MHz) and with the
Clark Lake facility at several frequencies between 20 and 65
MHz suggest that the higher frequency radiation originates in
more compact sources (Gergely and Kundu 1975; Stewart
1976; McLean 1981). This downward trend in source size with
increasing frequency was also suggested by a small sample of
storm sources observed with the Culgoora instrument at 80,
160, and 327 MHz (Sheridan et al. 1983). Characteristic half-
power angular sizes of 0 ~ 6', 3', and 1;5 were respectively
obtained at 80, 160, and 327 MHz.

However, storm sources are also often unresolved with even
the largest radio telescopes, and the telescope beamwidths
exhibit a disturbingly similar downward trend with increasing
frequency. There have been no systematic high-resolution
investigations of the size and shape of solar noise storms
because of the poor resolving power of the existing radio tele-
scopes.

Although the new VLA observations are not inconsistent
with previous observations of a decrease in source size at
higher frequencies, they do suggest that complex source struc-
ture will be revealed at high resolution. Such complexity may
well rule out a simple model in which noise storms originate
within a conical column (diverging magnetic fields) whose size
increases with height (McLean 1973, 198 l).

The new VLA results are also consistent with previous
polarization observations. The sense of circular polarization
should correspond with that of the ordinary mode expected
from plasma radiation in a Strong magnetic field (Dulk and
Nelson 1973; Stewart 1985)..Right-handed circular polariz-

3

ation is therefore associated with negative magnetic polarity in
which the magnetic field is directed away from the observer
and into the Sun. Left-handed circular polarization is similarly
associated with positive magnetic polarity in which the mag-
netic field is directed toward the observer.

Because our observed storm was 95% 4- 5% right-hand cir-
cularly polarized, it should originate in coronal magnetic fields
that are connected with the dark, negative-polarity magneto-
gram features shown in Figure 4. Because the noise storm
projects radially downward to the more central active region
(AR 4732), the storm source is most likely associated with
magnetic fields that connect to the dark, dominant leading
spot of AR 4732. As a matter of fact, noise storms are usually
related to the dominant, leading sunspot of the associated
active region.

Thus the storm source is most likely plasma radiation on
magnetic fields connected to the dark, leading spot of AR 4372.
As illustrated in Figure 4, the angular size and distance of the
noise storm are nevertheless larger than the angular separation
of the leading and trailing spots of AR 4372. If the storm
originates in closed magnetic loops, they may not be solely
connected to the bipolar AR 4372. Large-scale magnetic fields
may instead connect the leading spots of the two active regions
AR 4371 and AR 4372. A similar model has been proposed by
Kai and Sheridan (1974) for other noise storms. However, our
observations cannot by themselves rule out the possibility of
open magnetic field lines that extend out into the interplan-
etary medium.

The height of a noise storm can be found if we assume that it
lies radially above the associated sunspot. Under this assump-
tion, the average observed heights, h, at 160 MHz and g0 MHz
were h = 0.4 R o and h =0.g Ro above the photosphere
(Stewart 1976). Noise storms at the higher frequencies of 327
MHz and 408 MHz have estimated heights of h = 0.2 Ro and
h = 0.I R o, respectively (Sheridan et al. 1983; Clavelier 1967).

Thus the average height of the noise storm source decreases
with increasing frequency. Our observations also support this
conclusion. The angular displacement of the noise storm from
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Fno. 4---AVery Large Array (VLA) synthesismap ofa solarnoisestorm at 92 cm wavelength issuperposed on a Kitt Peak National Observatory (KPNO)

magnetogram taken on the same day.The VLA map covered the [ hr time intervalbetween 2300 and 2400 UT; itssynthesizedbeamwidth isdenoted by the black

spot.The contours mark levelsof equal brightnesstemperature,T'j,with an outermost contour ofT,,= 1.0 x 106 K and a contour intervalof 7.2 x 10s K. Dark

areas on the magnetogram correspond to negative magnetic polarity with the magnetic field lines pointing in toward the Sun, whereas light magnelogram areas
correspond to outward regions or poshive magnetic polarity. Two dipolar regions are shown on the magnetogram--AR 4731 near the limb and AR 4732. The 92 cm
source is attributed to plasma rad!ation in the ordinary mode of' wave propagation along magnetic field lines connected to the dark negative spot or AR 4732. The

angular displacement between this spot and the 9.) cm source corresponds to radial altitude of about 0.2 R o above the photosphere. The magnetogram was kindly
provided by .lack Harvey of the National Solar Observatory.
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its associated spot is A0 -- 2_3 (when corrected for ionospheric
refraction), and this displacement corresponds to a radial
height ofh -- 1.0 _+ 0.2 x 10t° cm -- 0.15 + 0.03 R o.

At our observing frequency of v -- 328 MHz, we infer an
electron density of N,*_ 1.4 x 109 cm -3 for the height
h = 1.0 x 10_° cm from the condition that v -- vp. where the
plasma frequency vp .= 8.9 x 103N, ljz Hz. The plasma radi-
ation will dominate over thermal cyclotron radiation when
v -_ vp _, Vu, where the gyrofrequency vn =* 2.8 x 10SH Hz and
H is the magnetic field strength in gauss. Thus, we have
H _ 100 G in the storm source at a height of h = 1.0 x 10 t°
cm above the photosphere. The condition for suppression of
the extraordinary mode of wave propagation, with the result-
ant escape of the ordinary mode, similarly requires H ,_ i00 G
at this height.

b) Future VLA Potential

The VLA can potentially resolve noise storm sources with
an angular resolution of 5" at 92 cm wavelength. Snapshot
synthesis maps can be made with this resolution for intervals
as short as 3 s, which is comparable to the duration of chains of
type I bursts. The observing bandwidth, Av, can be comparable
to that of type I bursts (Av ~ 6 MHz), and an improvement in
VLA integration time to 0.1 s would permit observations of
individual type I bursts.

As illustrated in § II, the VLA has already been used to
resolve noise storm sources with an angular diameter of 40".
This diameter corresponds to a linear size, L, of L = 3 x 10 9

cm at the Sun's distance. Waves moving at the velocity of light
would cross this dimension in a time, r = 0.1 s. Because
nothing can move faster than the velocity of light, the duration,
r, of a source with this dimension must be _ > 0.1 s. The
observed limit to the duration of individual type I bursts is also
r > 0.1 s (Elgaroy 1977). The VLA resolution of 5" therefore
seems to be fully capable of resolving the type I burst emitters.

The VLA can probably distinguish between the two prin-
cipal components of noise storms, thereby resolving the
sources of type I bursts and the background continuum for the
first time. Future VLA observations will therefore probably
determine if the two sources have comparable or different sizes,
and if one of them resides within the other.

The VLA can also potentially detect the effects of scattering
on field-aligned density inhomogeneities. This anisotropic scat-
tering was first proposed to reconcile the narrow bandwidths
and apparently large sizes of some type I bursts at 169 MHz
(Bougeret and Steinberg 1977). As illustrated in § II, the 92 cm
(328 MHz) VLA observations have resolved elongated sources
that were predicted by the scattering theory.

Both the fundamental and the second harmonic of the

plasma frequency might be detected if an intense noise storm is
observed with both the VLA and a smaller patrol-type solar
radio telescope. The fundamental plasma radiation is all that
has been previously observed, primarily because of the low
brightness temperature of the harmonic. The large collecting
area and high angular resolution of the VLA will vastly
improve detection thresholds. For instance, observations at
twice the frequency of strong type I bursts indicate that the flux
of the associated second harmonic emission is less than 0.001

of the fundamental (Jaeggi and Benz 1982). Future VLA obser-
vations should improve this limit by more than an order of
magnitude, or else detect the second harmonic, thereby provid-
ing important constraints to theoretical explanations of noise
storms (see Benz and Wentzel 198 I).
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ABSTRACT

We compare high-resolution images of the quiescent emission from two solar active regions at 20 cm (VLA)

and soft X-ray (SMM FCS) wavelengths. There are regions where the X-ray coronal loops have been com-
pletely imaged at 20 cm wavelength. In other regions, the X-ray radiation was detected without detectable 20

cm radiation, and vice versa. The X-ray data were used to infer average electron temperatures, T_, of about
3 x 104 K and average electron densities of about 2.5 x 109 cm -3 for the X-ray emitting plasma in the two

active regions. The thermal bremsstrahlung of the X-ray emitting plasma is optically thin at 20 cm wave-

length. The 20 cm brightness temperatures, TB, were always less than T_, which is consistent with optically
thin bremsstrahlung. However, the thermal gyroresonance radiation from the X-ray emitting plasma ought to

be optically thick at 20 cm wavelength. The low TB can then be explained if a higher, cooler plasma covers the

hotter X-ray emitting plasma. Thermal gyroresonance radiation must account for the intense 20 cm radiation
near and above sunspots where no X-ray radiation is detected. The potential of 20 cm (VLA) and soft X-ray

(SMM FCS) comparisons is discussed.

Subject headings: radiation mechanisms -- Sun: corona -- Sun: radio radiation -- Sun: X-rays

L INTRODUCTION

High-resolution observations with X-ray telescopes orbiting

above the atmosphere have transformed our understanding of
the solar corona. The corona is now viewed as a highly inho-

mogeneous distribution of closed magnetic loops that are
anchored in the Sun, and open magnetic fields that extend out

into interplanetary space (see Vaiana and Rosner ['1978] for a
review). The hot, dense plasma that is trapped within coronal

loops gives rise to intense X-ray radiation, and observations of
X-ray spectral lines can be used to infer the electron tem-

perature, electron density, and emission measure of this

plasma.
The development of aperture synthesis telescopes like the

Very Large Array (VLA) has permitted ground-based micro-
wave observations of the solar corona with angular resolutions

that are comparable to those of X-ray tellescopes. The high-
resolution microwave observations can uniquely specify the

strength and structure of the coronal magnetic field. VLA syn-
thesis maps of the total intensity, I, describe the two-
dimensional distribution of source brightness, whereas

synthesis maps of circular polarization, or Stokes parameter V,

can provide information about the coronal magnetic field (see
Kundu and Lang [,'1985] for a review).

The microwave brightness temperature, Tin, of the quiescent,
or nonflaring, corona is nearly equal to the coronal electron

temperature, T,, with Te _ T, _ 106 K. This suggests that the

quiescent microwave emission is thermal. However, there are
two possible thermal radiation mechanisms. They are thermal

bremsstrahlung, or free-free emission, and thermal gyroreson-
ance radiation, or cyclotron emission. In contrast, the quiesc-

ent X-ray emission of the solar corona is mainly due to thermal
bremsstrahlung.

To identify the dominant thermal radiation mechanism at
microwave wavelengths, one needs to know the electron tem-

perature, the electron density and the magnetic field strength,
as well as the thickness of the radiating layer, the scale length

of the magnetic field, and the angle between the line of sight

anc'[ the magnetic field. Thermal gyroresonance will generally

dominate radiation at centimeter wavelengths when the elec-

tron density is relatively low and the magnetic field is strong.

Early evidence for thermal gyroresonance radiation at
coronal levels above sunspots was provided by comparison of

the soft X-ray and centimeter-wavelength radiation of active

regions (Kundu, Schmahl, and Gerassimenko 1980; Pallavi-

cini, Sakurai, and Vaiana 1981). Bright microwave radiation

was found in the strong magnetic fields above sunspots, but the

X-ray observations indicated a relatively low electron density

in these regions. This meant that the high microwave bright-

ness temperatures above sunspots could not be due to thermal

bremsstrahlung, but it could be explained by thermal gyrore-

sonant radiation at the second or third harmonic of the gyro-

frequency.

These early low-resolution comparisons were fully con-

firmed when high-resolution synthesis maps at 6 cm wave-

length were compared with simultaneous soft X-ray images
obtained with the X-ray polychromator (XRP) aboard the

Solar Maximum Mission (SMM) satellite (Chiuderi-Drago et

al. 1982; Schmahl et al. 1982; Shibasaki et aL 1983; Strong,

Alissandrakis, and Kundu 1984). Soft X-ray spectral lines were

used to determine the electron temperature and electron

........ of the X-ray emitting plasma that coincided with the

sunspot-associated 6 crn sources. These parameters were then

used to compute the bremsstrahlung brightness temperature at
6 cm. Because the computed value was much less than the

85



1036 LANG, WILLSON, SMITH, AND STRONG Vol.322

observed brightness temperature, additional 6 cm opacity due
to gyroresonance absorption above sunspots was required.

Thermal gyroresonance radiation at 6 cm in coronal regions
above sunspots was additionally confirmed by the detection of
circularly polarized ring-shaped or horseshoe-shaped struc-
tures (Alissandrakis and Kundu 1982; Lang and Willson 1982).
The highly polarized (up to 100%) structures were predicted by
the theory of cyclotron radiation in the curved magnetic fields
above sunspots (Gel'freikh and Lubyshev 1979). Depressions
in the 6 cm brightness temperature above sunspot umbrae
have been attributed to cooI material in these regions (Strong,
Alissandrakis, and Kundu 1984).

What about the microwave counterpart of the intense X-ray
sources? The brightest 6 cm sources are not usually associated
with the brightest X-ray sources, and the detailed correspon-
dence between the radiation at the two wavelengths is poor
(Schmahl et at 1982; Webb et al. 1983). However, this result is
not particularly surprising. It would be expected if the domin-
ant radiation mechanisms are different in the two wavelength
domains. Thermal bremsstrahlung is often too optically thin to
be detected at 6 cm wavelength where gyroresonant radiation
dominates. Different structures are observed at the two wave-

lengths because 6 cm gyroresonance absorption occurs in the
strong magnetic fields above sunspots, while the X-ray emis-
sion originates in coronal loops that stretch between sunspots
of opposite magnetic polarity.

The hot temperatures, slow evolution, and long lifetime of
X-ray coronal loops make them ideal candidates for aperture
synthesis techniques. Of course, low-lying loops have
occasionally been detected at 6 cm (Strong, Alissandrakis and
Kundu 1984; Webb et al. 1987), but radiation at this wave-
length originates at relatively low heights and is usually domi-
nated by gyroresonance absorption. Higher levels are observed
at 20 cm wavelength where the thermal bremsstrahlung of
coronal loops can become optically thick. In fact, when VLA
observations were extended to the longer 20 cm wavelength,
quiescent looplike coronal features were discovered (Lang,
Willson, and Rayrole 1982).

The coronal loops seen at 20 cm strongly resemble their
X-ray counterparts (Lang and Willson 1983, 1984). They have
million-degree temperatures and stretch across regions of
opposite magnetic polarity in the underlying photosphere. The
size and shape of the loops observed at 20 cm are also similar
to those of arcades of X-ray coronal loops, with linear extents
L _-. 109-10 l° cm. In addition, the electron temperature and
electron density inferred from X-ray observations of other
loops are consistent with the idea that the microwave loops are
due to thermal radiation from the X-ray emitting plasma. All
of these similarities suggest that the microwave counterpart of
X-ray coronal loops can b¢ observed in VLA synthesis maps at
20 cm.

Numerous authors have now identified elongated, looplike
features at 20 cm with coronal loops, but the exact radiation
mechanism for the 20 cm emission remains controversial.

Many authors have attributed this radiation to the optically
thick thermal bremsstrahlung of a hot, dense plasma trapped
within coronal magnetic loops that connect with underlying
sunspots (Lang, Willson, and Rayrole 1982; Dulk and Gary
1983; Lang, Willson, and Gaizauskas 1983; Lang and Wiilson
1983, 1984; Gary and Hurford 1987; Holman 1986). Others
reason that optically thick thermal gyroresonance radiation
may dominate the 20 cm emission of coronal loops
(McConnell and Kundu 1983; Shevgaonkar and Kundu 1984;

Lang et al. 1987). Both radiation mechanisms could play a role,
with gyroresonance radiation becoming important at relatively
high brightness temperatures or relatively low electron den-
sities.

One can distinguish between the two thermal radiation
mechanisms for the 20 cm emission from the coronal loops if
the VLA synthesis maps are compared with simultaneous
X-ray images. This has been done only twice. Chiuderi-Drago

, et al. (1982) used X-ray spectral lines from the SMM FCS to
infer the electron temperature and emission measure of the
X-ray emitting plasma, concluding that one 20 cm source is the
optically thin bremsstrahlung of this plasma. The angular
extent of the X-ray source was comparable to that of the 20 cm
one, but the observations at both wavelengths were of rela-
tively poor angular resolution. Another sunspot-associated 20
cm source had to be attributed to gyroresonance radiation, for
there was no detectable X-ray radiation from this region.
Webb et al. (1987) used X-ray data taken during a recent
rocket flight to conclude that one of several 20 cm features was
due to optically thick thermal bremsstrahlung associated with
X-ray coronal loops. They noticed that the 20 cm radiation
was concentrated at the tops of the X-ray loops and attributed
this apparent concentration to absorption in a cool external
plasma. However, such a concentration was not apparent in
the data of Chiuderi-Drago et al. (1982).

In this paper, we present comparisons of high-resolution 20
cm maps from the VLA with simultaneous X-ray images from
the SMM FCS. These comparisons are given in § II. In one
instance, all of the X-ray emitting plasma was detected at 20
cm, and additional 20 cm emission was observed near sunspots
where no X-ray radiation was detected. However, the 20 cm
radiation was concentrated at the apex of the more extensive
X-ray coronal loops of another active region. In § Ill. we
discuss the absorption and radiation mechanisms for coronal
loops at 20 cm. We next use X-ray measurements of electron
temperature and electron density to place constraints on these
mech_)nisms. The observed 20 cm features are then explained.
Our results are summarized in § IV, where we also discuss the
potential of future 20 cm (VLA) and soft X-ray (SMM FCS)
comparisons.

It. OBSERVATIONS

We have used the VLA and the SMM FCS to observe solar
active regions AR 4508 and AR 4532 on 1984 June 4 and 1984
July 8, respectively. The VLA was in the C-configuration on
June 4 and in the hybrid C-D-configuration on July 8. In both
instances, the signal waveIength was 20.7 cm (1446 MHz) and
the bandwidths were 12.5 MHz. Active region AR 4508 was
observed with the VLA between 1500 UT and 2300 UT on
June 4; its position on the solar surface was 06 ° N and 57 ° E at
1300 UT on this day. Active region AR 4532 was observed
between 1800 UT and 2300 UT on July 8; its position on the
solar surface was 07 ° S and 18° E on this day. The flat crystal
spectrometer (FCS) observed six prominent soft X-ray lines:
Ov m at 18.9 ]L Ne IX at 13.4 ]L Mg xI at 9.2 ._., Si xnl at 6.7 ,_,
S xv at 5.0 ]_, and Fe xxv at 1.9 J_. The FCS observed AR 4508

and AR 4532 throughout the time the VLA was observing
these regions.

The half-power beamwidth of the individual VLA antennas
was about 30' at 20 cm wavelength, and the synthesized maps
constructed from up to 325 interferometer pairs had beam-
widths of 12."6 x 15'.'5 in the C-configuration and 12._6 x 36."0
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in the C-D-configuration. The June 4 data were calibrated by 5
minute observations of the calibrator source PKS 0528 + 134

every 35 minutes, while the July 8 data were similarly cali-
brated with the source PKS 0742 + 103. The flux densities of
PKS 0528 + 134 and PKS 0742 + 103 were 1.5 Jy and 3.3 Jy
at 1446 MHz, respectively. The calibrated data for the entire
observing period were used together with the standard
CLEAN procedure to make synthesis maps of both the total
intensity, I, and the circular polarization, or Stokes parameter,
F. No solar bursts or flares were observed, and the synthesis'
maps therefore refer to the quiescent, or nonflaring, radio emis-
sion. That is, plots of the visibility data exhibited no variations
that could be attributed to solar activity. There was no detect-
able circular polarization (VII < 15%) for both active regions.

The 14" collimated field of view of the FCS was rastered over
a 7' x 7' field of view on June 4 and over a 4' x 4' field of view

on July 8; in each case the pixel spacing was 10_ x 10". X-ray
images were obtained for each of the six spectral lines during
the orbital day at a cadence of 410 s. All of the available data
for each spectral line were then summed and averaged during
each orbit to improve the statistical uncertainty on the count
rate from each pixel. Significant emission was only detected
from the three softest channels--O vm, Ne IX, and Mg Xl. The

peak formation temperatures for these lines are 3 x 106 K,
4 x 106 K, and 7 x 106 K, respectively. The failure to detect
emission in the harder, more energetic, channels indicates that
the active regions were unperturbed by flaring activity during
the periods of observation. The SMM bent crystal spectrom-
eter (BCS) confirmed the absence of flares as no significant
brightenings were observed in its Ca xlx channel during these
observations.

The XRP also produced a white-light image that showed the
sunspots, making it possible to align the X-ray images with the
sunspots to an accuracy of 10". The VLA maps of the total
intensity, I, at 20 cm were aligned with H', photographs of the
same sunspots with a similar 10" accuracy. This enabled us to
compare the soft X-ray and 20 cm data with the same field of
view and angular scale. The 20 cm radiation of AR 4508 is
concentrated in the central regions of a more extensive system
of X-ray loops (Fig. I). In this instance, the 20 cm radiation was
aligned along the magnetic neutral line (Fig. 2). There is a
sharp drop in the intensity of the radio emission along the
edges of the magnetic neutral line where there ought to be a
sharp gradient in the magnetic field strength.

However, all of the X-ray emitting plasma of AR 4532 was
detected at 20 cm, and additional 20 cm emission was observed
near and above sunspots where no X-ray radiation was
detected. Intense X-ray radiation and intense 20 crn radiation
were detected from coronal loops or arcades of loops that are
connected with underlying sunspots (Fig. 3). These loops were
about 60_ across or about 5 x 109 cm in linear extent. Both

X-ray and 20 em radiation were also emitted from regions of
bright plage. In addition, Lang et al. (1987) presented simulta-
neous FCS-VLA data in which an entire system of X-ray loops
was completely imaged at 20 cm.

Thus, the same coronal loops are often detected at both 20
cm and X-ray wavelengths, with extra information at 20 em
near and above sunspots. Of course, the 20 crn coronal loops
can also be limited to a smaller volume than their X-ray
counterparts, but our FCS--VLA comparisons and other VLA
observations suggest that this is not usually the case. We will
now turn our attention to the absorption and radiation mecha-
nisms that account for the 20 cm coronal loops.

1037

nL DISCUSSION

Because the microwave brightness temperature, Ta, of the
quiescent coronal loops is nearly equal to the electron tem-
perature, T,, the quiescent radiation from 20 cm loops is most
likely thermal. The two possible thermal radiation mechanisms
at 20 cm wavelength are thermal bremsstrahlung, or free-free
emission, and thermal gyroresonance radiation, or cyclotron
emission. In order to identify the dominant thermal radiation
mechanism at 20 cm wavelength, we will evaluate the electron
temperature, T,, and the electron density, N,, using the X-ray
radiation that is attributed to thermal bremsstrahlung alone.

As previously mentioned, the active regions were so quiesc-
ent that they were only detectable in the three softest X-ray
channels (O vm, Ne Ix, and Mg x0. Because the O vm to Ne ix
line intensity ratio is insensitive to temperature variations over
the range typical of solar active regions, the ratios of the other
two lines (O vm to Mg xi and Ne IX to Mg xJ) were used as
temperature diagnostics. The temperatures inferred from the
two ratios were averaged to obtain our estimate for the elec-

tron temperature.
An emission measure was inferred from the temperatures

and the observed X-ray fluxes. The electron density was then
calculated using a volume of 3 x 10:7 cm 3, which equals the
product of the FCS pixel area and a typical soft X-ray scale
height of 3 x 109 cm.

The mean electron temperatures, T,, and electron densities,
N,, for AR 4508 were determined for the areas marked A, B,
and C in Figure 4. These parameters are given in Table 1
together with the maximum observed brightness temperature,
7"8,at 20 cm wavelength and the optical depth _ = TB/T,. The
mean T, and N, for Ar 4532 were similarly inferred for the
areas marked A, B, C, D, E, and F in Figure 5; they are given in
Table 2 together with the relevant Ts and 3.

The mean values for different areas were then combined to

give average values of 7", = 3.0 + 0.2 x i0 e K and N, = 2.7
+ 0.3 x 10_ cm -3 for AR 4508 and T, = 3.0 + 0.I x 106 K
and N, = 2.4 _+0.4 x 109 cm -3 for AR 4532. Here the uncer-
tainties correspond to the standard deviation of the line ratios.
These values of T, and N, are typical values for quiescent
coronal loops in active regions.

TABLE 1

PHYS|CAL PAR.AME'rIE_SFOR AR 4508

T, N, Ts W
Region (104 K) (109 cm -_) 006 K) 1: (109 era)

A .................... 3.3 2.7 0.g 0.27 3
B .................... 19 3.0 1.7 0.88 6
C .................... 3.0 2.8 1.0 0.41 3

Average .......... 3.I 2.8 1.2 0.52 4

TABLE 2

PHYSXC^L PAgAt, l_='nms FOR AR 4532

T. N, T, W

Region (10 6 K) (10 9 cm -3) (10 6 K) _ (10 9 cm)

A .................... 2.9 2.4 1.3 0.60 6
B .................... 2.8 2.1 0.8 0.34 4
C .................... 3.1 2.1 0.8 0.30 4

D .................... 3.3 3.0 1.4 0.55 4
E .................... 2.7 2.1 1.4 0.73 8
F .................... 2.7 2.1 0.7 0.30 4

Average ........... 2.9 2_3 1.1 0.47 5
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FtG. 4.--A soft X-ray map of AR 4508 taken in the Mg xt line (9.2 ,_,) with

contours corresponding to 4, 8, and 15 counts s- _. The ratios of the O vm and

Mg x] line intensities were used to determine the mean electron temperatures
in the regions marked A, B, and C. These temperatures, the mean electron
density, 20 cm brighmess temperature, optical depth, and loop width are given

in Table 1. The image represents the averaged sum of two maps taken at 17:03
UT and 18:37 UT on 1984 June 4. The solar limb is shown by the line in the

upper left corner, and the black dot denotes the white light sunspot.

E

0

%

i

FIG. 5.--A soft X-ray map of AR 4532 taken in the O vm line (18.9 A) with

contours corresponding to 4, 8, and 15 counts s" t. The ratios of the O vttt and
Mg xt line intensities were used to determine the mean electron temperature in
the regions marked A, B, C, D, E, and F. These temperatures, the mean

electron density, 20 crrt brightness temperature, optical depth, and loop width
are given in Table 2. The image repre_nts the averaged sum of four maps
taken at 18:06 liT, 19:40 UT, 21:15 UT, and 22:49 UT on 1984 July 8. There

is no detectable X-ray emission associated with the white light sunspots (black
dots), but these regions are associated with intense radiation at 20 cm wave.

length (also see Fig. 3).

Within the uncertainties, the observed loops were isother-
mal. They also all had optical depths _ < 1 (optically thin). We
will therefore evaluate the loop width or thickness, W, that
would give rise to optically thin thermal bremsstrahlung at our
observing frequency of v = 1446 MHz (20.75 cm). According to
Lang (1980):

102_ff v 2T, 312
W < N, 2 In (4.7 x 10_°TJv) ' (1)

or

2.13 x 10z°r/./T, 3t2
W < N, 2 In (32.5T,) era,

where Zrr is the optical depth for bremsstrahlung. The N, and
T, obtained from the X-ray observations were substituted into
equation (1) to provide the widths, W, given in Tables 1 and 2.
The average values of W for the two active regions were
W < 4 x 109 cm and W < 5 x 109 era, which are certainly
plausible.

In fact, the free-free optical depth, *rr, at 20 cm wavelength
can be directly inferred from the X-ray measurements of elec-
tron temperature and emission measure, N,2W. They imply
rrr _ 0.3, suggesting that at least part of the 20 cm radiation is
optically thin bremsstrahlung.

However, we will next evaluate the optical depth rsr for
gyroresonance absorption by using the equation
(Zheleznyakov 1970)

/.12n

Ne (1.7 x 10-t°T_)"-tLu
"cv = 0.052 2_+tn! v

x (1 + cos a)2 sin 2,-2 _, (2)

where the magnetic scale length Ln has typical values of
Lu ~ 1 x 109 cm the angle between the line of sight and the
direction of the magnetic field lines is a, and our observing
frequency v = 1446 MHz and the harmonic n is related to v

through the relation

v = 2.8 x 106nH Hz, (3)

where the magnetic field strength is H,
When our average X-ray values of N, ... 2.5 x 109 cm -3 and

7",-.. 3 x 106 K are substituted into equation (2), we obtain
optically thick conditions zsr >I 1.0 with low circular polariz-
ation at either the third or fourth harmonic (n ,= 3 or 4) and
nearly transverse magnetic field lines (a = 60° to 70*). Plausible
magnetic field strengths of H = 172 G and 129 G are inferred
for n = 3 and 4, respectively.

Thus we expect thermal gyroresonance radiation to be opti-
cally thick for plausible loop widths and magnetic scale
lengths. This is consistent with the lack of any detectable circu-
lar polarization at 20 cm. The observed brightness tem-
perature, TB, at 20 cm wavelength should therefore be equal to
the electron temperature with Ts = T,, but the values of Ta are
about 5 times smaller than T,. To resolve this paradox, we call
attention to an idea first proposed by Holman (1986).

To explain the restriction of one 20 cm loop to the apex of an
X-ray loop, Hoiman argued that cooler material with T, ~ 105
K exists either as a sheath around the loops or as part of an
external medium. The 20 crn radiation emitted by the X-ray
loops will be partly absorbed in the cooler, higher plasma,
thereby reducing its brightness temperature. The cooler, higher
material would, however, be invisible in X-rays because of its
low temperature and relatively small emission measure.
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If the cool plasma is part of an external medium that is more
extensive than the X-ray loops, we would expect the observed
20 cm loops to be cospatial with the X-ray ones, but with a
lowered brightness temperature. This is in fact observed for AR
4532. When the cool plasma is part of a sheath around the
X-ray loops, the line of sight through the low-temperature
plasma will be greatest at the loop edges and footpoints, and
the observed 20 cra emission will be concentrated at the apexes
of the X-ray coronal loops. This is observed for AR 4508.

What about the bright 20 cm radiation near and above sun-
spots? There is no detectable X-ray radiation in these regions,
and this can be attributed to a low electron density, N,.
Because the optical depth for free-free absorption scales with
N, 2 while that for gyroresonance absorption scales with N,,
the low electron density favors gyroresonance absorption. The
high magnetic field strength above sunspots also favors this
process. We therefore attribute the 20 cm radiation near and
above sunspots to thermal gyroresonance radiation.

IV. SUMMARY

The quiescent, or nonflaring, X-ray radiation of solar active
regions is attributed to thermal bremsstrahlung, but the
quiescent microwave radiation may be due to either thermal
bremsstrahlung or thermal gyroresonant radiation. In the
Introduction, we reviewed evidence for thermal gyroresonance
radiation at 6 cm in coronal regions above sunspots. This
evidence includes comparisons of 6 cm VLA maps with simul-
taneous soft X-ray data, as well as the detection of highly
:ircularly polarized horseshoe-shaped structures above sun-
spots at 6 cm.

Although the thermal bremsstrahlung of coronal loops is
usually optically thin at 6 cm, it might become optically thick
at the longer 20 cm wavelength where looplike coronal struc-
tures are observed. These 20 cm coronal loops stretch between
regions of opposite magnetic polarity in the underlying photo-
_phere, and the temperatures, sizes, and shapes of the 20 cm
:oronal loops resemble those of soft X-ray coronal loops.

In this paper we have compared high-resolution 20 cm maps
VLA) with simultaneous high-resolution X-ray images (SMM
FCS) of two active regions. The X-ray coronal loops in AR
_,532 were completely imaged at 20 cm, while the 20 crn emis-
fion of AR 4508 was concentrated along the magnetic neutral
!ine within more extended X-ray loops. The X-ray data were
_sed to infer an average T, = 3.0 + 0.2 x106 K and an
_verage N, = 2.7 + 0.3 x 109 cm -3 for AR 4532 and the
tverage T, = 3.0 + 0.1 x 106 K and N, = 2.4 + 0.4 x 109
:m - 3 for AR 4508.-

The microwave brightness temperatures, TB, at 20 cm were
_lways less than the average electron temperature, with optical
iepths _ = T,/T_ of 0.2 g _ _ 0.5. The X-ray values of T, and

Ne indicate that thermal bremsstrahlung ought to be optically
thin at 20 cm for plausible loop widths, but the thermal gyrore-
sonance radiation can be optically thick at 20 cm for plausible
magnetic field strengths and scale heights. Optically thick radi-
ation is also consistent with the lack of detectable circular

polarization at 20 cm. Thermal gyroresonance radiation must
account for the intense 20 cm radiation near and above sun-

spots where no X-ray radiation is detected.
The unexpectedly low values of TB can be explained if the

X-'ray emitting coronal loops lie beneath a higher, cooler
plasma. The hot, dense plasma in the X-ray coronal loops
would emit optically thick radiation at 20 cm wavelength, but
the brightness temperature of this radiation would be reduced
during subsequent propagation through the cooler, absorbing
plasma. The observations of AR 4532 can be explained if the
cooler plasma extends across and beyond the X-ray loops,
while the AR 4508 results might be explained by the presence
of a cool sheath around the X-ray loops. The cooler material
would not be detected at X-ray wavelengths because of its low
temperature and relatively small emission measure. The results
given in this paper indicate that the structure and dominant
radiation mechanisms in the low corona are much more

complex and inhomogeneous than was previously thought.
Systems of coronal loops within a single active region appar-
ently have different temperatures and different radiation
mechanisms that can be detected only by observations at both
X-ray and 20 cm wavelength. Future comparisons of high-
resolution images at these two wavelengths will lead to
detailed information about the plasma and magnetic structure
of the low solar corona. Physical parameters such as electron
temperature, electron density, and magnetic field strength can
be specified, and the detailed variation of these parameters
within the coronal atmosphere can be determined. Such infor-
mation will provide important constraints on theories and
models of coronal loops as well as general theories for the
structure and heating of solar active regions,
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ABSTRACT

We present simultaneous high-resolution observations of coronal loops at 20 cm wavelength with the VLA
and at soft X-ray wavelengths with the SMM FCS. The images at 20 cm and soft X-ray wavelengths have
nearly identical sizes and ellipsoidal shapes, with a linear extent of about 5 x 109 cm. This emission stretches
between and across regions of opposite magnetic polarity in the underlying photosphere. Complete X-ray
coronal loops can therefore be imaged at 20 cm, and the VLA maps describe the radio wavelength counter-
part of X-ray coronal loops. X-ray spectral lines were used to obtain values of electron temperature 7", = 2.6
+ 0.1 × 106 K and electron density N, = 3.1 + 0.3 × 109 cm -3 averaged over the emitting area. These param-
eters are used with plausible estimates for the loop thickness, magnetic scale height, and magnetic field
strength to show that the plasma is optically thin to thermal bremsstrahlung, but that it might be optically
thick to thermal gyroresonance radiation at 20 cm. The absence of detectable circular polarization is consis-
tent with an optically thick plasma. The observed brightness temperature was roughly equal to the electron
temperature of the coronal plasma. The VLA maps at 10 closely spaced frequencies between 1440 and 1720
MHz describe the same coronal loops or arcades of loops. A plot of the maximum brightness temperature of
these loops as a function of observing frequency exhibits a linelike feature with a central frequency of 1650
MHz and a half-width of 80 MHz. This spectral feature is attributed to a thermal cyclotron line and indicates
that the optical depth of thermal gyroresonance radiation must be greater than that of thermal bremsstrah-
lung at these frequencies. The X-ray values for T, and N, are combined with plausible values of magnetic scale
height and optical depth for gyroresonance absorption to show that the harmonic of the gyrofrequency is 4.
The central frequency and narrow width of the thermal cyclotron line are combined with this harmonic to
show that the magnetic field strength of the coronal loops is 147 + 5 G.

Subject headings: radiation mechanisms m Sun: corona -- Sun: magnetic fields -- Sun: radio radiation
Sun: X-rays

I. INTRODUCTION

Very Large Array (VLA) observations of solar active regions
at 20 cm wavelength delineate Iooplike features that are prob-
ably the radio wavelength counterpart of the coronal loops
seen at X-ray wavelengths. The 20 cm coronal loops stretch
across regions of opposite magnetic polarity and have sizes,
shapes, and temperatures that are similar to those of X-ray
coronal loops (Lang, Willson, and Rayrole 1982; Lang,
Willson, and Gaizauskas 1983; Lang and Willson 1983, 1984).
Because the radio brightness temperatures are nearly equal to
the electron temperatures of coronal loops, the radio radiation
is most likely due to a thermal radiation mechanism.

The two possible thermal processes are thermal bremsstrah-
lung, or free-free emission, and thermal gyroresponance radi-
ation, or cyclotron emission. The electron temperatures and
electron densities inferred from X-ray observations of coronal
loops can be consistent with either optically thin or optically
thick thermal bremsstrahlung at 20 cm wavelength, but these
parameters can also be combined with plausible estimates of
the coronal magnetic field strength to show that thermal gyro-
resonance radiation can also become optically thick at this
wavelength (McConnell and Kundu 1983; Shevgaonkar and
Kundu 1984).

When thermal gyroresonance dominates, one might detect

individual cyclotron lines as narrow-band enhancements in the
radio spectra of coronal loops. Theoreticians have predicted
that such thermal cyclotron lines might be observed if the
radiation is emitted from relatively thin layers in the corona
where the magnetic field is nearly constant (Syrovatskii and
Kuznetsov 1980; Zheleznyakov and Zlotnik 1980; Kuznetsov
and Syrovotskii 1981). The spectrum of a linelike feature was
subsequently observed at wavelengths near 20 cm when the
apex of a coronal loop was resolved (Willson 1985). Observa-
tions of these lines provide an unusually accurate method of
specifying the coronal magnetic field strength. The central fre-
quency of the line must be a harmonic of the gyrofrequency,
and the narrow linewidth provides tight constraints on that
frequency and the relevant magnetic field strength.

Although there have been rapid recent developments in the
observations of 20 cm coronal loops, there have been relatively
few comparisons of simultaneous 20 cm and soft X-ray obser-
vations. Such comparisons can help specify the dominant 20
cm radiation mechanism, while also establishing the physical
parameters of the coronal plasma. X-ray spectral lines can, for
example, be used to calculate the electron temperature and
electron density while the radio observations can uniquely
specify the strength and structure of the magnetic field.

In this paper, we provide an example in which the coronal
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radiation at 20 cm and X-ray wavelengths coincide. The obser-
vations are presented in § II, where we also present radio
spectra that are attributed to a thermal cyclotron line. In § III,
we provide values for the electron density, electron tem-
perature, and magnetic field strength in these coronal loops
and attribute the 20 cm radiation to thermal gyroresonance
emission. The X-ray values of electron density and electron
temperature are combined with the 20 cm brightness tem-
perature and the cyclotron line to calculate the harmonic of the
gyrofrequency. Our results are summarized in § IV.

/I.OBSERVATIONS

We have used the VLA and the SMM FCS to observe the

solar active region AR 4663 on 1985 June 7. The VLA was used
in the B-configuration at 10 different wavelengths between 21.8
em (1440 MHz) and 17.4 cm (1720 MHz) with bandwidths of
12.5 MHz between 1500 UT and 2400 UT on June 7, and the

FCS observed five prominent soft X-ray lines (O vm, Mg Xl,
Si xnt, S xv, and Fe xxv) between 1500 UT and 1940 UT on
June 7. The position of AR 4663 on the solar surface was 01 ° N
and 65 ° E at 1300 UTon June 7.

The half-power beamwidth of the individual VLA antennas
ranged between 26' and 31', and the synthesized maps con-
structed from up to 325 interferometer pairs had beamwidths
between 3'.'0 x 3'.'5 and 3"6 x 4"2. The active region was
observed with the VLA at successive pairs of wavelengths for 5
minutes each, so that all 10 wavelengths could be observed in
25 minutes. This sequence of observations was followed by
successive 2 minute observations of the calibrator source PKS
0552+ 398 whose flux density was 1.7 .ly at 1465 MHz. The
calibrated data for the 9 hr interval were used with the stan-

dard CLEAN procedure to make synthesis maps of both the
total intensity, I, and circular polarization or Stokes parameter
V. No solar bursts or flares were observed during this interval,
and the synthesis maps therefore refer to the quiescent, or
nonflaring, radio emission. That is, plots of the visibility data
exhibited no variations that could be attributed to solar activ-

ity. There was no detectable circular polarization (V/I < 15%).
The 14" collimated field of view of the FCS was rastered over

a 4' x 4' area with a pixel spacing of 10" x I0". X-ray images
were obtained simultaneously in the five soft X-ray emission
lines every 990 s throughout the orbital day which lasts about
60 minutes. All of the available data for each spectral line
during each orbit were then summed and averaged to improve
the statistical uncertainty on the count rate from each pixel.
Significant emission was detected in the two softest channels--
O vnI and Mg xI. The peak formation temperatures for these
lines are 3 x 106 K and 7 x 106 K, respectively. The failure to
detect emission in the harder, more energetic channels indi-
cates that the active region was unperturbed by any flaring
throughout the period of observation. The SMM bent crystal
spectrometer (BCS) confirmed the absence of flares as no sig-
nificant brightenings were observed in its Ca xIx channel
during these observations.

The FCS also produced a white-light image that showed the
sunspots, making it possible to align the X-ray images with the
sunspots to an accuracy of 10". The VLA maps of the total
intensity, I, at 20 cm wavelength were aligned with H,, pho-
tographs of the same sunspots with a similar 10" accuracy. This
enabled us to compare the soft X-ray and 20 cm data for the
same field of view and angular scale.

The 20.3 cm (1480 MHz) radiation and the soft X-ray (O vm)
emission originated in the same area (Fig. I). Observations at

TABLE I

SPECTRAL DATA FOR AR 4336

Frequency Tn. '
(MHz) (10 ° K)

14.40 .............. 1.7

1480 .............. 1.9

1515 .............. 2.0
1558 .............. _3

1585 .............. Z2
1620 .............. 2.8

1658 .............. 3.8
1690 .............. 2.4

1705 .............. 2.0
1725 .............. !.8

both wavelengths apparently describe the same coronal loops
or arcades of loops. They are about 60_ across, which corre-
sponds to a linear extent, L, of about 5 x 10_ cm. Both the
radio and the X-ray emission are displaced toward the limb. If
this displacement is attributed to a projection effect, then at a
longitude of "-.65° we infer a radial height of h _ 3 x 109 cm
for both the radio and X-ray sources above the photosphere.
Both sources stretch between and across regions of opposite

magnetic polarity seen in magnetograms of the underlying
photosphere (Fig. 2).

The radio-wavelength coronal loops exhibited the same
ellipsoidal shape and extent at 10 closely spaced frequencies
ranging from between 1440 MHz (20.8 cm) and 1725 MHz
(17.4 cm) (Fig. 3). The maximum brightness temperatures are
given in Table 1. The highest brightness temperature of
TB_. -- 3.8 x l0 s K requires a hot spatially distinct region that
was not detected with the soft X-rays. The failure to detect the
associated X-ray emission places a 1 cr limit of 3 x 10 cm -3 to
the volume emission measure of the hot plasma.

The maximum brightness temperatures are plotted as a
function of observing frequency in Figure 4. This spectrum
contains a linelike feature with a central frequency, v = 1650
MHz and a full width to half-maximum, Av, of 80 MHz_ As
discussed in more detail in § III, we attribute this feature to a
thermal cyclotron line and use it to obtain an estimate of the
coronal magnetic field strength.

IlL DISCUSSION

To identify the dominant thermal radiation mechanism at 20
cm, one needs to know the electron temperature, electron
density, and the magnetic field strength. The X-ray data were
therefore used to infer the mean electron temperature, T,, and
the mean electron density N,, for the regions marked A, B, and
C in Figure 5. As previously mentioned, the active region was
quiescent and was onty detectable in the two softest X-ray
channels (O wn and Mg xa). The ratios of the two lines (O wn
to Mg xa) were used as temperature diagnostics.

An emission measure was inferred from the temperature and
the observed X-ray fluxes. The electron density was then calcu-
lated using a volume of 3 x 102"7 cm 3, which equals the
product of the FCS pixei area and a typical soft X-ray scale
height of 3 x 109 cm.

The mean temperatures and densities are given in Table 2.
We obtain average values of T, = 2.6 + 0.1 x l0 s K and N, =
3.1 + 0.3 x 109 cm -3 when averaged over all the coronal
loops or arcades of loops. Here, the uncertainties correspond
to the maximum possible deviation that reproduces the flux in
all the detected X-ray lines to within 1 standard deviation of
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FIG. 4.--The maximum brightness temperature of the coronal loops of AR 4663 at 10 closely spaced frequencies on 1985 June 7. The maximum temperatures

were inferred from the 9 hr synthesis maps shown in Fig. 3, and the error bars correspond to the peak-to-peak fluctuations in the background temperature of the

synthesis maps.

the observed values. The inferred values of electron tem-

perature and electron density are typical of those of quiescent
coronal active region loops. Within the uncertainties, the
observed loops were isothermal and isobaric, but there was a
statistically uncertain tendency for a hotter temperature at the
loop apex.

We may use the parameters derived from X-ray observations
to estimate the optical depth and brightness temperature of the
X-ray emitting plasma at radio wavelengths. Assuming an iso-
thermal source of electron temperature, T,, and optical depth,

| i

o'EI 

FIG. 5.--A soft X-ray map of AR 4663 taken in the O vnt line (18.9 A) with
Contours corresponding to 3,7, and 14 counts s-t. The image represents the

averaged sum of two maps taken at 15:11 LrT and 19:55 UT on 1985 June 7.
Each map took 590 s to accumulate. The ratio of the O vtn and Mg xt line
intensities were u_d to determine the mean electron temperature in the

regions marked A, B, and C. These temperatures are given together with
estimates for the mean electron density in Table 2.

,99

3, the observed radio brightness temperature, T8, will be given
by

Ta = _T, for _ < 1 (optically thin)

and (1)

Ta = [1 - exp ( - _)']T, for r > 1 (optically thick).

The free-free optical depth, "rrt, for an isothermal loop with
electron temperature, T,, and width or thickness, W, is (Lang
1980)

_.--9.8 x 10 -3v2T3/zln 4.7 x , (2)

where v is the observing frequency in Hz and N e is the electron
density in cm -3. Using v = 1.65 × 109 Hz, corresponding to
the center of our linelike feature, together with the X-ray values
of T.-- 2.6 x IG6 K and N, = 3,1 x 109 cm -a and a typical
loop thickness of W < 3 x 109 cm in equation (2), we obtain
rtt < 0.4. Free-free emission might therefore be important for
some of the radiation with brightness temperatures Ts < T,,
but not for the hotter, spatially distinct regions with Ts _ 3.8
x 106K.

We must therefore examine the alternative possibility of
thermal gyroresonance radiation. The optical depth, _rs,,due to
gyroresonance absorption is given by (Zheleznyakov 1970)

2n 2

n-'" vp- (kT._"-' sin2,_ 2,
_s, = 2n2 2.+In! cv _mc2J LH(I + cos _)z , (3)

where n = 1, 2, 3 .... is the harmonic number, the plasma

TABLE 2

PHYSlCAL PARAML=Tm_Sfor AR 4336

T, N,
Region (i0 6 K) (I0) cm "3)

A .................. Z8 2-1

B .................. 2.7 3.2
C .................. 2.2 3.6

Average ........... 2.6 3.1

ORIGINAL PAGE IS
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frequency vp =8.9x 103 N, 1/2 Hz, the velocity of light
c-- 2.9979 x 10 '° cm s-l, Boltzmann's constant k=

1.38 x 10 -16 ergs K -t, the electron mass m = 9.1 x 10 -2s g,
the scale height of the magnetic field is Ln, and :_is the angle
between the line of sight and the direction of the magnetic field
lines. Collecting terms, we obtain

(4)

II2n N e
r v 1 0.052

2"+ In! v

x (1.7 x 10-t°T,)'-tLn(1 + cos a) 2 sin 2"-z" .

The harmonic n is related to the observing frequency v and the
magnetic field strength H through the relation

(5)v -- 2.8 x 10 6 nH Hz.

For gyroresonance absorption to dominate free-free absorp-
tion at our reference frequency v = 1.65 x 109 Hz, the layers
must be optically thick with _r,, > _u _ 0.4.

Optically thick gyroresonance emission with low circular
polarization can be obtained using the X-ray values of N, =
3.1 x 109 cm -3 and T_ = 2.6 x 106 K in equation (4) with
n = 3 or 4 and _ = 60 ° or 70°, respectively. We can then use
equation (5) with n = 3 or 4 and v = 1.65 x 109 HE to obtain a
magnetic field strength of H = 196 or 147 G, respectively. This
is consistent with model calculations of the spectrum of
another thermal cyclotron line (Willson 1985), but in the case
presented here, we do not have to make ad hoc assumptions
about N, and T,. Observations of these lines may provide an
unusually accurate method of specifying the coronal magnetic
field strength.

If the magnetic field strength is highly variable, the width of
the cyclotron line will depend on this variation; but if the field
is relatively constant, the width depends on Doppler broaden-
ing and the central frequency of the cyclotron line gives an
accurate measurement of the field strength--provided the har-
monic can be isolated. For instance, the observed line half-
width is only 80 MHz, indicating that H is known with a
precision of better than 5 G or H -- 147 + 5 G if we assume
n--4.

However, these are general arguments based upon homoge-
neous, isothermal models. When Table I and Figure 4 are
examined in greater detail, we notice that inhomogeneities are
required. For example, the 20 cm brightness temperature, Ts, is
usually lower than the electron temperature, T,, suggesting
that the radio emission from :he hot, optically thick loops is
partially absorbed in a cooler external plasma. In addition, the
TB at 1650 MHz is greater than T,, suggesting a thin, hot
gyroresonance layer similar to that proposed by Willson
(1985). The detailed radio spectrum is probably due to a
mixture of hot and cool loops whose average properties are
inferred from X-ray observations.

Here we should point out that individual cyclotron lines are
observed near the apex of coronal loops where the magnetic

Vol. 322

field is relatively constant and a steep temperature gradient
may exist. Neutral currents might also play a role, leading to
intense radio emission from a relatively thin layer near the loop
apex. The cyclotron lines from loop legs will, however, exhibit
a great deal of spatial structure if the loops are thin enough
(Holman and Kundu 1985). Observations of thin loops at an
oblique angle with wavelengths of about 6 cm should lead to
the spatial resolution of cyclotron-emitting layers along the
loop legs, while observations of the loop apex at 2 _ 20 cm can
resolve cyclotron lines in this region. Both techniques can
provide a powerful diagnostic of the magnetic and thermal
properties of coronal loops.

W. SUMMARY

Simultaneous high-resolution observations of AR 4663 with
the VLA and the SMM FCS indicate that the radiation at 20

cm and soft X-ray wavelengths originates from the same
region, and that 20 cm VLA maps can image X-ray coronal
loops. The X-ray spectral lines were used to infer an average
electron temperature of about 2.9+0.1 x 106 K and an
average electron density of 3.1 +0.3 x 109 cm -3. These
parameters were used to show that the layers emitting 20 cm
radiation can be optically thick to either thermal bremsstrah-
lung or thermal gyroresonance radiation, depending upon
unknown but plausible values of loop thickness, magnetic scale
height, and magnetic field strength.

The absence of circular polarization suggests that these
coronal loops are optically thick at wavelengths near 20 cm
and the detection of a linelike feature in the radio spectrum
indicates that gyroresonance absorption exceeds free-free
absorption. This feature is attributed to a thermal cyclotron
line. The X-ray values for T, and N, were combined with plaus-
ible values for gyroresonant optical depth and the magnetic
scale height to show that the 20 cm radiation is probably at the
fourth harmonic of the gyrofrequency. The central frequency
and, relatively narrow width of the thermal cyclotron line were
combined with this harmonic to infer a magnetic field strength
of 147 + 5 G at the apexes of these coronal loops.
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Summary. We present the first Very Large Array (VLA) synthesis

maps of the quiescent corona at 90cm wavelength and compare

them with optical solar features. When the quiet Sun is observed at

90 cm with moderate angular resolution of 100" to 200", structures

are observed with angular extents. 0, of 0 = 3' to 10' and brightness

temperatures, T a. of T a=0.5 to 5.7 10 -_K. Some of these

structures are relatively stable over a two-day interval, with

positions shifted westward by the amount expected from sohir

rotation: while others disappear or evolve during this interval.

These intense, quiescent 90cm sources are not associated with

active regions: in contrast, simuh.'lneous 20cm observations

reveal coronal loops that are associated with active regions. When

the quiet Sun is observed with the VLA at 90cm wavelength at

high angular resolution of 15" to 30", compact components are

detected with 0 = 50" to 200" and To = 2.1 to 4.0 10 _ K. There is no

systematic association of any of the 90 cm sources with any optical

counterpart, including active regions, filaments, sunspots and the

magnetic neutral line in the underlying photosphere. There is no

intense 90cm radiation in the polar regions where T n =<0.5 I05 K.

and this apparent depression is at least partly due to coronal holes.

We confirm previous meter-wavelength restlhs that indicate that

noise storms are the only sources, other than Ilares, associated

with active regions.

Key words: Sun: atmosphere - Sun: corona - Sun: coronal holes -

Sun: coronal loops - Sun: magnetic field - Sun: noise storms -
Sun: radio radiation

I. Introduction

The radio emission of the quiescent, or non-flaring, corona is

dominated by different structures at different wavelengths. The

most intense quiescent radiation at 20cm wavelength is due to a

hot, dense plasma trapped within relatively compact coronal

loops associated with individual active regions (Kundu and Lang.

1985; Lang et al., 1987a, b). In contrast, the most intense emission

of the quiescent corona at meter wavelengths (80 and 160 MHz) is

not associated with active regions or with bright regions in the

centimeter maps (Sheridan and McLean, 1985). This emission

Send offprint requests to: K.R. Lang

" Currently on sabbatical leave at the Observatoire de Paris.
Meudon

might be associated with relatively large coronal loops or with

extended magnetic structures such as coronal streamers.

This paper presents the first VLA images of the quiescent

corona at 90 cm wavelength. It therefore refers to a spectral region

located between the shorter 20cm region and the longer meter

wavelength one. Our 90 cm observations are presented in Sect. 2,

where they are also compared with optical features. Our conclu-

sions are summarized in Sect. 3.

2. Observations

The half-power beamwidth of the VLA's 25-meter telescopes is 32'

at 20 cm wavelength, and this is just equal to the angular extent of

the Sun at mean Earth distance. So. the entire solar disk can be

imaged at either 20cm or 90cm, but with a var3'ing degree of

completeness that depends on the array configuration. That is. the

27 individual telescopes c:m be moved in and out along the Y-

shl,iped arms of the array, creating a radio zoom lens that provides

higher angular resolution at the expense of more incomplete

information on larger angular structures. For example, the

synthesized half-power beamwidth, 0, at 20cm is 0 _ I", 4", 13"

and 44 _ for the A, B. C and D configurations, respectively, while

the corresponding values at 90cm are 0 _ 5", 18". 60" ,'md 200".

The VLA was used to observe the Sun in the C-D hybrid

configuration between 2013UT on 20 February 1987 and

0015UT on 21 February 1987 and between 1905UT on 22

February. 1987 and 0020 UT on 23 February 1987. The array was

divided into two subarrays with 15 antennas operating at 90cm

wavelength (333 M Hz) with 3.125 MHz bandwidth and 12 anten-

nas operating at 20.7cm wavelength (1446 MHz) with 12.5 MHz
bandwidth. The beamwidth of the individual antennae was 138' at

90cm and 32' at 20.7cm.

All four Stokes parameters were sampled every 6.67 s, and the

data were calibrated by observing 3C48 for five minutes every

70 min. The flux density of 3C48 was assumed to be 47.0Jy and

14.6Jy at 90cm and 20.7cm respectively.

In order to construct reliable 90 cm synthesis maps, we had to

delete data from the shortest baselines at the end of the day. These

data. which corresponded to fringe spacings of 36' and 48', were

omitted because the large correlated flux exceeded the dynamic

range of the correlators. There were no such problems at the

beginning of our observations because the projected baselines

were longer with correspondingly smaller fringe spacings and

correlated fluxes. Shadowing of the antennae at the end of the day
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Feb. 20, 1987

90cm contours N

Filoment

•

Fig. 1. Four-hour VLA synthesis map of the Sun at 9ncm v.a',elength on 20

Februar.,, 19,";7is compared ',_ith optical solar features including active regions

(squares}, filaments Isolid lines) and the magnetic ncutr;d lit'le (dashed line}. The
most intense 90cm emission is not systematically as_;oci;tted _ith any opti'eal

counterpart. There is no intense 90era radiution in the polar regions, and this is

•".tleast purtl_ due to polar coronal holes. The arra._ v,a,; in the C-D h.'.hrid

configuration v,ith u s.vnthesized bcamv,'idth denoted b._ the crosses. The
contours murk levels of equal brightness temperature. T, with an outermost

contour of 7",=5.5 10"_K. a contour interval of 5.5 Ifl'=K. and u peak
brightness temperature of T. = 5.7 l0 _'K. All of the sources are positi',e and all

of the optical data hu_e been extracted from Solar Geoph.', sieul Dutu (19S7)

Feb. 22,1987
Coronal hole

\ NN

90cm contours _ FiLaments
\

eutrol line

Coronal hole • x,.

Fig. 2. Four-hour VLA s_nthesis nlup or the Sun at 90cm wa',elength on 22
l-'ebrua_ 19,_7is compared with optical solar features inc]udin.,' ;ictivc region,,,

(squares). coronal hole bound:lries (dotted lincs], filumem_, (solid lines} :rod the
magnetic neutral line (dashed line). The most inten,_ 90cm emission is not

systcmalicull_ associated ",_ith :any optical counterpurl. There is no intense 90 cm
radiation in the polar regions, and this is ill Icust pards due to polar eoron;d

holes. The arru.,, aas in the C-D h_brid configuration v,ith a svnlheslzed
beumv, idlh denoted b_ the crosses. The contours mark le,.els of equal brightness

[emperatun:s. T,, ',qth an outernlost contour of T. = 5.Y 10'aK. a contour
intenal of 5.5 10a K. and a peak brightness temperature of T, = _L510_ K. All

of the sources are positive, all of Ihe optical data ha',e been extracted from
Solar Geopl'osieal Datu (19S71 und the coronal hole boundaries hu',e been

inferred from the He 10830 mnp supplied bv Jack Hur'.ey

can also produce erroneous fringe amplitude changes and incor-

rect images.

The calibrated and edited data were used to;ether with the

standard CLEAN procedure to produce the synthesis maps shov,,n

in Figs. I and 2. Each map refers to 4 h of observation with a

synthesized beamwidth of 113" x 237". All of the sources shown in

each cleaned map were also present in the dirty map, so the

cleaning procedure did not introduce any artifacts. The level of

negative residuals was 15 to 20% of the dirty map maximum.

The most intense 20 cm emission on both days was associated

with an active region with strorig photospheric magnetic fields.

We attribute this emission to the coronal loops that have been

previously detected in the low corona at 20cm and soft X-ray

wavelengths. The association of intense 20cm emission with

coronal loops in active regions has now been documented by

numerous VLA observations (see Lung et al.. 1987a, b and

references within it). so we do not give our 20cm maps here.

In contrast to the 20cm coronal loops, the most intense 90cm

radiation of the quiescent, or non-flaring, corona (see Figs. 1 and

2) is not related to active regions. The 90cm sources are

concentrated near the equatorial regions and provide a distinctly

inhomogeneous component to the quiescent coroml. The 90cm

structures have brightness temperatures. T,. of T._=().5 to

5.7 10 "_K, which are slightly less than those of the 20cm coronal

loops, but that are comparable to the brighmess temperature

T,= 6 10 _ K of the entire quiet Sun (Sherid;m and McLean,

1985).

In several cases, the 90cm sources shown in Figs. 1 and 2

remain, within the uncertainty of measurements, at the longitudes

expected from solar rotation (see source I). but some of the

latitudes also apparently change and some sources have disap-

peared, changed shape or emerged during the two-day interval.

These results suggest that the large-scale structures detected at

90 cm wavelength are both inhomogeneous and variable on time

scales of a few days.

Assuming an angular radius 0 = 4' and a brightness tempera-

lure of 7", _ 5 105 K, we can use the Rayleigh-Jeans law to show

that the flux density, S, in a typical intense 90cm source is S_ 1

s.f.u., where 1 s.f.u. = 10=Jy (see Lang, 1980). But there are at

least five such sources, so their combined flux density is 5 s. f. u., or

roughly half the 10s.f.u. flux density of the quiet Sun at this

wavelength (Sheridan and McLean. 1985). Thus, as much as half

the total flux density of the quiescent corona at 90 cm wavelength

may be emitted from undetected structures. This essentially
follows from the fact that the intense 90cm sources h;tve :t

brightness temperature comparable to the entire quiet Sun at this

wavelength, so if they occupy roughly h:tlf the surface area of the

Sun they account for roughly half the total flux den,sity.
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A comparison of the 90cm sources with optical features
(Figs. 1.2) indicates that the intense, quiescent 90cm emission is

not systematically associated widl any optical counterpart, at least

for our observations. Although the north-west filament on 20
February 1987 is apparently associated witl_ an extended 90cm

source, the other filaments on this day and on 22 February are not
associated with detectable 90cm emission. All of the 90cm sources

on these days are concentrated within equatorial regions away

from active regions and sunspots. There is a noticeable depression,

or lack of intense 90 cm emission, at the poles, and this is at least
partly due to polar coronal holes.

Some of the extended 90cm sources lie on or near the neutral

line. but other sources do not. Moreover, some minima in

brightness temperature also lie on or near that line. and the 90cm
emission certainly does not trace out all of the neutral line. So.

relations with that line may be due to chance, and there is no

systematic association with it.

When the VLA zeroes in for a closer look. the 90cm structures

are resolved into compact components. For example, the VLA

was used to observe the Sun in the B configuration between

1545 UT and 2230 UT on 23 August 1986. An _,rr,'ty of 13 antennas

operating at 90 cm wavelength with a bandwidth of 3.125 M Hz

was used to produce the synthesis map shown in Fig. 3. In this

case. the data were calibrated b) observing 3C286 (90cm Ilux

29.0Jy) for 5min every 40rain, amd the synthesized beamwidth
was 16" x 29",

Components with angular dimensions. O. of 0 = 50" to 200"

and brightness temperatures. T,. of Tu = 2.1 to 4.0 10_K were

detected. As indicated in Fig. 3. these sources are not directl)

related to the active regions that would have been detected if we

had simultaneous VLA observations at 20cm wavelengdl.

The only possible optical counterpart of the intense comp:Lct

90cm sources is the inversion line [magnetic neutral line) of the

photospheric magnetic field, but these sources do not trace out the

full magnetic neutral line. [f the quiescent 90cm sources are

related to the magnetic neutral line. some additional factor is

causing them to be concentrated over only small parts of it. This

factor is apparently unrelated to H;_ filaments: an examination of

Meudon data (DASOP) indicated no detectable H:_ filament or

plage at the latitudes of the enhanced 90 cm emission, either on the

day of observation or on three rotations before or after that day.
There is. however, one source of 90cm radiation that is

associated with active regions: it is the ubiquitous noise storms.

This nonthermal radiation is the most common type of activity

observed on the Sun at decimetric and metric wavelengths. The

noise storms might be confused with quiescent radiation because

of their long durations (hours to days): but they are actual[):

sources ofcontinued activity, apparently located in large magnetic

arches that connect active regions with their surroundings (Mer-

cier et al., 1984). Metric wavelength observations of noise storms

provided some of the first evidence for stable magnetic connec-

tions between solar active regions and more distant areas on the

Sun (Lantos-Jarry, 1970; Daigne et al.. 1971).

When the VLA is used to resolve a noise storm at 90cm

wavelength, it is indeed found near the apex of large-scale

magnetic loops that apparently connect two active regions (Lang

and Willson, 1987). Intense radiation at 183 cm wavelength is also

associated with this loop system (see Fig. 4). This radiation could

be due to low-level noise storm activity, for such noise storm

continua are an important source of slowly varying radiation at

183 cm wavelength (A[issandrakis et al., 1985; Lantos et al., 1987).

Other extended quiescent coronal features at [83 cm. such as the

one near the center of the map shown in Fig. 4, resemble those
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Aug. 23, 1986

N

90era so_a[ line

Active region _ / ._/
/_-,,_,_ / "Filament

90crn source
' S W

Filament

Fig. 3. A VLA _vnthesis map at 90era wavelength during a C45 rain period on

23 August [ggfi is compared _*ith optical solar features includin8 active regions

tsquarcsl, tilaments I_,olid lincsl and Ihc probable magnetic neutral line (dashed

linel. At least three compact 9{)till sources have bcell detecled _.,.idl angular

dimensions of 50"x 200". Here the 90eln contours mark le',els of equal

brightness temperature. T,,. v.id'l an outermost contour ,af 7", = 2.1 lU s K. a

contour interval of 4.1 10"K and a peak brightness temperature of

T.*=4.0 10_K. The VLA ,.,.as in the B conliguration v.ith a 16"x29"

synthesized beam',vidth denoted b-, the small solid cross in the Ios_er fight

corner. All of the optical data ha_.e been extracted from Solar Geoph.'5 sical Data

(1986)

l'ound at 90cm with the VLA. with no apparent correlation with

any optical counterpart and comparable brightness temperatures.

Our results are in accord with previous observations which

showed that intense quiescent emission at meter wavelengths (80

and 169 MHz) is not associated with active regions (Axisa et al..

1971: Sheridan and McLean. 1985). A statistical stud)' of numer-

ous one-dimensional Nanqay scans at 169 MHz indicated, how-

ever. that the longitudes of many quiescent sources are associated

with filament corridors as seen on H:c synoptic maps and not on

•daily maps (Axisa et at., 1971). In contrast, fewer two-dimensional

maps at the same frequency show a poor apparent association

with filaments and a possible association with the magnetic

neutral line in the underlying photosphere (Alissandrakis et al.,

1985: Lantos et al.. 1987). Our observations do not confirm either

result, indicating no systematic association with any optical

counterpart: but we can not rule out such associations, particular-

ly during different parts of the solar cycle.

Correlations of radio sources with optical counterparts are

confused by nonradial divergence, refraction effects and solar tilt.
There are additional uncertainties due to random correlations

with the long magnetic neutral line: its placement on the solar

surface differs by several degrees depending on the technique used.

A deeper understanding of the quiescent coronal sources is likely

to come From multiple-wavelength observations in the radio part

of the electromagnetic spectrum.
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Coronal hole May 29, 1986

_._...._ N'_

183cm contours +_.___.,_ Filaments

', , ' , -

Neutral line Noise strorn

Filament Active. regions+

Fig. 4. A Naneay Radioheliograph synthesis m:tp a( 183¢m wavelength during

an 8 h period is compared with a 90cm noise storm (VLA-hatched area) and

•,-arious optical solar features including active regions (squares). coronal hole

bound;tries (dotted lines), filaments (solid lines) and the magnetic neutral ,line

(dashed line). The 90 cm noise storm emission apparentl.v comes from large-scale

magnetic loops that conneCt active regions, and the apex or these loops is

probably associated with a maximum in the intensity of the 183 cm radiation.

Here the 183cm contours mark levels of equal brightness temperature. T.. with

an outermost contour oi" T, = 2.0 10* K. a contour interv;,I of 5.0 10"*K and a

peak brightness temperature ol" 7.5 10" K. A detailed understandin,_ of these

sources will require greater angular resolution and spectral inform.'ttion. The

1:2 x 4_5 synthesized beamwidth is denoted by crosses in the lower right earner.

and all of the optical data have been extracted from Solar Geophysical Data

(1986)

3. Conclusions

The quiescent corona at 90 cm wavelength is very inhomogeneous
and variable, with the most intense emission concentrated within

structures near the equatorial regions. This emission may be the
thermal bremsstrahlung of a coronal plasma that might be
confined in large-scale magnetic structures. The 90 cm sources am
not systematically associated with any optical counterpart includ-
ing active regions, filaments, sunspots and the magnetic neutral

line. at least for the observations presented here. There is no
intense 90cm radiation in the polar regions, :md this is at least
partly due to coronal holes. More compact 90 cm sources in the
quiescent corona also show no systematic correlation with optical
counterparts. Associations with the magnetic neutral line are
uncertain, and future multiple-wavelength radio observations
might provide new insights to the paradoxical quiscent coronal
structures.
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L. MICROWAVE OBSERVATIONS OF SOLAR AND STELLAR CORONAE

ROBERT F. WILLSON

DeDartment of Physics and Astronomy

Tufts University

Medford, Ma 02155

_._.STR_CT

we summarize recent high resolution ,ticrowave observations of the

coronae of the Sun and other nearby active stars. _rbA observations near

20 cm wavelength have been co_hine_ _ith simultaneous soft X-ray

(SMM-XRD) observations to obtain the electron density and temperature in

coronal fOODS and to smecify the radiation mechanism w_.thin the emittinq

mlasma. Observations near 90 cm wavelenqth outline large-scale coronal

structures that _ay connect areas of weak maqnetic fields. VLA

observations of a solar noise storm at 90 cm have resolved the

hurst-emittinq region into a number of comoact components. These

observations confirm previously reoorted trends for a decrease _n burst

size at shorter wavelengths, and they also suqqest a hitherto unresolved

commlexit7 in source structure. The results of a search for 6 cm

microwave emission from stars with short rotation periods and hiqh

magnetic fields or intense X-ray emission indicate that these ProPerties

alone do not guarantee the stars_will be radio enitters. VLA and Arecibo

observations of the dwar F M flare stars vZ Canis Minoris an4 AD 5eonis

reveal both slowly-varying and "revulsive narrow-band emission, suqqesting

a nonthermal radiation mechanism such as plasma emission or

electron-cyclotron maser emission.

I . INTRODUCTION

Recent hiqh resolution _icrowave observations of the Sun have

DroviMed new insiqhts to the structure oF the solar corona and

transition reqion. These include such thinqs as _.he three-dlmensi_nal

structure and maqnetic field strengths oF coronal [oo_, the mrehurst

heating and maqnet_ic tr!qgerinq of looms, and t_e evolution oF solar

microwave bursts (see Kundu and Lanq lq85 and bulk 19_5, for recent

reviews). These results have come about through the unprecedented

spatial resolution of radio svnthesi_ instruments such as the very Larqe

Array (VLA) which can produce microwave images an angular scales of few

seconds of arc and on t/mescales _ short as a few seconds. The hiqh

sensitivity of the VLA, and the Areciho Observatory also makes it

possihle to detect quiescent and burst e_ission from nearly stars. These

observations can he used to specify the magnetic field strength in

stellar coronae, to resolve the ccmDonents of binary star systems, and to

place strinqent Limits on the siz_ of burst-emitting regions.
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In this paper we cliscuss some recent _rSA and Arecibo observations of

the Sun and other active stars. We heqin by discussing simultaneous VT._-

SMM observations of coronal loops for which the microwave and soft

X-ray data were combined to specify the radiation mechanisms oE the

emittinq plasma. We then discuss observations of r_liescent and burst

_mission from the Sun at gO cm. Finally, we present the results of a

recent VLA survey of active stars and discuss observations of narrow-band

burst emission that Drovides evidence for non-thermal, coherent

emission processes in steller corcnae.

3. MICROWAV_ ORSERV_TIOMS Or TME SOLAR CORONA

3.1 _imultaneous Microwave and Soft X-ray Observations of Coronal Loops.

VLA observations of active reqions at 20 cm wavelenqth outline

coronal loops that appear to stretch between areas of OPPOSite magnetic

Polarity in the photosphere (Lang, Willson and Rayrole 198_; Lang,

Willson and Gaizauskas 1983). These loops have lenqths (L=IO 9 -1010cm),

temperatures (T = I - 3 x 106 k) end shapes that are similiar to those

inferred from X-ray observations of the Sun. Althouqh the soft X-ray

emission is attributed to the thermal bremmsstrahlinq of a hot dense

nlasma, there are two possible thermal emission mechanisms at centimeter

wavelenqths. These are the thermal bremsstrahlunq of electrons

accelerated in the electric fields o£ ions, and the qvroresoant emission

of electrons accelerated in coronal maqnetic Fields. _ithouqh both

mechansims are sensitive the electron temperature and electron denqitv,

only _vroresanant emission provides a direct estimate of the maqnetic

Field strenqth.

In order to determine which cF these two competinq mechanisms is the

dominant one, it is necessary to know the temperature, density, maqnetic

Fiel_ strenqth, and scale heiqht of the coronal loop. X-rav

observations Drovi4e estimates of Te and M e , so that comparisons of

simultaneous X-ray and microwave observations miqht he used to snecify

the dominant microwave emission mechanism, and also establish the

physical properties oF. the coronal plasma.

In Fiqure I we compare a 20 cm _rSA synthesis map of an active reqion

with a Solar Maximum Mission _lat Crystal _pectrometer (FCS) imaqe in the

O VIII line and with an Re image (Lanq et al. 1987a). This figure shows

that all of the X-ray emitting plasma was detected at 20 cm, with

additional 20 cm emission above and near sunspots where no X-ray

radiation was detected. Both X-ray and 20 cm emission was detected from

coronal fOODS or arcades of loops that have sizes of --5 x 109 cm. The

emission measure and electron temperature were inferred from ratios of

different line intensities, and the electron density was calculated using

a volume of 3 x 1027 cm -3, which equals the product of the _Cq projected

area and a typical scale heiqht of 3 x 109 cm. Our analysis indicates

that the electron temperature and density were fairly uniform throuqhout

the reqion, with T e = 2.7 - 3.1 x I_ _ k indicate that thermal

hremsstralunq ought to be. optically thin for plausible loom widths, and

that thermal qvroresonance radiation can he optically thick for plausible

magnetic fields strength oF R > 130 qauss.
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Figure I. _ comparison of soft ×-ray (_MM-_JS-left), _a (_O_1-middle)

and 20 cm (VLA-riqht) imaqe_ of A_ 453_ on Ig84 7ulv q. The angular

scale can be inferred from the 12C" spacing between the fiducial _arks on

the axes. The contours of the _0 cm map mark leve1_ of equal brightness

temperature corresponding to 0.4, _.q ... 1.0 t!me_ the maximum

brightness temperature of 1.4 × IC 6 k. The soft X-ray date were taken

in the 0 V_II line (18.9 _) with contours corresponding to 4,R and 15

counts _-I •

Conclusive evidence for the importance of thermal qvroresonance

emission comes from observations cf sharp line-like enhancements in the

microwave brightness temperature spectra of some active regions (willson

1985; Lang et.al 1987b). It has been predicted that thermal cyclotron

lines might be. observed if the radiation is emitted from hot, thin

regions, or current sheets where the magnetic field is relatively

constant (qvrovatskii 1977; Zheleznvakov and Zlotnik 1980; _uznetsov and

gyrovatskii 1981 ). _iqure 2 shows a comparison between a 20 cm loop and

SMM and He images for another active region, while _igure 3 shows the

brightness temperature _nectrum at 10 different frequencies, as ._easured

at the top of the loop. The peak brightness-temperature at v - 1650 MHz

is higher than the electron temperature inferred from the X-ray data (T e

- 2.6 106 K) while the brightness temperature at neighboring frequencies

is lower. If the spectral feature is attributed to a thermal cyclotron

line, then it indicates that the optical depth o_ thermal qvroresonance

radiation must be_ _reater than that of thermal bremsstralunq at these

frequencies, and that the coronal loom is inhomogeneous, with hi_her

temperatures in some Darts oF the IOOD. The central

frequency and narrow width o_ the line-like feature suggest that the

magnetic field strength in this hotter layer is R _ Ig_ ± 5 or 147 -+ q

gauss, if the cyclotron, radiation is generated at the third or fourth

harmonic of the gvrofrequencv, respectively.
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=igure 2. A comparison of 20 cm (VLA-left), soft X-ray (SMM-_CS-center)

and _u (SOO_-riqht) images of AR _663 on 1985 ,Tune 7. The field of view

of all three images is identical, an._ the angular scale can

be, inferred from the 60" sDacinq between fi_uc!al marks on the axes. The

contours of the 20 cm mare mark levels of equal brightness temperature

corresDondinq to 0.2, 0.4,... 1.0 times the maximum brightness

temperature of 1.8 x 10 6 K. The soft X-ray data _-re taken in the 0VIII

line (18.9 A) with contours corresponding to 3,7,14 and 24 counts

s -I above a background level of 10 counts s -I with a maximum signal of

18 counts s-1 •
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Figure 3. The maximum brightness temperatures of the coronal loop of AR

4&63 at 10 closely spaced frequencies.

3.2 Large-Scale Coronal Loops at 9_ cm Wavelength.

Recent develoDements at the VLA have made it possible to observe the

Sun at 90 cm wavelength, when the VLA is in the most extended

configuration the angular resolution is about 5 seconds of arc or about

a factor of 20 better than that available on other instruments at this

wavelenqth. In F_i_ure 4 we show full-disk synthesis maps of the Sun at

20 cm and 90 cm on February 20, 1987. During these observations, the
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VLA was in the C-_ hybrid confiquration which provided synthesized

beamwidths of - q6" _ 54" at _0 cm and _ 11_" x 237 at g0 cm (crosses).

FeD 20, t987

207 cm

I"

Feb 20,1987

90cm

Fi_ire 4. _our-hour _rLA synthesis roans of the _un at 20.9 cm (left) and

90 cm (right) wavelenqth on 20 =ebruarv 1987. The contours ma_k levels

of equal briqhtness temperature, T_. The 20.7 cm mad has an outermost

contour of T R = 1.3.x I0 S K a contour interval of _.K x IN4 _ and peak

briqhtness temperature oF _R = _'-= x 10 _ W. The 90 cm mad has an

outermost contour of T;_ = 5.5 x 104 W_a contour interval of 5.5 x 104 _,

and a Deak hriqhtness temperature of T_ = 5.7 x I_K_. The circles denote

the edqe of the optically-visible solar disk, and the Sun's north-south

axis is denoted by the two short lines that intersect each circle.

A comparison with a "<itt Peak magnetoqram shows that the 20 cm

emission was associated with bipolar active regions (sizes 2'-3') with

stronq maqnetic fields similiar tc the situation described in the

nrevious section. The emission at 90 cm however indicates six or seven

elonqated structures with anqular extents ranging between 3' and 10'.

These sources have no obvious asscciation with strong magnetic fields or

other optical features. Since observations at lonqer wavelengths

qenerally refer to qreater heights in the solar atmosphere, these results

sugqest that the coronal region where the 90 cm emission originates is

hiqhly structured, but that it is concentrated in more extended loops

that connect areas of less intense maqnetic fields. In this sense, high

resolution full-disk 90 cm maps may act as "coronaqrams" that outline the

structure o_ qlobal magnetic fields, just as Kitt peak maqnetograms

delineate more intense, smaller scale photospheric fields. A comparison

of the 90 cm mad with one made twc days later reveal_ that some of the

sources have evolved or even _lisa_Deared during the day between

observations. These observations indicate that the middle corona is

dynamic, with evolutionary timescales of a few days or less.
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3.3 Observations of a _olar Noise Storm.

we have also used the VLA at 90 cm to study a solar noise storm

(Laps and Willson 1987). Noise storms are, in fact, the most common

type of solar activity at decimetric and metric wavelengths (see eq.

Elgaro7 1977 and Kai, Melrose and Suzuki 1985). They consist of

thousands of narrow-band, impulsive spikes or bursts superimposed on a

wide-band continuum. The continuum is usually observed between -50 and

350 MHz and normally lasts for a few hours to several days.

In Figure 5 we show a plot of the noise storm intensity together

with a plot of the I-8 _ GOES X-ray flux. The noise storm consisted of

many burst-like spikes superimposed on a slowlv-varving component. The

most intense 90 cm emisssion followed a soft X-ray burst by about 3_

minutes, and may have been triggered by an outward moving disturbance

from the source of the X-ray event. The radio spikes are similiar to

Type l bursts but the relatively long VLA integration t/me of 6.7

seconds may have averaged the emission o_ several Type I bursts or chains

of txxrsts. Both the spikes ant the slowly varying emission were 95 ± 5 %

right hand circularly polarized.

5

v

i°

.J
u.

o0

• 6 7

' /_ GOESX-,oy

ZO Zl _2 2_1 24

UNIVERSAL TIME

Figure 5. The time profile of

a solar noise storm observed

with one inter_erometer pair

of the VLA at g2 cm wavelength

(top) is compared with the

soft X-ray emission detected

by the C_gES satellite (bottom).

The data have been smoothed

over 33.2 s. Spike-like bursts

are superimposed upon a slowly-

varying background; both of

these components were 95 ± 5%

right-hand circularv polarized.

A series of VLA snapshot maps made at successive peaks (_iqure 6)

depict the evolution of the noise storm. The peaks originate in an

elongated region that has a nearly constant shape with a half-Dower size

of - 40" x 120". Figure 7 shows that there sources were located between

widely separated active re_ions (separation ~ 6') seen in the underlying

photos phe re.
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Fiqure 6. VLA snapshot maps of successive peaks in a solar noise storm

at 92 cm wavelength. These peaks are denoted by 3,4,5,_ and 7 in Fiqure 5.

The contollrs mark level_ of equal brightness temperature, T R, w__th an

outermost contour of T B = 3.8 x IC 6 k, a contour interval of 2.5 x 106 K,

and a peak brightness temperature of TB = 1.0 x 107 k.

_revious observations of solar noise storms suqqest that sense of

circular polarization should correspond to the ordinary mode of wave

mro_aqation expected from plasma radiation in a _trong maqnetic field

(Dulk and Nelson 1973; Stewart 1985). The high right handed circularly

polarized source m/qht therefore originate in coronal maqnetic fields

that are associated with the leading negative Polarity sunspot shown in

Figure 7. If this is the case, and if the source projects radially upward

from this spot, then from the limbward projection of the source we infer

a heiqht of h = 0.1_ -+ 0.03 R_ for the noise storm. Under the assumption

that the radiation is emitted at the _undamental of the plasma frequency

Vp, we infer an electron density of M e = 1.4 x 109 cm -3, and a maqnetic

field strength of H << 100 qauss, if vH << Vp, where uH = 2.8 x 106 Mz is

the qyrofrequency.

Piqure 7. A Very Large Array

(_rLA) synthesis map o_ solar

noise storm at 92 cm

wavelenqth is superimposed

on a Kitt Peak National

_bservatorv (K_%_O) manqetoqram

taken on the same day. The

_r[_A map covered the one hour

time interval between 2300 and

2400 UT. Its synthesized

heamw/dth is aennted bv the

black spot. The contours

mark levels of equal

brightness temperature, TR,

with an outermost contour of

Ta - 1.0 x 106 K and a

coutour interval of 7.2 x 105K.

The magnetogram was kindly

provided hV Jack Harvey of

the National Solar

Observatory.
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4. MICROWAVe. OS_RRVATIONR OF _E CORONAE OP ACTIV_ LATE-TY;_ S_ARS

4.1 A VLA Survey of _ctive Cool Stars at 6 cm Wavelength

Ohservations using the High _nerqv Astronomical Observatory (HEAO-I)

and Rinstein (HEAO-B) satellites indicate that most active cool stars of

spectral type F-M are intense X-ray emitters (see Rosner, Golub and Vaina

1985) for a recent review). If the solar analogy applies, then there

stars must also have hot (T e = 106 - I08 k) coronae with large-scale

loops and intense photosphereic magnetic fields. The coronal X-ray

luminosity appears to increase with the square of the stellar rotation

rate (Pallavicini et al Ig81) and this correlation is probably related

to the internal dynamo mechanism that generates the stellar magnetic

field. Chromospheric activity also increases with the rotational

velocity, but it additionally depends on spectral type, or equivalently,

with the depth of the convection zone (Noyes et. al 1984).

If these stars have large-scale _agnetic loops, then quiescent

microwave emission might also be detected Erom thermal or non-thermal

electrons trapped in these loops. Ouiescent emission has in fact been

detected from at least one class of late-type stars, the _warf M flare

stars _hsing the VLA (Gary and Linskv 1981 ; Topka and Marsh 1982; Linskv

and Gary 1983; Dallavicini, Willson and Lang Ig85; Willson, Lang and

Poster Ig87).

The radiation mechanism that gives rise to this emission is somewhat

controversial. The emission From the star _Q Peq has been interpreted as

thermal qyroresonance radiation by electrons spiralling in regions of

high magnetic field (Gary and Linsky 1981; Topka and Marsh 1982). This

intepretation is suggested bv the analogy with the Sun, in which intense,

highly circularly polarized centimeter wavelength emission is us_,ally

observed from magnetic field reqicns overlying sunspots. However, for

coronal temperatures of T e = 106 - 107 k, this explanation requires

magnetic field strengths of several hundreds gauss in loops that are many

times larger than the star, and photosphereric magnetic field strengths

that may be at least an order of magnitude higher than observed on late-

type stars. An alternative explanation is gyrosvnchrotion-radiation from

non-thermal electrons accelerated more or less continuously in weaker

magnetic fields above starspots (Pallavicini, Willson and Lang 1985;

Willson, I_ng and Foster 1987).

Since it wpuld be interesting to correlate intrinsic properties of

the stars with microwave emission, we have recently begun a 6 ca VLK

survey of nearby active stars of spectral type F,G, and _ (Table I). All

of these stars exhibit chromospheric activity and man_ of them rotate

faster than the Sun. Some of them also have strong photosphereric

magnetic fields, and some exhibit chromospheric variability,

indicative of stellar activity cycles. The results of our initial

observations are summarized in Table I, where _ give the rotation

period, distance, and when available the photospheric magnetic field

strength and X-ray luminosity, and either _he flux or 3G upper limits.

of the 18 stars observed, two were detected, namely BY Draconis

and BD + 26 ° 730. 8oth are members of the BY Draconis class of stars,
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and both show evidence of long-term photometric variations, suggestive of

activity cycles (Phllips and Hartmann 1978). BY Draconis was ~ 8% left

hand circularly polarized, while F_) + 26o730 was less than 5% circularly

polarized. BD 26o730 also systematically increased in intensity by about

a factor of two during our observation period of 60 minutes, but there

was no evidence for narrow-band emission as has been observed from some

active stars (see section 4.2) Our preliminary results indicate that in

general, rapid rotation and or high surface magnetic fields are not

sufficient to ?-ield detectable radio emission, suggesting that these

fields do no extend far out into the corona, or that the coronal loops

do not have a high enough density of thermal or nonthermal particles.

(see Willson and Lang (1987) for a detailed discussion of these results).
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Observations of Narrow Band M_crowave Burs_s erom Stars.

The high sensitivity of instruments such as the VLA and _recibo has

made it possible to study burst e_ission from active stars. These bursts

are often highly circularly polarized, suggesting an intimate connection

with stellar magnetic fields. Brightness temperatures of Tg > 1010 k are

often inferred from observations of millisecond spikes observed from the

dwarf M flare star AD Leonis (Lang et al 1983; Lanq and Willson 1986b).

These characteristics are suggestive of a coherent radiation

mechanism.

Conclusive evidence of a coherent mechanism came when observers

began to study the dynamic spectra of stellar ,dcrowave bursts and found

that some showed evidence o_ narrow-band characteristics. T_nq and

Willson (19_6a) found that variations in the 20 cm flux from YZ Canis

Minoris had a fractional bandwidth of _v/u o ( 0.03. Similiar results

were obtained for the stars AD Leonis and L726-SA by White, Kundu and

Jackson (198_). Dynamical spectra in both time and frequency for one

burst emitted by the flare star T;V Ceti showed no variations as a

function of frequency across a hand of 41 MHz, while another circularly

polarized exhibited complex frequency structure with narrow-band

components of _u < 3.0 MHz. (Bastian and _ookbinder (1987).
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In Figure 8 _e show our most recent Areoibo observations of burst

emission from AD Leonis. These observations were made at wavelengths

near 20 cm using a 64 channel autocorrelator an_ a bandwidth of 40 MHz

(For a description of our observing technique, see Willson and Land

(1987)). Here, the time resolution of the data is 1.25 seconds. This

burst was - 100% right circularly _olarized and consisted of a number of

individual components each with a lifetime of few seconds. The intensity

of the burst decreases rapidly with increasing frequency, with

spectral indices, _, (S_ V =) ranging from -55 to -70. .much h/_h

spectral indices cannot be accounted for by an incoherent emission

process such as gyrosynchrotron radiation which predicts _ore broad-band

emission.

Figure 8. The right circularly _olarized intensity of a 20 cm burst

observed from AD Leonis over a 40 MHz bandwidth. Each channel is - 2.5

MHz wide and is centered at the given frequency, in MHz.

_inallv, in Figure 9 and 10 we show recent VLA dynamical spectral

observations of YZ Canis Minor!s (Land and willson 1998). In Wiqure 9

we plot the left and right circularly polarized signals which represent

the averages of 15 conti_uous frequencF channels covering a handw/dth

OF - 50 MHz Here the data have teen-averaged over a time interval

of 1.5 minutes. This figure shows that the emission is nearly 100% left

circulary polarized and variable on timescales o_ tens of minutes. In

Figure 10 we show spectra for different intervals denoted on each plot.

These spectra indicate that, in some cases, the emission has a

relatively-narrow bandwidth (Av < 50 MHz) whose _entral frequenc_ shifts

with time. The total intensity at other times appears to be broad-band

with Av > 50:MHz, but these spectra could represent the average of many

narrow-band emission. The interstinq aspect of the narrow-band emission

is that it persists for relatively long time intervals of ten minutes

with a _iI defined bandwidth and central frequency. Coherent emission

processes such as an electron-cyclotron maser emission or plasma

i]6
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plasma radiation can Droduce narrow band radiation at the first

or second harmonic of the qvrofrequencv or plasma frequency, but i_ the

magnetic field or electron-density change significantly within the

source during the pe.riods of observation, then the a_eraqe emission

Profile will be smeared, resultinq in wide-band sDectrum. The fact that

the narrow-band emission persisted for ten minutes therefore is

surprising and suggests that these parameters remained remarkably

constant in the stellar corona.
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Figure 9. The right and left circularly polarized intensity of the

radiation observed form YZ Canis winoris, Dlotted as a function of time.

The oppositely polarized signals were alternately recorded _or 10 minutes

intervals within a 50 MHz bandwidth centered on 1464.0 MHz. Here the

data have been averaged over a time interval o_ 1.5 minutes. Frequency

_pectra of the slowly varying LCP radiation marked by the letters A,E, G

and H are shown in Fiqure 10.
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Figure 10. Frequency spectra

of the lef_ circularly

Polarized emission from YZ

Canis Minoris for the

intervals marked A,E,G and R

in Figure 9. Each of the

15 frequency channels is

3.125 MHz wide. The error

has denote the 3(_ noise level

(or the relevant time interval

and bandwidth. These spectra

all show evidence for narrow

band radiation with AV < 30

MHz. At other times, the

radiation appears to have a

width greater than the 50 M_z

bandwidth.
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ABSTRACT

The Very Large Array (VLA) and satellite-bourne telescopes can be used in

the 1990s to provide unique observations of the quiescent and active

corona with comparable resolution in time and space. Recently available

90-cm VLA data specify closed and open magnetic structures in the low

solar corona, providing unique information about the initiating source of

coronal mass ejections observed by satellite coronagraphs. The physical

properties of quiescent coronal loops can be inferred from combined soft

X-ray (electron density and temperature) and 20-cm VLA (magnetic field

strength and structure) data. Systems of coronal loops within a single

active region have different temperatures and different radiation

mechanisms that can only be detected by observations in both spesctral

domains. The combined VLA-satelllte observations will also specify

magnetic interaction and particle acceleration before and during flares,

including magnetic triggering in the corona (VLA) and preflare heating
(VLA-satelllte). /

INTRODUCTION

The Very Large Array (VLA) can provide unique information about

large-scale magnetic structures, coronal holes, and coronal loops.

Newly-developed receiving systems at 92-cm wavelength permit observations

of quiescent and active emission from filaments and coronal holes, while

20-cm observations provide similar information for coronal loops within

active regions.

FILAMENTS AND CORONAL HOLES

The first VLA synthesis maps of the quiescent corona at 92-cm wavelength

(327 MHz) revealed intense, elongated str_ctures that were not

systematically associated with any optical counterpart, including active

regions, filaments, sunspots and magnetic neutral lines /I/. Filaments

are sometimes associated with enhanced 92-cm emission, however, and

there is a reduction in brightness over polar coronal holes at this

wavelength /I/, /2/.

The ubiquitous noise storms are the only source of intense 92-cm

radiation associated with solar active regions. These storms are

apparently located in large-scale magnetic loops that connect with more

distant areas on the Sun /3/. Individual noise storm bursts and the

background continuum can be resolved in both space and time by using

simultaneous observations with the VLA and the Nancay Radlohellograph /4/.

Such information will provide important constraints to our future

understanding of noise storms and related activity on the Sun.

Recent VLA synthesis maps indicate that intense, quiescent 92-cm

radiation is definitely associated with the large-scale magnetic struc-

tures detected as dark filaments in Ha photographs (see Fig. I, 2). Such

an association was first suggested by a statistical study of numerous

one-dimenslonal scans of moderate angular resolution at meter wavelengths

(169 MHz) /5/, but subsequent two-dlmensional maps at this wavelength

suggested that extended quiescent filaments have no radio counterpart

/6/, /7/. The results shown in Figures 1 and 2 indicate that this is not
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always the case at 92-cm.

Future VLA observations of large-scale magnetic structures can be used to

test models for the origin of coronal mass ejections. These outward-

moving magnetic bubbles are curreutly thought to be initiated by global

magnetic changes; associated chromospheric activity, detected as

erupting prominences or Hu flares, Is thought to be the result, rather

than the cause, of these changes /8/. Such models have been derived from

observations with satelllte-bourne coronagraphs whose occulting disks

block the visible photosphere and the low corona. VLA observations at

92-cm wavelength can enhance and extend future coronagraph investigations

by observing the formation of coronal mass ejections in the low solar

corona at both the llmb and across the entire solar disk.

Reductions or depressions in the 92-cm radiation are apparently

associated with coronal holes in Eoth the polar and equatorial regions

(see /I/ and Fig. i). Future VLA observations can therefore provide new

insights to othe formation and evolution of coronal holes and the

high-speed solar wind that probably originates in them. Comparisons with

satellite observations may resolve current uncertainties about the

density and temperature of these coronal holes /9/.

Although intense, quiescent 92-cm sources are not associated with active

regions, the quiescent emission at 20-cm wavelength is dominated by

radiation from coronal loops that are often anchored within single active

regions. These magnetic loops are smaller than the large-scale magnetic

structures detected at the longer wavelength; but the 20-cm loops dom/nate

the coronal structure of active regions and store the magnetic energy

that is released during powerful eruptions from them /i0/, /ii/.

When the 20-cm VLA results are combined with satellite observations of

spectral lines at soft X-ray wavelengths, the physical properties and

dominant radiation mechanisms can be Specified /12/. There are coronal

structures that are detected at 20-cm but remain invisble at X-ray

wavelengths and vice versa (see Fig. 3). Future VLA data will also

uniquely specify the strength and structure of the coronal maB'netic

fields.

Observations of the 20-cm loops during the coming solar maximum will help

establish magnetic changes that probably trigger solar eruptions /13/,

/14/. The magnetic in=eractlon of coronal loops apparently involves

reconnection processes that release scored magnetic energy and accelerate

particles near their tops (see Fig. 4). Simultaneous satellite

observations at soft and hard X-ray wavelengths will help unravel the

detailed triggering and acceleration mechanism.
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FIGUKE LEGENDS

Fig. I. Three-hour VLA synthesis map at 92-cm wavelength (327.0 MHz) on

15 May, 1988 between 13 h and 16 h U.T. The reEions of enhanced 92-cm

emission are well ¢orralated with dark filaments shown i_ a Ha photoEraph

taken on the same day (see Figure 2). The elonEated filaments have

similar shapes at 92-cm and Hs wavelengths. Active reglons (squares) are

not associated with enhanced 92-cm radiation; but they dominate the

intense radiation at 20-cm wavelenEth and are observed as brIEht Hs

features. Regions of depressed 92-cm em/ssion are at least partly due to

equatorial coronal holes. The contours marM levels of equal briEh_ness

temperature, TB, with an outermost contour of TB - 7.8 x 104 K, a contour

interval of 7.8 x 104 K, and a peak brightness temperature of TB - 7.8 x

105 K. The synthesized beamwidth is denoted by the small black spot in

the lower left-hand corner; it has anEular d/menslons of 80" x 55" at a

position ansle of -20".
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Fig. 2. A,Ha spectroheliogram taken at 6 h and 36 mU.T. on 15 May1988
at the Observatoire de Paris, Meudon. Five dark filaments are well

correlated with regions of enhanced emission at 92-cm wavelength (see

Figure 1); the elongated shape of the longer filaments is also detected

in the radio data. Areas of bright Ha emission (plage-active regions)

are not associated with enhanced 92-cm emission; but they dominate the

radiation at 20-cm wavelength.

Fig. 3. A comparison of soft X-ray (Solar Maximum Mission Satellite) and

20 cm (Very Large Array) images of AR 4532 on 1984 July 8. The field of

view of all two images is the same, and the angular scale can be inferred

from the 120" spacing between the flduclal marks on the axes. The

contours of the 20 cm map mark levels of equal brightness temperature

corresponding to 0.4, 0.5, 0.6...1.0 times the maximum brightness

temperature of 1.4 x 106 K. The soft X-ray data were taken in the 0 VIII

llne (18.9 A) with contours correspondln_ to 4, 8, and 15 counts s-I

above a background level of I0 counts s-_ with a maximum signal of 20

counts s-I. Here the sunspots are denoted by small black dots with a

circle around them.

Fig. 4. A VLA snapshot map durfng a 10-second interval at 20 cm wave-

length catches a powerful eruption at the site of particle acceleration.

The energetic particles originate at the apex of coronal loops; some of

them travel to the Earth where they interfere with radio communication

and high-flying aircraft. The VLA contours are superposed on an Ha

photograph of flare emission at Icwer levels in the solar atmosphere.
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ABSTRACT

The Very Large Array (VLA) and t_e NanGayRadioheliograph (NR) can be used

in the 1990s to provide unique observations of the quiescent and active

corona. The combineddata can specify the evolution and magnetic structure

at a variety of heights in the quiescent corona, from compact to extended

structures such as loops, streamers and coronal holes. The scientific
potential of simultaneous VLA- NRresearch is illustrated by observations

of solar noise storms with hitherto unavailable resolution in space (VLA),

time (NR). Unique information will also be provided for other types of

solar bursts, leading to an improved understanding of solar activity during

the coming maximum.

NOISESTORMS

Noise storms are the most commontype of solar activity observed at metric

wavelengths. They consist of a slowly-varying, wide-band continuum radiation
with superposed short-lived, narrow-band bursts. These bursts have been

designated Type I bursts to distinguish them from other types of solar

bursts. The background continuum, which is usually observed between 50 and

350 MHz, normally continues for a few hours, while individual bursts have
bandwidths between 2 and 10 MHzand durations of 0.1 to 2 seconds /1/.

Both the background continuum and the bursts are usually strongly circularly

polarized (up to 100 %), but unpolarized bursts are occasionally observed.

The sense of circular polarization is constant throughout the storm; it is

attributed to the ordinary mode of plasma radiation in a strong magnetic

field /3/.

Noise storms have been extensively studied with the Culgoora and Nan_ay
J

radioheliographs, whose respective beamwidths are Q,_2.'O and 1.3 at

160 MHz. The resolved storm sources have sizes that tend to increase with

height, and radiation at lower frequencies originates at higher altitudes

129

eafi.



3

(see Fig. 1 and /4/). These sources appear to be located in large-scale

magnetic loops extending high into the corona from one or more active

region /5/, /6/; suggesting plasma radiation within the legs of magnetic

loops whose field lines diverge with height /7/, /8/. At a given frequency,

successive Type I bursts may come from either a fixed or different

locations /9/, /10/, and can have a variety of sizes /11/.

Storm sources were nevertheless often unresolved with the Culgoora and

NanGay instruments, for they were often operating at the limits of their

capability. The Very Large Array (VLA) now provides a substantial

improvement in angular resolution, @ with 8_ 5" at 92 cm wavelength

(327 MHz) in the A configuration. It has been used to fully resolve one

noise storm that had an elongated shape (40" x 200"), and contained four

compact components, each 40" across, during the onset and early stages ,'12/.
I

Such complexity may rule out" the simple conical model, or at least involve

its extension to include magnetic flux tubes or scattering on field-

aligned density inhomogenities.

Because the VLA has limited integration times of_-- _ 3.3 sec., simultaneous

observations with the Nan_ay Radioheliograph (_ -_ 0.02 sec.), are required

to isolate individual bursts and to discriminate between the bursts and

background continuum. We have therefore begun such observations during the

period of common solar visibility (13 h to 16 h U.T.). This collaborative

program will continue throughout the coming maximum in solar activity,

thereby enhancing the scientific return of both ground-based and balloon

or satellite-b_Qrne _nStruments.

Simultaneous observations of a solar noise storm were carried out on 27 June

1987 with the VLA in the A configuration and operating at a signal frequency

of 333.0 MHz with a bandwidth of 3.125 MHz; the NanGay Radioheliograph (NR)

operated at 327.0 MHz with a 700 kHz bandwidth. The integrated signal from

all the VLA interferometer pairs was plotted as a function of time and

compared with a similar NR record to determine bursts that were detected by

both telescopes.
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The VLAwas then used to makesuccessive 10-second snapshot maps for
intervals of several minutes centered at the commonburst time. Two

examples are shownin Fig. 2. The unpolarized and polarized bursts both
have elongated shapes, but they originate in different sources that are

separated by 60". The unpolarized burst (degree of circular polarization

_c_ 10 %) consists of a single elongated source with angular dimensions

of 30" x 80", whereas the polarized one (_c_ 70 %) contained two
componentsseparated by _-20" and embeddedwithin an elongated 40" x 60"
structure. Although previous observers have established similar overall

source sizes, the VLAhas determined the elongated shape, source complexity
and separate burst positions for the first time.

The NRhas been used to determine the time profiles shown in Fig. 3. The

unpolarized burst has a rapid rise and exponential decay; its most intense
component is resolved in time with a duration of _ 2 sec. The time of the

VLA snapshot mapfor one o_ them is designated by the horizontal bar.

Successive lO-second snapshot mapsthroughout the two-minute interval

indicate that the entire chain of bursts camefrom the sameelongated

source located at the sameposition. Subsequent highly-polarized chains of

Type I bursts mayoriginate in other sources, however, and the unpolarized
burst definitely does.

PHYSICSOFSOLARBURSTS

These previously-unpublished noise storm results illustrate the scientific

potential of simultaneous VLA-NRobservations of solar activity. They will

be extended during the coming maximumto include other types of solar bursts,
thereby providing constraints to theoretical models. The dynamical

evolution of the source size is, for example, required as an input to models
of the gradual and impulsive phases of solar flares. VLA-NRobservations

with high resolution in time, space and frequency are also required to

provide fresh insights to the physics of burst phenomenasuch as pulsations
/13/.
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FIGURELEGENDS

Fig. 1. Multiple-freQuency observations of a solar noise storm with the

NanGayRadioheliograph on 3 February 1986 at 150 and 164 MHz(small solid

circle), 327 MHz(dashed circle) and 408 MHz(dark spot). The square

denotes the position of the associated active region in the underlying

photosphere. The noise storm is displaced away from a radial projectlon

above the active region. Lower frequencies are emitted in higher regions,

and the source size tends to increase with height.

Fig. 2. Very Large Array (VLA) synthesis mapsfor ten second intervals
during a polarized burst (,',-,50%- right) and an unpolarized burst (left) on
27 June 1987. The two intervals beganat 14h 30m36.0s and 14h 46m16s U.T.,

respectively. The fiducial marks on the axes are separated by 60", and the

contours mark levels of equal brightness temperature, TB , with an outermost
contour and contour interval" of 4.4 x 107 K. The peak brightness temperatures
for the two intervals are 6.2 x 108 K and 3.1 x 108 K, respectively.The

synthesized beamis denoted by the black spot in the lower left-hand corner;

it has an angular extent of B_6". The time profiles for the two bursts

are given in Figure 3.

Fig. 3. Intensity plotted as a function of time for an unpolar_zed burst

(top) and a polarized burst ( 50 %- bottom) with 0.5 second time
resolution over two minutes on 27 June 1987. These time profiles were taken

with the NanGayRadioheliograph at the sameobserving frequency as the VLA
(-v327 MHz)and included the times of the 10 secondVLAmaps shownin Figure

2.
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ABSTRACT

VLA synthesis maps at 20.7 cm wavelength, VLA snapshot maps at 91.6 cm wavelength, and NSO-Kitt

Peak photospheric magnetograms indicate that time-correlated radio bursts can occur in active regions on
opposite sides of the solar equator. These regions are apparently linked by large-scale, transequatorial mag-
netic loops that are at least 2.6 x 105 km (or 6') long. Energetic electrons accelerated during a radio burst in
one active region probably move along this magnetic conduit at velocities of about one-third the velocity of

light, thereby triggering radio bursts in the other active region.

Subject headings: Sun: corona m Sun: flares -- Sun: magnetic fields m Sun: radio radiation -- Sun: X-rays

I. INTRODUCTION

Evidence for correlated radio bursts from widely separated

regions on the Sun was presented by Kai (1969) when he

showed a type III burst can be followed within 10 s by a

reverse-slope type III burst at distances L > l0 s km. This sug-

gested that electron beams are channeled along a large-scale

magnetic loop at relativistic speeds v ~ 0.3c, first moving

upward from the primary acceleration sight and then down-

ward in a remote leg of the loop. Tang and Moore (1982)

demonstrated that two large flares produced H_, brightenings

in quiet regions more than 105 km away from the flaring active

region, and that these remote brightenings were accompanied

by reverse-slope type In bursts. They suggested that the Hi,

brightenings were initiated by the nonthermal electrons

producing the secondary radio burst.
Rust and Webb (1977) had, in the meantime, shown that

active region flares can be associated with sudden X-ray

enhancements of large-scale loops or arcades of loops that
extend outside the flaring active regions to distances L > 105

km, but that subsequent H,, brightenings at the remote end of

the interconnecting X-ray loop suggested shocklike excitation
velocities of 300-1200 km s- *.

Secondary microwave bursts caused by a distant primary

one have also been reported by Kundu, Rust, and Bobrowsky
(1983) and Nakajima et al. (1985); they respectively observed

remote unpolarized microwave bursts accompanied by H_,

brightening and remote polarized bursts with no H_ counter-
part. In both cases, the relativistic velocity required by the
measured time delay and the spatial separation indicated that

the secondary burst was excited by high-energy electrons pro-

duced in the primary burst sight.
Simnett and Dennis (1987) have more recently shown that

rapid (_< 100 s) soft X-ray bursts can be produced in widely

separated active regions connected by extensive coronal mag-

netic loops. Kundu, Schmahl, and Fu (1989), observing with
the VLA at 6 and 21 cm, have inferred the presence of a large-

scale (L > 105 km), transequatorial arch from near-

simultaneous changes in the microwave emission of two widely

separated active regions. In the latter case, a coronal instability

associated with a filament disruption was supposed to produce

simultaneous effects in the two active regions.
In this Letter we also present evidence for interactive bursts

from active regions on opposite sides of the solar equator. Our

91.6 cm VLA observations, presented in § II, provide high-

resolution, two-dimensional structural information about

these large-scale interactions, while the simultaneous 20.7 cm

VLA data and photospheric magnetograms provide informa-

tion about the underlying active regions. In §III we note that

secondary soft X-ray emission was also detected and interpret

our observations in terms of energetic electrons that are chan-

neled along large-scale, otherwise invisible magnetic loops con-

necting active regions on either side of the solar equator.

If. OBSERVATIONS

The Sun was observed with the VLA in the C/D hybrid

configuration between 1315 and 1610 UT on 1988 May 15

using 27 antennas at 20.7 em wavelength (1446 MHz) and 19

antennas at 91.6 crn wavelength (327.5 MHz) with respective
bandwidths of 12.5 and 3.125 MHz. The individual antenna

beamwidths were .138' and 32' at 91.6 and 20.7 era, respec-

tively; we were therefore able to make full-disk synthesis maps

at both wavelengths with respective synthesized beamwidths of
55" x 80" and 12".4 x 18". The 20%-25% uncertainty in the

absolute calibration of the solar brightness temperatures has

been discussed by Lang and Willson (1989). Although all four

Stokes parameters were sampled every 3.3 s, there was no

detectable polarization at either wavelength, so our 3 hr syn-
thesis maps refer to the total intensity, I. Their contours mark

levels of equal brightness temperature,, Tj. --

These maps are shown in Figure 1. The 20.7. cm emission is

concentrated within small-scale (angular 'sizes 0 _ 1') sources

above individual active regions in which bright H,, plage is
also found. The outermost contour and contour interval of the

20.7 cm map are equal to Tn = 2.5 x 105 K, with a peak

brightness temperature of TB = 2.5 x 106 K. The 20.7 cm

brightness temperatures_i'e therefore similar tO the eleci-ron

temperatures of the hot plasma trapped within coronal loops

above active regions, suggesting that these loops are optically

thick to thermal bremsstrahlung (Lang, Willson, and Gai-

zauskas 1983). Such optically thick loops would account for

the lack of detectable circular polarization.

In contrast to the 20.7 cm emission, the most intense 91.6 cm

radiation is concentrated within large-scale (0 _ 3') structures

that are not associated with active regions; the quiet Sun, 91.6

... -
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FIG. l.--Very Large Array (VLA) 3 hr synthesis maps orthe total intensity, I, from the visible solar disk at 91.6 ¢m (left) and 20.7 cm (right). The circle denotes the
visible solar limb, the tick marks denote solar north and south, and the synthesized beamwidths are denoted by the dark spots in the lower left-hand corners. The
boxed area of the 91.6 cm map denotes the field of view for the 3.3 s synthesis maps shown in Fig. 3; they illustrate interacting flare emission from the two places
marked by X on opposite sides of the solar equator.

cm emission is instead associated with dark, elongated fila-
ments (also see Lang and Willson 1989). The contours of the

91.6 cm map mark levels of equal brightness temperature, TB,

with an outermost contour of T 8 = 7.8 x 10 'L K, a contour

interval of 7.8 x 104 K, and a peak brightness temperature of

Tn = 7.8 x 10SK.

The boxed area of the 91.6 cm map denotes the field of view

for the snapshot maps shown in Figure 3; it contains two X

marks that denote the location of the two groups of bursts

whose temporal evolution is shown in Figure 2. The 91.6 cm

time profiles indicates these two groups, beginning at --, 1537

and ~ 1540 UT. The second group was associated with a weak

soft X-ray flare (dashed line, class B1.5). Both groups were also

detected at 122 cm wavelength using the Air Force Solar

Patrol Telescope at the Sagamore Hill observatory, but with

more intense emission than at 91.6 cm, indicating nonthermal

radiation with a positive spectral index in both cases. The

Sagamore Hill radio data were supplied by Ed Cliver. The only

available Ha data (SOON) showed Ha brightening at 1537 UT

in AR 5014 (S17 W57 at 00 UT on May 15). The SOON H:c

data were supplied by Judy Nelson of the Goddard Space

Flight Center. Active region AR 5014 was also active on the

days before and after May 15 (see Solar Geophysical Data H:_

flare reports). There was no detectable circular polarization for
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Observatory. A plot of the GOES satellite soft X-ray flux is also shown as a dashed line. The numbers above the individual bursts refer to the times of the VLA 3.3
snapshot maps shown in Fig. 3.

O_iGtNAL PAGi_ iS
Oi: POOR OUAi-:Ff

137



No. 2, 1989 TIME-CORRELATED BURSTS

IS 37 o*

iS3, s?

ISl 3? Z7

15373a

!

IS 37 41

/

/
/

a $

L79

FIG. 3.--Very Large Array 3.3 s snapshot maps at 91.6 cm (327 MHz) for different times during the burst shown in Fig. 2. The locations of the bursts correspond
to the crosses on the 90 cm synthesis map shown in Fig. 1. Note how the burst location shifts between the two regions, suggesting activation in the legs of one or more

large-scale magnetic loops that cross the solar equator.

the 91.6 crn bursts (degree of circular polarization Pc < 8%),
suggesting type III bursts rather than type I, and there was no
detectable burst emission at 20.7 cm (flux S < 0.2 SFU).

In Figure 3 we show 3.3 s snapshot maps of the individual
bursts numbered in Figure 2. During the early states of the first
group of bursts, emission was found in both northern and
southern sources, each about 2.'5 in size with a peak brightness
temperature of Ts ~ 3 × 106 K and an angular separation of
about 5_5. Here the contour intervals are in units of equal
brightness temperature, Tn, with an outermost contour and
contour interval of 1 × 106 K. The angular scale may be
inferred from the 1' spacing between the fiducial marks on the
axed.

The locations of the northern and southern burst sources are
denoted by crosses in Figure 1; they are displaced equatorward
from two active regions shown in the 20.7 cm map, suggesting
emission from the legs of large-scale coronal loops that strad-
dle the equator and join the two active regions.

The presence of a large-scale magnetic conduit that links
active regions on two sides of the solar equator is also inferred
from subsequent burst emission that was localized first in the
northern source, then in the southern one and thereafter in the
northern region again. Such hypothetical, and otherwise invisi-
ble, transequatorial loops are further suggested by the photo-
spheric magnetogram on 1988 May 15 (Fig. 4 [P1. L5"I); it
indicates that large areas of opposite leading magnetic polarity
underlie the northern and southern burst sources.

m. DISCUSSION

Our interpretation of correlated burst emission over widely
separated areas does not differ substantially from that of Kai

(1969), Tang and Moore (1982), Kundu, Rust, and Bobrowsky
(1983), and Nakajima et al. (1985). Examination of the NSO-
Kitt Peak magnetogram for 1988 May 15 indicates that the
positions of the two burst sources (designated by two X marks
in Fig. 1) are displaced equatorward from two active regions;
designated AR 5012 and AR 5014, near the northwest and
southwest limb, respectively. We propose that the two active
regions are linked by one or more large-scale, otherwise invisi-
ble magnetic loops that stretch across the solar equator con-
necting regions separated by 6', over a distance of at least
2.6 × 105 kin. Some triggering agent travels across this dis-
tance, producing bursts with time delays of --, 3--6 s at velocities
up to 105 km s-*, or about one-third the velocity of light.
Energetic electrons are probably accelerated during a burst in
one active region and hurled at these velocities along large-
scale magnetic loops to produce bursts in another active region
located at the other footpoint of the loop.

Radio astronomical studies of the Sun at Tufts University
are supported under grant AFOSR-89-0147 with the Air Force
Office of Scientific Research. The Very Large Array is operated
by Associated Universities, Inc., under contract with the
National Science Foundation. The data presented in this
Letter were taken during collaborative long-wavelength solar
observations by Tufts University and the Observatoire de
Paris-Meudon, under the support of National Science Foun-
dation grant INT-8602285 and Centre National de la
Recherche Scientifique grant 920038.
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PLATE L5

FIG. 4.--The contours of a 3.3 s VLA snapshot map showing the 91.6 cm burst emission at 153731 UT is overlaid on a National Solar Observatory (NSO)-Kitt

Peak magnetogram. This comparison indicates that the hypothetical transequatorial loops connecting 91.6 cm burst locations may also connect underlying

photospheric regions of opposite leading magnetic polarity. Magnetogram courtesy of Jack Harvey.

LANG AND WILLSON (see 344, L79)
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ABSTRACT

Full-disk VLA synthesis maps of the quiet Sun at 91.6 cm wavelength reveal large-scale (angular size
0 ~ 3'), hot (brightness temperatures TB~ 3 x 105 K) structures that overlie dark H_, filaments. The similarity
between the shape, position, elongation, and orientation of the radio and optical features suggests their close
association. We interpret the 91.6 crn emission in terms of the thermal bremsstrahlung of a hot sheath that
envelops the cooler H_ filament. A power-law gradient in pressure provides a better match to the observations
than a constant pressure model. Variable physical parameters of the sheath, such as width, electron density,
and electron temperature, can explain controversial reports of the detection of, or failure to detect, the meter-
wavelength counterpart of H_ filaments.

Subject headings: Sun: corona -- Sun: magnetic fields -- Sun: prominences -- Sun: radio radiation

I. INTRODUCTION

Filaments are cooler than the surrounding corona and
therefore appear as depressions in the quiet Sun background at
centimeter wavelengths (Gary 1986; Kundu, Melozzi, and
Shevgaonkar 1986); the cool filaments can also appear as
depressions at millimeter wavelengths (Schmahl, Bobrowksy,
and Kundu 1981). Regions that overlie filaments can now be
detected using the VLA at the longer 91.6 cm wavelength; the
higher temperatures produce regions of increased emission
when compared with the surrounding quiet Sun background.

Previous observations have, however, led to an ongoing con-
troversy about the optical counterparts of the quiescent, or
nonflaring, solar radiation at meter wavelengths. A statistical
study of numerous one-dimensional Nanqay scans suggested
that many quiescent meter-wavelength sources are associated
with filament corridors as seen on H# synoptic maps (Axisa et
al. 1971), but subsequent two-dimensional maps indicated that
most filaments have no radio counterpart at meter wave-
lengths (Alissandrakis, Lantos, and Nicolaidis 1985; Lantos et
al. 1987).

The VLA provides an order-of-magnitude improvement in
angular resolution over all previous meter-wavelength investi-
gations of the quiet Sun and might therefore help resolve this
controversy. The first VLA observations of the quiescent
corona at 92 cm wavelength indicated no systematic associ-
ation of any of the radio sources with any optical counterpart,
including active regions, filaments, sunspots and the magnetic
neutral line in the underlying photosphere (Lang, Willson, and
Trottet 1987). Full-disk VLA observations by Sbevgaonkar,
Kundu, and Jackson (1988) indicated that the 90 cm sources
may be identified as streamers above H:, filaments. However,
our comparison of their data with Hc_ observations (Solar Geo-
physical Data) indicates that many of the intense 90 cm sources
do not overlie H:, filaments.

One probable source of confusion is noise storms, the most
common form of solar activity at meter wavelengths. The
numerous type I bursts and background continuum of noise
storms have been associated with coronal loop structures
detected during the Skylab mission at soft X-ray wavelengths
(Stewart and Vorpahl 1977; Gergely et al. 1980) as well as with

large-scale EUV loops (Stewart, Brueckner, and Dere 1986).
VLA observations at 91.6 cm wavelength confirm the location
of noise storms in large-scale magnetic loops that either overlie
coronal loops within individual active regions or connect these
regions with more distant areas on the Sun (Lang and Willson
1987); such conclusions were also anticipated by metric wave-
length observations with the Nanqay Radioheliograph
(Lantos-Jarry 1970; Mercier et al. 1984). Detection of the
meter-wavelength counterpart of filaments requires observa-
tions when the intense noise storms are not present.

In this Letter we present VLA 91.6 crn synthesis maps during
quiescent periods without any noise storm activity. In § II we
show that there is an excellent association of some 91.6 cm
sources with Ha filaments. The radio filaments are enhanced

over the surrounding quiescent emission, rather than
depressed. Not all H_ filaments, however, exhibit detectable
91.6 cm counterparts. In § III we interpret some quiescent 91.6
cm sources in terms of the thermal radiation of a sheath overly-
ing a H,_ filament, and with temperatures intermediate between
those of its H_ counterpart and the surrounding corona.

If. OBSERVATIONS

The Sun was observedwith the VLA in the C/D hybrid

configurationbetween 1315 and 1610 UT on 1988 May 15
using27 antennasat20.7cm wavelength(1446MHz) and 19
antennasat91.6cm wavelength(327.5MHz) with respective
bandwidths of 12.5and 3.125 MHz. The full-disksynthesis
maps at20.7crnaregivenelsewhere(Lang and Willson1989),

where theyare used toidentifyactiveregionsthatinteractvia
large-scale,transcquatorialmagneticloops.Hcrc we focuson
thefull-disk91.6cm synthesismap shown in Figure1 (Plate

L4) (left).Although allfourStokesparameterswere sampled,
therewas no detectablecircularpolarization,so our 3 hr syn-

thesismap referstothetotalintensity,I.Burstdatahave been

removed priortomaking thissynthesismap.
All the data were calibratedby observing3C 48 for 5

minutes every 40 minutes;the fluxdensityof 3C 48 was
assumed to be 47.0and 14.6Jy at91.6and 20.7cm, respec-

tively.
Because the VLA lacks enough short baselines to adequately
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sample the full solar disk at 91.6 cm, the 3 hr dirty, or
uncleaned, map exhibited a negative ring surrounding the
radio disk. This artifact has been previously discussed by Shev-
gaonkar, Kundu, and Jackson (1988). It was removed by using
the maximum entropy algorithm (MEM) on the dirty map
together with an assumed full-disk model that accounted for
the missing short-baseline flux. This procedure has been dis-
cussed by Cornwell (1986) and Bastian (1988).

The MEM method converged after 15 iterations to indicate
a total solar flux of 15-17 SFU, depending on the assumed size
of the solar disk at 91.6 crn wavelength (we varied its radius
between 1.50 and 1.20 Ro). This flux is 3-5 SFU lower than the
20 SFU value that is extrapolated from spectral data obtained
on 1988 May 15 at the Sagamore Hill Radio Observatory (data
courtesy of Ed Cliver).

Uncertainties in the absolute calibration of the VLA solar

observations have been discussed by Kundu, Schmahl, and Fu
(1989) and by Shevgaonkar, Kundu, and Jackson (1988). One
uncertainty results from a software error in the program that
applies the system temperatures of solar calibration antennas
to other antennas (Ray Gonzalez, private communication).
This uncertainty results in an underestimate of brightness tem-
peratures by a factor of 1.8, and our data have been corrected
for this error. Another uncertainty is attributed to measure-
ments of the high-temperature noise diodes on the solar cali-
bration antennas; they are not measured regularIy enough at
the VLA to assure accurate measurements of the system tem-
perature. The lower total solar flux that we derived from the
maximum entropy procedure probably reflects this uncertainty
in the system temperature, and our inferred brightness tem-
peratures may therefore be in error by 20%-25%. This is
reflected in the stated uncertainties of our measurements and

the error bars of the plots of them.
The contours of the resulting map (Fig. 1, left) mark levels of

equal brightness temperature, TB, with an outermost contour
of Ts = 7.8 x 104 K, a contour interval of 7.8 x 104 K, and
peak brightness temperature of TB = 7.8 x 105 K. The mean
brightness temperatures of the elongated sources marked A
and B are, for example, estimated to be TB " 3 x 105 K above
the surrounding quiet Sun level of TB ~ 4 x 10s K, with an
uncertainty of 20%.

An Ha photograph taken on the same day (1988 May 15) is
also shown in Figure 1 (right); it contains several dark, elon-
gated filaments. Two of these have counterparts in the 91.6 cm
map with similar shapes,.positions, elongations, and orienta-
tions; they are designated by the letters A and B in the 91.6 cm
map. The smaller filaments seen in the north central regions
also seem to have 91.6 cm counterparts, but there is no
increased 91.6 crn emission in the vicinity of the dark filaments
that lie near the northeast and southeast limbs (marked C and
E on the 91.6 cm map).

The intense 91.6 cm emission detected near the equator on
the east limb (marked D) may be due to a coronal streamer.
Sacramento Peak coronagraph data (Solar Geophysical Data)
show coronal material in this region, as well as those that have
no detectable 91.6 cm radiation. No underlying active regions
or filaments were visible as the Sun rotated and the limb region
turned into view during the following days.

Depressions in the 91.6 cm radiation are found in the central
equatorial regions (hatched regions). They may be at least
partly due to coronal holes, but the only available He 10830
data, taken on May 14, do not exhibit a detectable equatorial
coronal hole. Examination of the 91.6 crn maps for shorter

time scales showed no evidence for variable features on time
scales of a few tens of minutes, so our data does not confirm
reports of such variations by Shevgaonkar, Kundu, and
Jackson (1988).

In. DISCUSSION

The similarity in shape, position, elongation, and orientation
strongly suggests that the radio emission from sources A and B
is associated with the underlying dark filaments detected in the
Ha photograph, but the radio emission could also be associ-

ated with bright Ha plage and their associated higher magnetic
fields. The most intense emission from source A coincides with
a dark filament rather than plage, and the most intense part of
source B corresponds to the largest part of the underlying
filament. Moreover, the weaker emission from both sources
has the same shape and orientation as the associated narrow,
elongated filaments. We therefore attribute the radio emission
to these filaments, while noticing that Ha plage might also play
a role in enhanced 91.6 cm emission.

We therefore interpret the regions of increased 91.6 cm emis-
sion around filaments (sources A and B) in terms of a hot
sheath that envelops the cooler Ha filaments; such a surround-
ing sheath is suggested by the fact that the radio wavelength
features are similar in shape to, but wider, longer and hotter
than, their optical counterparts. The mean 91.6 cm brightness
temperatures of TB ~ 3 x l0 s K, for example, lie between the
electron temperatures of the cool Ha filaments and the electron
temperature of the surrounding corona.

In order to gain a quantitative view of the transition sheath,
we compare our observations with the data and models given
by Kundu, Melozzi, and Shevgaonkar (1986). Their VLA
observations at the shorter 6 and 20 cm wavelengths indicated
radio depressions above Ha filaments, in comparison with the
hot surrounding corona, but a transition sheath was indicated
by the fact that the radio filaments are larger in size than their
optical counterparts and that the brightness temperature, Ts,
of the radio filaments increases with wavelength from Ta ~ 1.5
x 104 K at 6 cm to Tj,,, 5 x 104 K at 20 cm. Our higher

brightness temperature of TB ~ 3 x 105 K at the longer 91.6
cm wavelength can be explained by the larger optical depth of
thermal bremsstrahlung from the transition sheath at longer
wavelengths, and the fact that the 91.6 cm sheath is seen in
emission can be explained by the relatively low optical depth of
the low-density corona.

To be exact, we have assumed that the variation of tem-

perature with height in the transition sheath is that given by
Kundu, Melozzi, and Shevgaonkar (1986); their data resulted
from an assumed balance between the thermal energy con-
ducted in from the corona and the energy radiated away. These
temperatures, T, were then combined with three pressure
models to infer the electron density, N, and the equation of
transfer was solved assuming free-free emission with these
values of temperature and density. The three models were a
constant pressure model P = NT = 3 x 10_4 cm -3 K, and
two power-law models P = NT = aT", with a = 2.5 x 10 _7,
n=-0.58, and a=4 x 10_7, n=-0.62. The calculated
brightness temperatures of two models are shown in Figure 2
together with our measurements at 91.6 cm and those of other
observers at shorter wavelengths. This figure indicates that the
brightness temperature of the constant pressure model is too
high at both 20 cm and 90 cm, with respective values of TB ~ 9
x 104 K and T8 ~ 6 x 10s K. The power-law models are

more in accord with the observational data; at 20 em and 90

J
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FIG. Z--Calculated brightness temperatures for a constant pressure
P = 3 x 1014 cm -3 K (dashed line) and a power-law pressure P = 2.5 x 10 t_

T "°'ss with dT/dh = 0 at height h = 0 (solid line). The observed temperature
at 91.6 crn (filled circle) is from this Letter, whereas the other values (crosses,

open circles, open squares, and open triangles) are from Kundu, Melozzi, and
Shevgaonkar (1986) with their 6 and 20 em measurements increased by a factor

of 1.7 due to the detection of a software calibration error. The brightness
temperatures refer to mean values over the radio source.

crn they both produce respective values of Tn ~ 5 x 104 K and
Ta...3 x 105K.

So, the observed 91.6 cm structures that are associated with

these Hr, filaments may be interpreted as the thermal bremss-
trahlung of a hot (electron temperature T_ _ 3 x 105 K) sheath
that envelops a Ha filament. Such a sheath acts as the bound-
ary between the filament and the surrounding 106 K corona. A
loop thickness of L _ 10 9 cm, or about 1/50 of the
10' _. 5 x 10 t° cm extent of the radio sources A and B, may be
assumed; such a thickness is consistent with the models of
Kundu, Melozzi, and Shevgaonkar (1986). If the hypothesized
sheath were substantially thinner than the assumed thickness
of L _ 109 cm, then the optical depth for thermal bremsstrah-
lung would be much smaller, and the optically thin sheath
might not be detectable. And if the electron density of the
sheath was only slightly higher, then its plasma frequency
would exceed our observing frequency, and the sheath radi-
ation could not propagate out to be observed. Variable physi-
cal parameters of the sheath might therefore easily explain why
the elusive meter-wavelength counterpart of Ha filaments is
only sometimes observed; just the right thickness, electron
density, and electron temperature are required for detection.

Radio astronomical studies of the Sun at Tufts University
are supported under grant AFOSR-89-0147 with the Air Force
Office of Scientific Research. The Very Large Array is operated
by Associated Universities, Inc., under contract with the
National Science Foundation. The data presented in this
Letter were taken during collaborative long-wavelength solar
observations by Tufts University and the Observatoire de
Paris-Meudon, under the support of National Science Foun-
dation grant INT-8602285 and Centre National de la
Recherche Scientifique grant 920038.
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ABSTRACT

The Very Large Array (VLA) was used to study the evolution of a microwave burst at 20.7 cm wavelength

and a type I noise storm at 91.6 cm wavelength. Snapshot maps of the 20.7 cm emission show that the precur-
sor, impulsive and postburst phases originated in spatially separated sources, suggesting successive activation
in different coronal loops. Our observations show that a higher-lying 91.6 cm continuum source began to

brighten and change shape ~30 minutes before the onset of the 20.7 cm burst, possibly indicating an inter-
action between magnetic loops in these two spectral regions. Comparisons with off-band H:c images show that

these changes may have been associated with the disappearance of one of the active region filaments. The 91.6

cm level increased again a few minutes after the microwave burst, and this was immediately followed by the

onset of a type I noise storm. The sizes (0 = 1_5--2') and brightness temperatures (T m = 2-10 x 10: K) of the

20.7 cm burst sources were compared with those predicted by mu[tithermal and nonthermal models of micro-

wave burst emission in which the magnetic field strength and temperature are allowed to vary throughout the

source. Our results indicate that the multithermal model gives a better fit to the data, with magnetic field
strengths of B = 75-120 G at the locations of the bursts. These values are consistent with those inferred from

potential magnetic field extrapolations into the corona, using Kitt Peak photospheric magnetograms as
boundary conditions.

Subject headings: interferometry- polarization -- Sun: corona -- Sun: radio radiation

I. INTRODUCTION

During the past decade, high-resolution, VLA observations

of the Sun have provided valuable new insights to the physicaI

processes responsible for solar radio bursts. For example,

observations at 20 cm wavelength indicate that the regions of
energy release are usually located at the apex of coronal loops,

while bursts at shorter wavelengths are generally located along
the legs or feet of loops (Marsh and Hurford 1980; Alissan-
drakis and Kundu 1978; Lang and Willson 1984, 1986;

WiIIson 1983; Willson and Lang 1984). In some cases, preburst
changes in the active regions are detected as increases in the

intensity and polarization of the microwave emission on time
scales of a few minutes before the bursts (Kundu et al. 1982;

Willson 1984; Kundu and Lang 1985). These changes may be

related to preburst heating in coronal loops and to the reconfi-

guration of coronal magnetic field structures which subse-

quently trigger the impulsivephase. Recently, improvements at

the VLA have made it possible to study bursts at 90 ¢rn wave-

length with an angular resolution of ~ 5" when the array is in

the most extended configuration. At this wavelength, solar
noise storms are the most common type of solar activity,

although other types of bursts, such as type III may also be
detected (Willson et al. 1989). A typical noise storm consists of

a slowly varying, wide-band continuum with superposed
impulsive bursts (EIgaroy' 1977). The first VLA observations of

a solar noise storm showed that it had an elongated shape

(--.40" x 200") and contained four compact sources bf ~40" in

size (Lang and Willson 1987). The high-degree and sense of

circular polarization (p, -_ 95%) was consistent with previous

low-resolution observations which suggested that noise storm

emission is fundamental plasma radiation (Elgaroy 1977 and

references therein). The noise storm followed a soft X-ray burst

by _ 20 minutes, suggesting an outwardly moving disturbance

or triggering event originating from lower in the corona.

Recent VLA observations by Habbal, Ellman, and Gonzalez

(1989) did not show any clear correlation between the temporal
evolution of the emission at 20 and 90 cm, but in this paper we
provide evidence for interaction between magnetic loops

detected in the two spectral regions.

There is an uncertainty about which flare-related pheno-
mena are associated with noise storms. Numerous studies

• (Dodson and Doselman 1951; Das and Sethumadhaven 1953;

Davies 1953; Wild and Zirin 1956; McClean 1973) have sug-

gested that noise storms are associated with eruptive promi-

nences while Webb and Kundu (1978) have discussed examples

of noise storms that were related to eruptive filaments and

long-duration X-ray events outside active regions. Lantos et al.

(198 I) have also presented evidence for an association between

a noise storm, a long-duration X-ray event, and a coronal

transient. From an analysis of Skylab EUV data, Stewart,

Brueckner, and Dere (1986) found that the occurrence of major

type I metric noise storms is highly correlated with strong

changes in the coronal magnetic field structure and with newly

emerging flux. They concluded that storms are caused by large-
scaie rearrangement of coronal fields connecting active regions,

rather than by changes of fields within isolated active regions.

Theoretical investigations also suggest that emerging flux in

regions of strong preexisting coronal magnetic fields may play
an important role in the triggering of type I noise storms

(McClean 1981; Spicer, Benz, and Huba 1981; Stewart 1985).
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Thus, there is evidence that both microwave and deeimetric
bursts can be triggered by the interactions of magnetic loops.
Simultaneous observations at these wavelengths may therefore
provide insight to where in a loop or system of loops these
interactions actually begin while also providing constraints to
models of microwave burst emission and noise storms.

1I. OBSERVATIONS ,,

a) Impulsive Microwave Burst at 20.7 cm Wavelenoth

i) Time Profiles

The VLA (C/D hybrid configuration) was used to observe
the Sun between 1315 UT and 1622 UT on 1988 June 24.

Observations were made using the entire array simultaneously
at wavelengths of 20.7 cm (1446 MHz) and 91.6 cm (327.5
MHz) with respective bandwidths of 12.5 MHz and 0.781
MHz. During these observations, all 27 antennas were oper-
ating at 20.7 em wavelength and 22 were operating at 91.6 cm
wavelength. At these wavelengths the antenna beamwidths are
~ 32' (20.7 cm) and 145' (91.6 cm) with zero-hour angle synthe-
sized beamwidths of ~ 12".5 x 22" and 55" x 97". The data
were sampled every 3.3 s and calibrated from observations of
3C 48 every 40 minutes. These data were then used to make
CLEANed maps of the total intensity, I, and circular polariza-
tion or Stokes parameter V, at both wavelengths on intervals
as short as 3.3 s.

On 1988 June 24, the most active region on the Sun was AR
5047, located near the southwest limb (S17 W52 at 1600 UT).
This region had produced dozens of H_' flares and soft X-rays
burst during the previous few days, including several X-class
events (Solar Geophysical Data). At -,-1600 UT the region
produced one X2.4 burst which we detected at 20.7 cm at the
VLA. This event was followed ~ 40 minutes later by an X5.6-
class soft X-ray burst, but our observations had ended by that
time. Unfortunately the Solar Maximum Mission Satellite
(SMM) was in the nighttime part of its orbit during the X2.4
burst and thus could not provide complementary soft and hard
X-ray data. However, at -,, 1720 UT, the Coronal Polarimeter
(C/P) aboard the SMM did detect a coronal mass ejection
above the southwest limb. Since there were no other active

regions in the vicinity of AR 5047, the CME was almost cer-
tainly associated with one of the two X flares (J. Burkpile,
private communication, 1988).

In Figure 1 we show time profiles of the visibility amplitudes
between 1600 and 1620 UT at 20.7 cm and 91.6 cm wave-
lengths as observed on one of the shortest VLA baselines"
(fringe spacing of 250" at 91.6 cm and 55" at 20.7 cm.) The 20.7 - .
cm burst profile exhibits two impulsive (z < 10 s) spikes
(160626 and ~ 160647 UT) two faint precursors which precede
the impulsive phase by a few minutes, and finally a secondary
peak (-,-160810 UT) that occurs after the start of the gradual
decay phase.

In Figure 2 we show a plot of the GOES X-ray emission
during this same time interval as well as profiles of total flux at
eight wavelengths between 1.94 cm (15400 UT) and 122 era
(245 MHz) as recorded by the San Vito station of the Air Force
Solar Radio Patrol (courtesy of Ed Cliver). Note that the dura-
tion of the microwave burst is considerably shorter than that of
the soft X-ray burst. In fact, the GOES data showed that the
soft X-ray emission had not yet reached its.preburst level
before the second X-flare began at _ 1645 UT. In this figure
the original 1 s time _:esolution radio data have been averaged
over 3 s in order to provide a more direct comparison with the
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FiG. l.--Time profiles of a solar burst observed by one interferometer pair

of the VLA at 20.7 cm (14,I6 MHz] and 91.6 cm (327.5 MHz) during a 20

minute interval on 1988 June 24. Snapshot maps of the components (1--6) of

the 20.7 cm burst are shown in Fig. 4. VLA maps of the 91.6 cm emission are

shown in Figs. 7-9.

3.3 s VLA data. Notice that although the profiles are similar,
the peak flux at 21 cm is about a factor of 3 higher than shown
on the plot of visibility amplitude in Figure 1. This indicates
that the burst emission was larger than the 55" resolution VLA
baseline on which the correlated flux was measured.

Microwave spectra measured at different times during the
burst are also shown in Figure 2. They indicate that the flux
decreases sharply at the longer wavelengths, with a spectral
index of _, _ 0.8---0.9 below the spectral peak. In the case of the
two impulsive 20.7 cm spikes, the frequency of maximum emis-
sion may lie above the highest observed frequency of 15,400
MHz. These data also indicate that the microwave burst emis-
sion probably does not extend much below ~ 1415 MHz. The
absence of any obvious counterpart at 606, 410, and 245 MHz
may be due to Razin suppression or free-free absorption by
thermal plasma, both of which reduce the intensity of micro-
wave bursts at long wavelengths (e.g., Dulk 1985). The gradual
increase in intensity at 606 MHz starting at ~ 1608 UT, and
which appears to have a relatively narrow bandwidth, might be
attributed to a decimetric type IV continuum burst. Such
bursts are, for example, known to begin a few minutes after
impulsive microwave bursts (e.g., Kundu 1965; Dulk 1985).
The emission at 410 MHz and 245 MHz which exhibits a

gradual increase with superposed impulsive bursts may be
associated with what we believe to be a type I noise storm
detected at 327 MHz with the VLA (see § lib). In § III we use
the higher frequency data, together with our VLA results, to
estimate the magnetic field strength in the burst sources and to
test different models of burst emission.

146



m o

• .T.;

\

, , , • , , , , n , _ I | i i u a

%

==
i.

Z

o 0

2

£

(1"1._S) /LLISN30 xrl'ld

E_ =2
.£

m v m o w

:-_ __._

Z c

7

% % o % "_

(Iq-.IS) ,kllSN30 XPI7 -.I N

o

:°

r _0 "'3

'o £

ORIGINAL P;_'._E!S

147



(2O
CO

=-
t',J

q.)
c'-
::3

--3

E
r,j

p,.

148

u _'-o

u I;.=

._F- -

._=,_ P

m('_ c

_-_

.-=_

.E 8

"_ =

_:E-=E

_.-_-._
•= -_ -_ _.

!1 _5

[. -._N

__

__.__:_
__

= E

ORIGINAL PAGE IS

OF POOR QUALITY



860
WILLSON, LANG, AND LIGGETT Vol. 350

ii) VLA Maps of Quiescem 20.7cm Emission

In Figure 3 we compare a 20.7 cm VLA synthesis map of
total intensity with a Kitt Peak magnetogram taken on the
same day (courtesy of Jack Harvey and Kermit Smith). This
map was made using data from 1315-1555 UT, and therefore

represents the quiescent emission leading up to the impulsive
burst. Here we also show magnetic field lines that have been
extrapolated into the corona using a computer code kindly
provided by T. Sakurai. This program, described in detail by
Sakurai (1981), solves Laplace's equation to calculate potential
magnetic field lines using photospheric fields as boundary con-
ditions. Since Kitt Peak magnetograms are known to saturate
above ~ 100 G, the strong umbral fields (B _ 2400-2600 G
were corrected by using sunspot strengths and sizes obtained
from Mount Wilson, in a manner described by Gary and
Hurford (1988) who made similar comparisons with VLA data.

As shown in the figure, the most intense 20.7 cm emission is

concentrated in a looplike structure (0 _ 2' x 3') that lies along
an arcade of magnetic loops connecting the underlying sun-
spots. Its peak brightness temperature is Ts _ 3 x 106 K, and
there was no detectable circular polarization, (Pc < 10%), sug-
gesting optically thick thermal emission. Maps made for time
intervals ranging from 10 minutes to one hour revealed no
significant changes in structure, brightness, or polarization,
indicating that the 20.7 cm source was stable during the several
hours before the 20.7 cm burst. In this figure, the circle, cross,
and square mark, respectively, the locations of burst emission
during the precursor, impulsive and post impulsive phases of
the 20.7 cm burst shown in Figure I (see next section).

iii) VLA Maps of the 20.7 cm Burst

Figure 4 shows 3.3 s 20.7 cm wavelength maps of total inten-
sity at the peaks of the faint precursor and impulsive spikes

and during the decay phase. In order to more clearly dis-
tinguish the burst and quiescent emission, we first subtracted
the preburst visibility function at 1602 UT from the subsequent
burst data. As shown, the precursor has an elongated shape

• whose peak lies -.. 1' west of the quiescent 20.7 cm source
(denoted by a cross in the figure). Its peak brightness tern-

.. perature is Tn ~ 4 x l0 s K, and there was no detectable circu-
lar polarization.

Maps depicting the evolution of the main burst show that

the peaks of the two impulsive spikes (160626 and 160647 U'I)
lie at the same position as the quiescent emission. Each burst
has a half-power angular size of ~ 1_5 and a peak brightness
temperature of T8 _ l0 s K. There is no indication of circular

polarization above an instrumental uncertainty of Pc
15%-20%.

Notice that after ~ 1607 UT the emission, including the
gradual decay phase and the secondary impulsive burst at
160807 UT, lies ~ 2' south of the first two impulsive peaks. In
fact the maps show that this southern component began to
emerge within ~ 3 s after the second impulsive spike at 160647
UT, suggesting successive activation in an adjacent set of
loops. Although the burst is located near the limb, our maps
after 160807 UT showed no evidence for systematic changes in
position or size, as would be expected if the postburst source
were expanding or moving outward into the corona at any
velocity v > 10kin s -t.

In Figure 5 we show a Big Bear Observatory Hcc photograph
taken during the decay phase of the 20.7 cm burst. This pho-
tograph shows a number of H= flare ribbons which mark at
least two sets of flare loops. Inspection of a time sequence of
images shows that the pair of flare kernels, denoted by a_ and
a2, and located in the eastern half of AR 5047 appeared at
.,- 1600 UT, or several minutes before the first 20.7 cm precur-

HSO42f

16 06 50 ""

r606 26

160727

0
160647

3 . __,_,

F,G. 4.--VLA snapshot maps of the total intensity, I, at 20.7 wavelength during 3.3 s intervals at the times denoted by 1-6 in Fig. 1. The precursor (1) had no

detectable circular polarization and is spatially separated I'rom the subsequent impulsive bursts (2 and 3). The cross denotes the peak of the impulsive burst in (1), and

o['the peak of the quiescent emission shown in Fig. 3. The sources are resolved with a synthesized beamwidth of 12" x 30"; the angular scale may be inferred from the

60" spacing between the fiduclal marks on the axes. The contour intervals are in units of equal brightness temperature, T,, with an outermost contour and contour

interval oft m=4.4 x l0 s K (T, =4.4 x l0 s K) for (I) and an outermost contour and contour interval oft m=5.5 x 106 K(Tj_= 1.0x I0', 1.3 x 10 s,
7.7 x l0 T, 4.4 × 107, 5.5 x 107 for_2_3.4.5, and 6, respectively.
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sor. It is interesting to note that other observations have shown
that H_ emission can precede the impulsive phase by a few
minutes to tens of minutes, possibly indicating magnetic trig-
gering in adjacent loops (Martin 1980; Rust et al. 1981; Webb
1983). The second pair of kernels, bt and b2, located in the
western part of the region, appeared at ~ 1605 UT, or about
the same time as the impulsive emission. A coregistration of the
snapshot maps with this image shows that the peak of the ..
impulsive microwave emission is located about midway
between bt and b2. If these kernels represent the footprints of a
flaring loop, then the location of the 20.7 cm burst peak sug-
gests that the energy release occurred near the loop top.

b) Activity at 91.6 cm Wavelength

0 TimeProfile

Figure 6 shows plots of the correlated flux and circular
polarization between 1400 and 1620 UT. There are two groups
of type I bursts, one preceding (1448-1507 UT), the other fol-
lowing (1615-1620 UT) the 20.7 cm burst. These bursts are
superposed upon a slowly varying background level that is
punctuated by hundreds of low-intensity spikes whose dura-
tions are almost always less than the 3.3 s VLA integration
time. We also draw attention to the gradual increase of the
background intensity starting at ~ 1525 UT, and to the more
pronounced jump at ---1607 UT, or ~ 1 minute after the
second impulsive 20.7 cm burst (Fig. 1). Although the bottom
half of Figure 6 suggests a steady increase in circular polariza-
tion, we believe that this is an instrumental effect which is due
to the gradual resolution of large-scale unpolarized structure
on this baseline. Longer baselines, for example, show system-

atically higher and more constant degrees of circular polariza-
tion, while synthesis maps (excluding bursts) show no
systematic trends in the polarization of the dominant left circu-
larly polarized (p, _ 90%) source associated with AR 5047 (see
next section). We include the plot of p, only in order to illus-
trate relatively rapid changes in polarization (which could not
be due to change in resolution) such as occur during the first
group of type I bursts•

ii) Noise StormResolvedandPreburstEnhancement

Figure 7 shows a sequence of maps depicting the evolution
of the 91.6 cm emission from 1315--1600 UT, excluding the 20
minute interval between 1448-1507 UT, containing bursts.
Figure 7(a), for example, represents the slowly varying source
before the slow rise in intensityshown in Figure 6. During this
time the emission is resolved by the 1' × 2' synthesized beam
and concentrated in an elliptical source of ~3' × 5' in size
whose center is shifted limbward by ~3' with respect to the
active region and the 20.7 cm loop. The source has a peak
brightness temperature of Ts _ 3.5 × l0 T K and is 85% left
circularly polarized. Maps made on shorter time intervals
showed no significant changes in size or brightness tem-
perature, indicating that the 91.6 cm source was also relatively
stable during this period. Figure 7 however shows that between
1545-1600 UT the source began to brighten and extend to the
north, reaching a brightness temperature of T8 ~ 5 × 10 7 K at
1600 UT. Since there were no impulsive bursts during this
period (Fig. 6) this sequence of maps depicts a gradual evolu-
tion of the continuum source, rather than a rapid evolution
caused by bursting sources.

FIG. 5.--A Big BearObservatory off-band H,',(H,, + 0.6A)flltergramtaken at 161109UT showing the locationof flarekernelsfollowingthe microwaveburst.
Thekernels a_and a2appeared~ 5 minutesbefore the impulsivephaseof the burst; b_and b2werenearby coincidentwith it. The cross denotes the location of the
impulsivesource (21,shown in Fig.4.
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FIG. &--Time profile of the total intensity, I (top), and circular polarization, p, (bottom) observed with one intefferometer pair at 91.6 era wavelength on 1988 June

24. Here the data are plotted with a time resolution of 3.3 s. Spike-like bursts are superposed upon a slowly varying background that begins to increase ~ 30 minutes
before an intense microwave burst.
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FIG. 7.--VLA synthesis maps of total intensity, I, at 91.6 cm wavelength
between the indicated time intervals. The synthesized beam is shown in the
upper left hand panel• It has aft angular size of 65" x 114". The angular _ale

may be inferred from the 60" spacing between the fiduci-I marks on the axes.
The 91.6 cm source is seen to begin to change shape and elongate.~ 15 minutes

prior to the impulsive 20 ¢m burst shown in Fig. 1. The polarization remained
nearly constant at pc -_ 85% (LCP) throughout this time interval. The contour
intervals are in units of equal brightness temperature, T_, with an outermost
contour and contour interval of5 x 104 K.

The high brightness temperatures and degree of circular
polarization suggest that the emission is nonthermal and
associated with active-region magnetic fields. By way of com-
parison, VLA observations of the solar corona at 90 cm, reveal
large-scale (8 _- 3'-5') unpolarized structures with brightness
temperatures of T_ = 0.5--5 x 105 K (Lang, Willson, and
Trotter 1988; Shevgaonkar, Kundu, and Jackson 1988; Lang
and Willson 1989). These sources are not systematically associ-
ated with active regions and may delineate large-scale mag-
netic loops or filament sheaths whose brightness temperature
can be attributed to thermal bremsstrahlung emission.

The 91.6 cm source discussed here may in fact be the contin-
uum emission of a type I noise storm (Elgaroy 1977). In this
case, the sense of circular polarization should correspond to
the ordinary mode expected of plasma radiation in a unipolar
flux tube (Kerdraon and Mercier 1982). We therefore expect
the left circularly polarized emission to be associated with the
leading spot of positive magnetic polarity shown in Figure 3.
In fact, our potential magnetic field extrapolation indicates
that the 91.6 cm sources lie within either a large-scale loop
extending beyond the field of view or along open magnetic field
lines which are anchored to photospheric fields of the leading
spot of positive polarity. We may then estimate the height of
the 91.6 cm source if it assumed to lie radially above the
leading spot. From the position of the spot (S17 W52) and the
angular displacement of the source shown in Figure 7(a),
(A0 _ 33 we infer a height of h = 0.18 + 0.03 R o. This is in
agreement with the height inferred by Lang and Willson (1987)
for a noise storm observed at 327 MHz using the VLA.
Although it has been reported that noise storm centers are not
located radially above the associated active regions (Kerdraon
and Mercier 1982) the center of the quiescent source (from
1300-1545 UT) does appear to project nearly radially above
the leading spot in the active region. The brightening at its
northern end may represent newly accelerated particles radi-
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afing in this part of a diverging flux tube that bends upward
and crosses the equator, possible connecting to a distant active
region.

iii) Impulsive Bursts

Snapshot maps of the 91.6 cm impulsive emission are shown
in Figures 8 and 9. Here, the preburst visibility level has also
been subtracted before making these maps. The emission from
groups of bursts shown in Figure 6 originates in an elliptical
source (t9 _ 3" x 5") whose position is coincident with that of
the slowly varying sources shown in Figure 7. In all cases, the
emission was 90%-100% left circularly polarized, with peak
brightness temperatures of T8 E 1.5-5 x 107 K. These values
are characteristic of type I bursts, but the 3.3 s observations
may have integrated the emission of several such bursts or
chains of bursts which have durations, _ of less than .,-1 s

(Elgaroy 1977). In this case the true brightness temperatures
would exceed those observed, by a factor of approximately
(3.3/z):.

Although the structure of the 91 cm emission varies from
peak to peak, there was no evidence for a systematic shift in
position of successive bursts for either group at any velocity
u > 150 km s- t. Van Nieukoop (1986), for example, found that
at 243 MHz, some groups of type I bursts showed a systematic
angular displacement with time, suggesting disturbances

FIG. 8.--VLA 3.3 s snapshot maps at 91.6 em wavelength of total intensity,

I, and stokes parameter, V, at the peaks of two impulsive bursts shown in Fig.

6. The synthesized beamwidth is shown in the upper left hand panel. It has an
angular size of 55" x 90". The angular scale may be inferred from the 60"

spacing between the fidueial marks on the axes. The countour intervals are in
units of equal brightness temperature, T,, with an outermost contour and
contour interval of 5 x 104 K.

moving with apparent velocities of up to 15,000 km s- t.
The coincidence in position as well as the similarity in the

degree of circular polarization of the continuum and type I
burst suggests that both are emitted in a region of about the
same magnetic field strength and density. Our magnetic field
extrapolations indicate a magnetic field strength of B _ 10 G
at the position of the 91.6 cm burst. If the type I emission
propagates in the ordinary mode at the fundamental of plasma
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Fro. 9._VLA snapshot maps of the total intensity, I, at 91.6 cm wavelength during 3.3 s intervals at the times indicated. The 9 t.6 cm source is shifted with respect
to the 20.7 cm one (Fig. 3) by an angle 0 = 3' towards the limb• The synthesized beamwidth is shown in the upper left hand panel. It has an angular size of 50" x 95".
The angular scale may be inferred from the 60" spacing between the fiducial marks on the axes. The contour intervals are in units of equal brightness temperature, Tm,
with an outermost contour and contour interval of 3.2 x l0 '6 K.
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frequency, vp, (Dulk 1985; Kai, Melrose, and Suzuki 1985;
Melrose 1985, 1987) then v.i_ > vp > va, where v8 = 2.8 x 104
B is the gyrofrequency. At v._ = 327.5 MHz, this corresponds
to an electron density ofN, = 1.3 x 10 9 cm -3 and B < 116 G,
which is consistent with our field extrapolations.

Ill.DISCUSSION

a) Correlated Activity at 20.7 crn, 91 cm and Optical
Wavelengths

Our data at 20.7 cm and 91.6 cm wavelength show intriguing
correlations between activity at these two wavelengths. For
example, our 91.6 cm maps (Fig. 7) indicate that the region
emitting the storm continuum began to increase in size and
intensity about 30 minutes before the impulsive 20.7 cm burst.
Although a group of type I bursts occurred earlier at the same
location, they apparently did not initiate this increase. The 91.6
cm continuum level again abruptly increased a few minutes
after the 20.7 cm burst, and this was followed ~ 15 minutes

later by another group of type I bursts. These results may
suggest a feed-back mechanism in which interactions of large-
scale loops trigger burst activity in lower lying loops and vice
versa.

The onset of the increase 91.6 cm (Fig. 7) may have also been
related to changes in one of the active regions filaments. In
Figure 10 we show two Big Bear Solar Observatory off-band
H', (H_,-0.6 A) filtergrams illustrating that a portion of one end
of the filament, marked A, disappeared sometime between 1537
UT and 1543 LIT. Later frames (after 1600 UT) show the pre-
sence of filament material in that area. The time gap (1537-
1543 u'r) was due to a gap in the data leaving one not knowing
whether there was a true eruption and reappearance of this
portion of the filament or, if line of sight motion in the filament
was greater than 30 km s-_, it might not have been visible at
this wavelength. More subtle changes at the other end of the
filament (marked B) can be seen on BBSO filtergrams between
1546-1548 UT. Various small motions and weak brightenings
were noted at both ends of this filament from 1505 UT. The

filament lies in the vicinity of the two Ha kernels (a I and a2 in
Fig. 5) that appeared at 1600 UT, but is displaced from the
sunspot that marks the footpoints for the open magnetic field
lines that thread the 9L6 cm emission.

Filaments have long been known to exhibit preflare activity,
often showing upward motions or reconfiguration tens of
minutes before flare onset (Martin and Ramsey 1972; Webb,
Krieger, and Rust 1976). These activations are often accompa-
nied by changes in the photosphere or chromosphere which
have been taken as evidence for the evolution or emergence of
magnetic flux (Rust 1976; Kundu and Woodgate 1986). The
newly formed magnetic loops can then interact with existing
magnetic fields, thereby providing the triggering mechanism
for microwave bursts (/-Ieyvaerts, Priest, and Rust 1977). Fila-
ment activity can also apparently result in the production of
nonthermal electrons. Webb and Kundu (1978) found a close
temporal and spatial association between erupting filaments
and noise storm continua, while Webb, Krieger, and Rust
(1976) showed that X-ray, and microwave gradual rise and fall
peaks follow the end of filament disappearances by tens of
minutes. Finally, preburst activity at 6 cm wavelength, includ-
ing an increase in intensity and polarization, has also been
associated with motions and changes in a nearby filament
(Kundu et al. 1985).

At least one theoretical model has been proposed that

AND LIGGETT Vol. 350

relates noise storms to changes in magnetic fields, and presum-
ably to filament activity (Spicer, Benz, and Huba 1981). In this
model shock waves are generated at the boundary of newly
emerging flux and the ambient corona, thereby accelerating the
particles that produce the type I bursts. Although this model
may explain our observations, confirmation may have to wait
until VLA images of noise storm sources are correlated with

" simultaneous high time resolution magnetograms which
resolve changes in photospheric magnetic fields.

b) Estimates of Ma#netic Field Strength in the 20.7 cm Burst
Sources

In this section we combine our measurements of the sizes
and brightness temperatures of the 20.7 cm burst components
with the solar radio patrol data shown in Figure 2 to estimate
the magnetic field strength in these sources. In particular we
consider two models of burst emission developed by Dulk and
Dennis (1982), called multithermal and nonthermal models,
which make specific predictions about the size and brightness
temperature of a microwave burst source as a function of fre-
quency. These models assume that the impulsive emission at
hard X-rays and microwaves comes from the same population
of electrons and that the source can be described as a set of
loops which confine the highest energy electrons to a compact
core. In the multithermal model, the average electron tem-
perature, T, and magnetic field strength, B, both decrease with
radius from the center of the core according to the power laws

\rmin/

where r,,_, is the core radius (r > r,,_). Tm_, and Br,,, are the
maximum temperature and magnetic field strength in the core,
and "r and ,va are related to the X-ray photon number index,
a x, and the microwave spectral index, %, by

6
rt T =_

2% - 3

7ara,_ - 2,-_ r - a.. + 22
a B

18 - 22:t,.

• Here, ,,,,, is obtained from the optically thick region of the
microwave spectrum (at v < v,....) where the flux density
increases with frequency as S o: ¢" oc Av2T, tt and where A is
the projected area of the source and T,. is the effective bright-
ness temperature.

For the nonthermal model, it is assumed that the energy
electron distribution is a power law of index/_ = a. - 0.5 and
that only the magnetic field strength varies with distance from
the core. In this case the microwave spectral index is related to
aB by

a,,, = 2.9 - (0.9aB + 2){1.2 +/;)
%(0.2 + 6) - 1

Using the equations for a gyrosynchrotron-emJtting source
given by Dulk, Melrose, and White (1979) and Dulk and
Marsh (1982), Dulk and Dennis (1982) derive expressions for
the flux, brightness temperature, size and magnetic field
strength as a function of frequency for both the multithermal
and nonthermal models. For both models, one must know the
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FIc. 10.--Big BearObservatory off-bandHa(Ha - 0.6A)imagesshowingthe disappearanceof a sectionoffilament (A)between153757UT and 154319UT.

flux, S ..... at the turnover frequency, vNx, the hard X-ray spec-
tral index, etx, and the core size, r,._.. For the multithermal
model, one must also know the effective brightness tem-
perature T,..., at the peak frequency corresponding to r = r.,i..
Since there were no ha_d X-ray observations during this burst,
we have made calculations for a range of values of% = 3.5-7.0,
which are consistent with those inferred from other observa-
tions (e.g., Dennis 1989). For the multithermal model, we
assumed a core temperature of T,_, = 5 x l0 s K, a value that
is somewhat higher than the brightness temperature observed
during the impulsive phase. For this model the core radius at a

given time was derived using this T., u and the observed flux
density at the peak frequency (see eq. I I of Dulk and Dennis
1982). Since the nontherma[ emission does not depend on Tm_,
we could not calculate the nonthermal core radius in this way.
Instead, we followed the procedure outlined by Dulk and
Dennis (1982) and assumed a set of values ranging from r,,i, ffi
2-15 x 108 era, corresponding to core angular sizes of 0 =
5."5--40". These sizes bracket the range of burst sizes we recently
observed at 2 cm and 3.5 crn wavelength using the VLA
(Wilison et al. 1990).

The results of our calculations are given in Table 1. Here we
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TABLE I

OBSERVED AND DERIVED PARAMETERS FOR DIFFERENT TIMES DURING THE 20.7 cm BuFu_'r

Angular

T. size

UT (K) (')

MULTITHERMAL MODEL NON'tHERMAL MODEL

Angular Angular

Spectral S B T s size B Ts size

Index (S F"'0) v,_,_
(GHz) _ (G) (It) (3 6 (G) (K) (3

160626 ..... I x I0 s 1.0 x 1.5

160647 ..... 1.3 x 10 s 1.0 x 1.5

160807 ..... 5.5 x l07 !.4 x 1.5

160927 ..... 2.2 x 107 1.5 x 2.0

0.85 600 . :'15.4 5 42 I.I x I0 s 1.3 6.0 155 I.I x I0a 1.3"

0.72 705 > 15.4 5.5 35 1.5 x 10 s 1.3 6.0 130 1.4 x 10s 1.4"

0.92 327 ~8.8 3.g 75 5.3 x 107 1.6 6.0 270 5.9 x I07 1.5b

0.80 117 ~8.8 3.5 160 l.g x 107 1.9 6.0 640 2.5 x I07 1.7b

• rmm _ l X I0 _ cm.

br= m= 1.5 x 10 9cm.

give the peak brightness temperature, half-power angular size,
spectral index, and peak flux and frequency for each of four
different 20.7 cm burst components, together with the magnetic
field strength, angular size and brightness temperature for the
best-fit multithermaI and nonthermal models.

Our results show that for a given T=.._ and r=_., the multi-
thermal model gives a satisfactory fit for spectral indices of
,'7x = 3.5-5.5 and magnetic field strengths of B --35-160 G.
These values of B are consistent with those obtained from our
potential field calculations which indicate field strengths of
B = 75-120 G at the locations of the burst sources. However,
the fact that the magnetic field strength in the nearly cospatial
sources at 160807 and 160927 UT differ by about a factor of
two may suggest that our assumption of a constant core tem-
perature of T=u = 5 x I0 s K is incorrect. With T,,., = 1 x l0 s
K and _ = 5 at 160927 UT, for example, we derive a magnetic
field strength of B = 115 G, closer to the value inferred for the
secondary impulsive peak at 160807 UT. These models also
predict magnetic field strengths of B = 10-25 G and angular
sizes of e = 4'-8' at 91.6 cm. However, since the observed emis-
sion at this wavelength is probably due to plasma radiation
and not to gyrosynchrotron emission (the long wavelength
counterpart of the microwave burst is very likely attenuated by
thermal plasma, see § II b[i]), the brightness temperatures and
sizes of the 91.6 cm sources provide no useful constraints on
these models.

For the same values of r=_,, the nonthermal model predicts
consistently higher magnetic field strengths and smaller
angular sizes than are observed at 20.7 cm. This is because the
source size decreases less rapidly with frequency in the non-
thermal model, than in the multithermal model. In order to get
the observed sizes of 1'.5, we require larger core sizes ofr=i . =
1-1.5 x 109 cm (corresponding to angular sizes of 28"--40").
However with these larger values of r=i,, the nonthermal
model predicts magnetic field strengths that are probably too
high. At the turnover frequency of 15.4 GH_ for example, the
expected core magnetic field strengths are B=.,, = 2500 G, or
about equal to the field strengths in some of the spots. In
contrast, the corresponding core strengths in the multithermal
models are B,,., ". 125-220 G. In view of this difficulty, Ne
therefore conclude that the multithermai model provides a
better explanation for these data.

IV. SUMMARY

We may summarize our main results as follows:
1. The VLA snapshot maps show that the precursor, impul-

sive, and postimpulsive phases of the 20.7 cm burst are located

in spatially separated sources, suggesting activation in different
coronal loops or systems of loops. The hot precursor source
apparently interacted with an adjacent one, leading to the
explosive release of energy during the impulsive phase. The
system of coronal loops then seems to have relaxed to a more
stable state when yet another nearby source emitted the decay
phase. These results are similar to those obtained by Machado
et al. (1988), who showed that X-ray flaring activity usually
involves two or more interacting magnetic dipoles within an
active region, with an initiating dipole impacting against an
adjacent one.

2. The gradual enhancement of a 91.6 cm noise storm contin-
uum source about 30 minutes before the microwave burst
together with subsequent type I bursts suggests that some sort
of feed-back mechanism may exist between activity in higher
lying loops and lower lying ones. The additional observation of
filament activity lends support to this idea, although further
observations at radio, X-ray, and optical wavelengths are
needed to confirm it.

3. The inhomogeneous source models of Dulk and Dennis
(1982) were used to estimate the magnetic field strength in the
20.7 cm burst sources. The brightness temperatures and sizes of
these sources, together with microwave data from solar radio
patrol instruments are probably more consistent with a multi-
thermal rather than a nonthermal gyrosynchrotron-emitting
source. The derived magnetic field strengths at 20.7 cm for the
nonthermal models are B = 35-160 G, with core field strengths
of B = 125-220 G. The nonthermal models require core field
strengths of B = 2500 G, which, though comparable to the

• strengths in the underlying sunspots, are considerably higher
than expected for sources located in the solar corona.
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i

ABSTRACT

Full-disk VLA synthesis maps of the quiet Sun indicate that filaments can

be seen in emission at 91.6-cm wavelength; they are detected in absorption at

shorter microwave wavelengths. The 91.6-cm emission has a brightness

temperature of T B = 3 x I05 K. It is hotter, wider and longer than the

underlying filament detected at Ra wavelengths, but the similarity between the

shape, position, elongation and orlen_ation of the radio and optical features

suggests their close association. The 91.6-cm emission is attributed to the

thermal br4msstrahlung of a hot transition sheath that envelopes the Ha

filame'nt and acts as an interface between the cool, dense Ra filament and the

hotter, rarefied corona. The transition sheath is seen in emission because of

the lower optical depth of the corona at 90-cm wavelength, and the

width of this sheet is 109cm. A power law gradient in pressure provides a

better match to the observations than a constant pressure model;

definitive tests of theoretical models await simultaneous multi-wavelength

studies of filaments st different observing angles. When the thermal

bremsstrahlung is optically thin, the magnetic field strength in the

transition sheath can be inferred from the observed circular polarization.

Variable physical parameters of the sheath, such as width, electron density,

and electron temperature, can explain controversial reports of the detection

of, or the failure to detect, the meter--#avelength counterpart of Ha

filaments.

Subject headings: Sun: filaments - Eun: prominences - Sun: radio radiation

Sun: coronal loops - Sun: magnetic fields
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I. INTRODUCTION

Filaments are cooler than the surrounding corona, and therefore appear as

depressions in the quiet Sun background at centimeter wavelengths (Gary, 1986;

Kundu, Melozzl and Shevgaonkar, [986); the cool filaments can also appear as

depressions at millimeter wavelengths (Schmahl, Bobrowksy and Kundu, 198[).

Regions that overlie filaments can now be detected using the VLA at the longer

91.6-cm wavelength; the higher temperatures produce regions of increased

emission when compared with the surrounding quiet Sun background.

Previous observations have, however, led to an ongoing controversy

about the optical counterparts of the quiescent, or non-flarlng, solar

radiation at meter wavelengths. A statistical study of numerous

one-dlmenslonal Nancay scans suggested that many quiescent meter-wavelength

sources are associated with filament corridors as seen on Ha synoptic

maps (Axisa et al., 1971), but subsequent two-dlmenslonal maps indicated

that most filaments have no radio counterpart at meter _.avelengths

(Allssandrakis, Lantos and Nicolaldis, 1985; Lantos et al., 1987).

The VLA provides an order-of-magnitude improvement in angular resolution

over all previous meter-Wavelength investlgatlons of the quiet Sun and might

therefore help resolve this controversy. The first VLA observatlons of the

quiescent coronal at 92-cm wavelength indicated no systematic assoclatlon of

any of the radio sources with any optical counterpart, including active

regions, filaments, sunspots and the magnetlc neutral line in the underlying

photosphere (Lang, Willson, and Trotter, 1987). Full disk VLA observations

by Shevgaonkar, Kundu, and JackSon (1988) indicated that the 90-cm sources may

be Indentlfled as streamers above Ha filaments. However, our comparison of

Hvar Obs.Bull. 13 (1989) 93-111
95
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their data with Ha observaclqns (Solar Geophysical Data) indicates that man? of the

intense 90-cm sources do not overlie Ra filaments.

One probable source of confusion is noise storms, the most common form

of solar activity at meter wavelengths. The numerous type I bursts and

background continuum of noise storms have bee_ associated with coronal loop

structures detected during Skylab at soft X-ray wavelengths (Stewart and
t

Vorpahl, 1977; Cergely, Kundu, Golub and'_ebb, 1980) as well as with

large-scale EUV loops (Stewart, Brueckner and Dere, 1986). VLA observations

at 91.6-c= wavelength confirm the locacton of noise storms in large-scale

magne:ic loops that either overlie coronal loops within individual active

regions o_ connect these regions with more distant areas on the Sun (Lan E and

Willson, 1987); such conclusions were also anticipated by metric wavelength

observations with the Nancay Radioheltograph (tantos-Jarry, 1970; Mercier et

al., 1984). Detection of the meter-vave!ength counterpart of filaments

requires observations when the incense noise storms are not present.

In this paper we present ViA 91.6-cm synthesis maps during quiescent

periods without any noise storm activity. In Section II we show chat there is

an excellent association of some 91.6-cm sources u-lch Ha filaments. The radio

filaments are enhanced over the surrounding quiescent emission, rather than

depressed. Not all Ha filaments, however, exhibit detectable 91.6-cm

counterparts. In Section III we interpret some quiescent 91.6-cm sources in

terms of the thermal radiation of a sheath overlying a Ha filament, and with

temperatures intermedlace between those of Its Ha counterpart and the

surrounding corona.

96 Hvar Obs.Bull. 13 (1989) 93-111
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II: OBSERVATIONS

The Sun was observed with ;he VLA in the C/D hybrid conflgurarlon between

1315 and [610 UT on [5 _y [988 using 27 antennas at 20.7-cm wavelength

(1446 _z) and 19 antennas at 91.6-cm wavelength (327.5 HRz) with respective

bandwidths of 12.5 and 3.125 b_z. The full-dlsk synthesis maps at 20.7-cm are

given elsewhere (Lang and Willson, |989a), where they are used to identify

active regions that interact via large-scale, trans-equatorial magnetic loops.

Here we focus on the fu[l-dlsk 91.6-cm synthesis map shown in Figure i (left).

Although all four Stokes parameters were sampled, there was no detectable

circular polarization, so our three-hour synthesis map refers to the total

intensity, I. Burst data have been removed prior to making th_s synthesis

map. The details of calibration procedures are given in Lang and _illson

(1989b).

The contours of the resulting map (Figure l, left) mark levels of equal

brightness temperature, TB, with an outer_os_ contour of TB - 7.8 x 10& K,

a contour interval of 7.8 x 104 K, and peak brightness tempeature of TB =

7.8 x 105 K. The mean brightness temperatures of the elongated sources marked

A and B are, for example, estimated to Be TB ~ 3 x 105 K above the

surrounding quiet Sun level of T B ~ 4 x 105 K, wlth an uncertainty of 20

percent.

An Ha photograph taken on the same day (15 t_y 1988) is also shown in

Figure I (right); it contains several dark, elongated filaments. Two of these

have counterparts in the 91.6-cm map %_th similar shapes, positions,

elongations and orlentations; they are designated by the letters A and B

in the 91.6-cm map. The smaller filaments seen in the north-central regions

also seem to have 91.6-cm counterparts, but there is no increased 91.6-cm

emission in the vlclni_y of the dark filaments that lle near the north-east an

south-east limbs (marked C and Z on the 91.6-cm map).
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The incense 91.6-cm emission detected near the equator on the east limb

(marked D) may be due to a coronal streamer. Sacramento Peak coronagraph

data (Solar Geophysical Data) show coronal material in this region, as well as

chose chac have no detectable 91.6-cm radiatlon. No underlying active regions

or filaments were visible as the Sun rotated and the llmb region turned in to

view during the following days.

Depressions in the 91.6-cm radiation are found £n the central equatorial

regions (hatched regions). They may be at least partly due to coronal holes,

but the only available He 10830 data, taken on 14 May, do noC exhibit a

detectable equatorial coronal hole. Examlnaclon of the 91.6-cm maps for

shorter time scales showed no evidence for variable features on time scales of

a few-tens of minutes.
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162



Lang: Radioemission from quiescent filaments

lII. DISCUSSION

The similarity in shape, position, elongation and orletation strongIy

suggests chat the radio emision from soucres A and B is associated with

the underlying dark filaments detected in the Hc photograph, but the radio

emission could also be associated with bright Ha plage and their associated

higher magnetic fields. The most intense emission from source A coincides

with a dark filament rather than plage, and the most intense part of source

B corresponds to the largest part of the underlying filament. Moreover,

the weaker emission from both sources has the same shape and orientation as the

associated narrow, elongated filaments. We therefore attribute the radio

emission to these filaments, whle noticing that Rs plage might also play

a role in enhanced 91.6-cm emission.

We therefore interpret the regions of increased 91.6-cm emission around

filaments (sources A and B) in terms of a hot sheath that envelops the cooler Ha

filaments; such s surrounding sheath is suggested by the fact that the radio

wavelength features are similar in shape to, but wider, longer and hotter than,

their optical counterparts. The mean 91.6-cm brightness temperatures of T B ~ 3

x 105 K, for example, lie between the electron temperatures of the cool Ra

filaments and the electron temperature of the surrounding corona.

In order to gain a quantitative view of the transiton sheath, we compare

our observations with the data and models given by Kundu, Melozzi and

Shevgsonkar (1986). Their VLA observations at the shorter 6 and 20 cm

wavelengths indicated radio depressions above Ha filaments, in comparison

with the hot surrounding corona, but a transition sheath was indicated by the

fact that the radio filaments are larger in size than their optical

coonterparts and that the brightness temperature, TB, of the radio filaments
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increases with wavelength from T B ~ 1.5 x 104 K at 6 cm to T8 ~ 5 x 104 K at

20 cm. Our higher brightness temperature of T B - 3 x 105 K at the longer

91.6-cm wavelength can be explained by the larger optical depth of thermal

bremsstrahlung fro_ the transition sheath at longer wavelengths, and the fact

that the 9[.6-cm sheath is seen in emission can be explained by the relatively

low optical depth of the Iow-denslty corona. The brightness temperature

contribution of the corona has been taken into account by subtracting the

background solar disk temperature in obtaining our filament brightness

temperature of T B ~ 3 x 105K. If the transition sheath is observed as optically

thin bremsstrahlung during future observations, the magnetic field strength can

be inferred from the observed circular polarization.

_e have assumed that the variation of temperature with height in the

transition sheath is that given by Kundu, Helozzl and Shevgaonkar (1986);

their data resulted from an assumed balance between the thermal energy

conducted in from the corona and the energy radiated away. These

temperatures, T, were then combined with three pressure models to infer the

electron density, N, and the equation of transfer was solved assuming free-

free emission with these values of temperature and density. The three

models were a constant pressure model P = _ - 3 x 1014 cm -3 K, and two

power law models P - NT - aT n, with a - _5 x 1017 , n - - 0.58 and

a - 4 x 1017, n - - 0.62. The calculated brightness temperatures of these

two models are shown in Figure 2 together wlth our measurements at 91.6 cm and

those of other observers at shorter wavelengths. This figure indicates that

the brightness temperature of the constant pressure model is too high at both

20 cm and 90 cm, w&th respective values of TB - 9 x I04 K and T8 - 6 x 105 K.

The power _aw models are more in accord with the observational data; at 20 cm

100 Hvar Obs. Bull. 13 (1989) 93-111
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and 90 cm they both produce respectl.ve values of T B ~ 5 x lO 4 K and T 8 ~ 3 x

[05 K. Also note that the 20 cm point is an average of several observations for

different observing angles, so this difference cannot account for the result.

Derailed model comparisons await future multi-wavelength studies of the same

filament aC the same time for different observfng angles.

So, the observed 91.6-cm structures that are assoclated with these 8=

filaments may be interpreted as the thermal bremsstrahlung of a hot (electron

temperature T e - 3 x I0 5 K) sheath that envelops a H_ filament. Such a sheath

acts as the boundary between the filament and the surrounding million-degree

corona. A loop thickness of L - I0 9 cm, or about one fiftieth of the I0' - 5 x

i0 [0 cm extent of the radio sources A and B, has been inferred by deconvolving

the observed radio width, to take into account the beamwidth, and using the

convolution relation to subtract the observed width of the R_ filament. Such a

thickness is consistent wlch the models of Kundu, Helozzi and Shevgaonkar (1986).

If the hypothesized sheath were substantially thinner than the assumed

thickness of L - [09 cm, then the optical depth for thermal bremsstrahlung

would be much smaller, and the optically-thin sheath might not be detectable.

And if the electron density of the sheath was only sllghtly higher, then its

plasma frequency would exceed our observing frequency, and the sheath

radiation could not propagate out to be observed. Variable physical

parameters of the sheath might therefore easily explain why _he elusive meter-

wavelength counterpart of Ha filaments is only sometimes observed; Just the

right thickness, electron density and electron temperature are required for

detection.
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Discussion

Chiuderi Drago: In the figure that you hove shown, Kundu etal.

report the observed brightness temperature corrected for the

coronal emission T _ . Did you apply this correction to your
c c

data? if not, the data can not be compared. In the positive

case, which coronal parameters did you use to calculate T c _?

Lang: Our point for the brightness temperature of filament

emission at 92 cm wavelength is the observed data corrected

for the observed bacMground emission of the corona as seen

against the quiet Sun away the filament. We have not applied

the Kundu et al. correction to our data. We assumed that they

knew what they were doing in correcting their own data.
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FIG. I. A three-hour Very Large Array (VIA) synthesis ,_p of the total

intensity, Ip from the visible solar disk at 91.6-cm (left) is compared with

an Ha photograph (right) taken at Boulder Solar Observatory - at [415

UT on the same day (15 May 1988, courtesy of Pat McIntosh). The synthesized

beamwldth is denoted by the small black spot in the lower right-hand

corner; it has angular dimension of 80" x 55" at a position angle of -20 ° •

The circle in the 91.6-cm map denotes the visible solar llmb, and the tick

marks denote solar north and south. _adio wavelength emission from dark,

elongated filaments in the H_ photo are designated by A and B in the 91.6-cm

map. Filaments C and E did not correspond to enhanced 91.6-cm emission while

source D probably coincides with a coronal streamer. The hatched regions in

the central equatorial regions correspond to depressions in the 91.6-cm

emission.
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Lang: Radio emission from quiescent filaments

FIG. 2. Calculated brightness temperatures for a constant pressure

P - 3 x I0|& cm -3 K (dashed llne) and a power law pressure P - 2.5 x 1017

4-0.58 with dT/dh - 0 at height h - O. The observed temp6rature at 91.6-¢m

(filled circle) is from this paper, whereas the other values (crosses, open

circles, open squares and open triangles) are from Kundu, Melozzl and

Shevgaonksr (1986) with their 6 and 20 c= measurements increased by a

Factor of 1.7 due to the deteetlon of a software calibration error. The

brightness temperatures refer to mean values over the radio source.
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S.- FLARE STARS AT RADIO WAVELENGTHS
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ABSTRACT. The radio emission from dMe flare stars is discussed

using Very Large Array and Areclbo observations as examples. Active

flare stars emit weak, unpolarized, quiescent radio radiation thatmay be

always present. Although thermal bremsstrahlung and/or thermal

gyroresonance radiation account for the slowly-varying, quiescent

radio radiation of solar active regions, these processes cannot

account for the long-wavelength quiescent radiation observed from

nearby dMe flare stars. It has been attributed to nonthermal

gyrosynchrotron radiation, but some as yet unexplained mechanism must

be continually producing the energetic electrons. Long-duration

(hours), narrow-band (A_/_ < 0.i) radiation is also emitted from some

nearby dMe stars at 20 cm wavelength. Such radiation may be attributed

to coherent plasma radiation or to coherent electron-cyclotron

masers. Impulsive stellar flares exhibit rapid variations

(< i00 msec) that require radio sources that are smaller than the

star in size, and high brightness temperatures T B > 1015 K that

are also explained by coherent radiation processes. Quasi-periodic

temporal fluctuations suggest pulsations during some radio flares.

Evidence for frequency structure and positive or negative frequency

drifts during radio flares from dMe stars is also presented.

i. INTRODUCTION

Pioneering single-dish observations in the 1970s showed that dwarf M

flare stars accaslonally emit radio bursts with.wxtremely high flux

densities and brightness temperatures of T B > I0 Iz to 1015 K if the

radio source is comparable to the star in size (see Lang and Willson

(1986b) and Kundu and Shevgaonkar (1988) for some historical details).

Such powerful radio flares are extremely rare, sporadic and brief,

however, leading many to suspect that they might be confused with

terrestrial interferance. Moreover, identification by correlation

with optical flares could not be relied on, for different radiation

mechanisms often dominate in the two spectral domains.
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Interferometric observations with the Very Large Array (VIA) have

unambiguously differentiated stellar radio emission from terrestrial

interferance, and the large collecting area of both the VIA and the

Arecibo Observatory have enabled detection of the relatively weak radio

flares that are presumably more frequent than the more powerful ones,

One survey, for example, indicates that flaring emission can be

detected for about _0% of flare stars nearer than l0 parsecs and

visible with the VLA (White, Kundu and Jackson, 1990). Under the

assumption that the radio source s_ze is equal to the stellar radius,
brightness temperatures of TB = lO _ to i0 lO K and TB = l09 to l0ll K

have been inferred for the detected stars at 6 cm and 20 cm wavelength,
respectively.

Although the observed radio luminosity from stellar flares is only

about one thousandth the luminosity observed at X-ray or optical

wavelengths, the radio emission is still thousands of times more

powerful _han solar radio flares, and it serves as an important

diagnostic tool for studies of stellar coronae. Such studies have

been carried out in detail for the most active dwarf M flare stars

listed in Table 1. They are all nearby _[e stars that show evidence

for chromospheric activity in the form of Ca II, Mg II and Ha emission
lines.

Table 1. Accurate 6 cm positions, spectral type, Sp, quiescent flux density, SQ6, at 6 centimeters

wavelength, peak flaring flux density, Sra0, at 20 centimeters wavelength, distance, D, in parsecs,
and the logarithm of the quiescent X-ray luminosity, log L=, for radio-active flare stars.

Star R.A.(1950.0) Dec.(1950.0) Sp See Sr2o D log Lz
h m s • , , (mJy) (mJy) (pc) (ergs -x)

L 726-8A'" 01 36 33.314 - 18 12 23.20 dMS.Se 1.0 20 2.7 27.5

UV Ceti'" 01 36 33,404 - 18 12 21.56 dM6e 3.2 100 2.7 27.5
YY Gem 07 31 25.691 +31 58 47.23 dMle 0.4 1 14.5 29.5

YZ CMi 07 42 02.962 +03 40 30.39 dM4,Se 0.5 20 6.0 28.5
AD Leo I0 16 52.604 +20 07 17.59 dM3.Se 1.1 100 4.9 29.0

Wolf 630A,B 16 52 46.455 - 08 15 13.715 dM4.5e 0.9 3 6.2
AT Mic t 20 38 44.4 - 32 36 49,5 dM4.5e 3.6 6 8.8 29.3
AU Mic 20 42 04,558 - 31 31 17.50 dM0e 0.8 26 8.8 29.8

EQ Peg A tt 23 29 20,910 +19 39 41.11 dM5e 0.3 25 6.4

"Adapted from Kundu et al. (1987), and Jackson, Kundu and White (1989) for the 6 cm data,
with positions accurate to 0°.1 or better.

*'The separation and position angle of L 726-8A and L 726-8B (I.TV Ceti)/s 2".080 4- 0".080
at 38°.0 + 1°.9,

tSouthern component of a fully resolved binary whose components are both active radio
emitters; the nothern component lies about 3".6 away at a position angle of about 15 °.

ttQuiescent emission from both component of EQ Peg A, B h_ been previously detected
with respective 6 cm fluxes of 0.7 and 0.4 mJy and an angular separation of about 3".0

(_ C_ (19s5)).
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This review will focus on these radio-active dMe stars. _q_ey

include the very few cases in which we can detect the relatively weak

(a few mJy), quiescent radio flux of the star (see Section 2),

Long-duration, narrow-band radio flares (Section 3) have also been

observed from several of these stars; they are unlike anything
observed on the Sun.

Powerful (up to 200 mJy), impulsive ( a few minutes) radio

flares are also emitted by these stars. Such flares exhibit rapid

variations (Section h.l), quasi-periodic fluctuations (.Section h.2),

both narrow-band and broad-band features (Section 5 ) and positive

and negative frequency drifts (Section 5 ).

Figures 1 and 2 illustrate such flares for the dMe star EQ Pegasi.

They are often up to 100% circularly polarized. Successive oppositely

polarized flares have been detected for EQ Pegasi (Fig. 2) and

AD Leonis (Willson, Lang and Foster (1988)), suggesting the presence

of both magnetic polarities; but YZ Canis Minoris always exhibits

left-handed circular polarization that remains the same over a wide

range of wavelength (6 cm to 90 cm), suggesting a global, dipolar

magnetic field that is viewed pole-on (Kundu and Shevgaonkar (1988)).
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Figure i. A previously unpublished VLA observation of the total

intensity, I, at lh20 MHz (21 cm) from the dwarf M star EQ Pegasi.

The flaring emission has a total duration of minutes, with components

on shorter time scales of seconds or less. The radiation is up to

100 percent circularly polarized (see Fig. 2).
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2. QUIESCENT RADIO _ISSION FROM dMe FLARE STARS

Unpolarized radio radiation that is nearly always present, and shows

only slow variations with time, has been termed quiescent radio

emission to distinguish it form the highly variable, brief radio flares

that are often highly circularly polarized. The quiescent emission has

flux densities of a few mJy at 6 cm wavelength (see Table 1 and

Gary (1985)). It was at first attributed to thermal radiation from the

same electron population that gives rise to the stellar X-ray emission

(also see Table i). If this were the case, it would be consistent

with the Sun's slowly varying radiation at centimeter wavelengths; the

solar radiation is due to either t_ermal bremsstrahlung or the thermal
gyroresonance radiation of hot (lO K) electrons trapped within coronal

loops that radiate strongly at X-ray wave/engths.

Nevertheless, thermal emission from the stellar coronae observed

in X-rays cannot easily account for the quiescent radiation. Thermal

bremsstrah!ung of the X-ray plasma is so optically thin at 6 cm

wavelength that its flux density is one or two orders of magnitude

below the detection limit of the VLA - even when the X-ray plasma

covers the entire surface of the nearest flare star.
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" -75
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Figure 2. The difference between the left-hand circularly polarized

(LCP) and right-hand=dircularly polarized (RCP) radiation from the

dwarf M star EQ Pegasi at 1420 MHz (21 cm). Up to i00 percent

circularly polarized radiation is emitted with opposite senses, or

directions, for successive bursts (courtesy of Robert F. Willson).
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The optical depth can be enhanced for the gyroresonance of thermal
electrons in relatively strong magnetic fields. Short-wavelength

< 6 cm) quiescent emission might then be explained by optically thick

gyroresonsnt radiation of the high-temperature tail of the X-ray

emmitting plasma (Gudel and Benz, 1989). In this case, the radio data

require electrons that are at a higher temperature than the average

X-ray emitting electrons, and they are probably emitted from a source

that is much larger than the star. The maximum observed flux density,

S, is given by the Rayleigh-Jeans law, and the radius of the emitting

source is therefore given by:

SD 2 2

R2 1013 _ cm ,
= v2T

where S is the source flux denisty in Jy, D is the distance in cm, T_
is the temperature in K, and the observing frequency is _ = 2.8 x lO _

nH Hz for the n th harmonic in a magnetic field of strength H. Radii
comparable to those of the dwarf M stars are only obtained for low

flux densities, S = ! mJy, short wavelengths, k < 6 cm, high

temperatures T > l0 _ K, and nearby dMe flare stars, D < l0 pc.

Thermal gyroresonance radiation cannot explain the long-

wavelength, k > 20 cm, quiescent radiation where higher flux densities
of S = 2 to 20 mJy have been observed (Lang and Willson, 1986 a,

Bastian and Brokbinder, 1987, Gudel and Benz, 1989). The radio source

would have to be tens to hundreds of times larger than the star with

implausibly intense magnetic fields at these remote locations. This

long-wavelength radio emission has been attributed to nonthermal

gyrosynchrotron radiation.

The gyrosynchrotorn hypothesis requires a hotter corona with

smaller sizes and lower densities than the gyroresonance model, but

there must be a currently - unexplained, steady source of energetic
electrons. Both models have been discussed by Kundu et al. (1987);

because the gravitational scale height is comparable to the height

of the stellar coronae, magnetic structures are required to confine

the radio-emitting plasma. The coronae of nearby _e flare stars

therefore bear a closer resemblance to the Earth's magnetosphere than

to the Sun's corona. We do not know if the relevant magnetic

structures on the flare stars are due to several small active regions

or to a global dipolar field, and we do not know how the radio-

emitting electrons interact with the X-ray emitting plasma. The

long-wavelength quiescent radiation might alternatively be due to

continued, low-level, narrow-band, coherent radiation that resembles
radio flares from these stars.

3. LONG-DURATION, NARROW-BAND EMISSION

Eelatively intense(S - i00 mJy), narrow-band (A_/v < 0.i) radiation

lasting for several hours has been observed at 20 cm wavelength in

several flare stars (Lang and Willson, 1986; White, Kundu and

Jackson, 1986_ Kundu et al., 1987; Lang and Willson, 1988). These
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long-duration events are slowly variable, so they might be more

energetic version of the process that accounts for the quiescent
radiation• However, the long-duration, narrow-band radiation is

highly circularly polarized, so its polarization bears a closer
resemblance to the stellar flares than to the unpolarlzed quiescent

radiation.
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Figure 3. A five-hour VLA observation of the total intensity of
the radiation from the dvarf M star YZ Canis Minorls in a 50 MHz

bandwidth centered at lh6h.9 _.LHz. The radiauiou is i00 percent

].eft-hand circularly polarized. Its narrow-band frequency szracture
is illustrated in Fig. h. (adapte6 from imug an5 Wiilscn (1936a)).

The long-duration, narrow-ban5 highly polar!ze5 radiation (see

Figures 3 and h) is unlike any flares observed on the Sun, and

cannot be easily explained using the solar analogy. '_-heenergy

release mechanism lasts at least an order of magnitude longer than

solar flares, and is difficult to understand if magnetic re_onnection

is the source of energy for the stellar flares (kqn!ze, }:undu and
Jackson, 1986). The narrow-band s=ructure cannot be attributed to

continuum emission processes such as thermal bremsszrahLung, therr.al

gyroresonant radiation, or nontherr_.al g_-rosynchrotr:n radia=ion; it

may be due to coherent mechanisms like electron-cyclotron masers or

coherent plasma radiation. Both mechanisms require a magnezic field

to produce the high circular polarization - either at the site of

radiation production or during subsequent propagation of initiallv
unpolarized radiation.

The coherent radiation processes provide consZraints on the

physical conditions in the coronae of flare stars (Lang, 1986). _

upper limit to the electron density" in the source is given by the

requirment that the observing frequency must be greater than the
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Figure 4, Frequency spectrum of the left circularly polarized
radiation from YZ Canis Minoris for the interval marked E in Figure 1.

Here the total intensity is plotted for 15 contiguous channels, each

B.125 MHz wide, for the 10-second interval. These data, as well as

those for other intervals lettered in Fig. 3, show evidence for narrow-
band radiation with a bandwidth Av < B0 MHz, or Av/v - 0.02.

(Adapted from Lang and Willson (1986a)).
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plasma frequency for the radiation to propagate out and reach the

observer; at 20-cm wavelength this requires N e < 2.5 x l0 l0 cm-3.

If an electron-cyclotron maser emits at the second or third harmonic

of the gyrofrequency, then a coronal magnetic field strength of

H = 250 G or 167 G is required to explain the 20 cm radiation.

Coherent plasma radiation at the second harmonic of tbe plasma

frequency requires an electron density of N e = 6 x l0 _ cm -B. If

coherent plasma radiation dominates, then the plasma frequency must

be larger than the electron gyrofrequency, thereby providing an

upper limit to the magnetic field strength H < 250 G.

h. TEMPORAL STRUCTURE OF RADIO FLARES

h.l Rapid Variations

Radio flares from the dMe star AD Leonis near 20 cm wavelength consist

of rapid (< i00 milliseconds), highly-polarized lup to 100% left-hand

circularly polarized) spikes whose rise times provide stringent limits

to the size and brightness temperature of the radio source. Such

rapid variations were first observed by Lang et al. (1983) using the

Arecibo Observatory (see Figure 5). They have been confirmed by

Bastian et al. (1990) using the same radio telescope, and by Gudel,

et al. (1989) whose simultaneous observations with the radio

telescopes in Effelsberg, Jodrell Bank and Arecibo substantiated the

common origin of the radiation and eliminated any remaining doubts

about its stellar origin (the time coincidence of flares observed at

the three sites was vithin 0.4 seconds).
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Figure 5. These observations, taken at lh00 MHz (21 cm) with the

Arecibo Observatory, indicate that highly left-circularly polarized

(LCP) radiation from the dwarf M star AD Leonis consists of rapid

spikes whose duration x < 100 milliseconds. The emitting source must

be much smaller than the star in size.(Adapted from Lang et alo (1983)).
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The spikes labeled 1,2 and 3 in Figure 5 have rlse times T < 200

milliseconds, and upper limits of T < 20 milliseconds have been

observed. An upper limit to the linear size, L, of the emitting

region is provided by the dis£ance that light travels in time, T, or

L < c x T. A light-travel time of 20 milliseconds indicates
L < 6,000 km, which is less than 1% of the stellar diameter. If

the burst emitter is symmetric, it has an area less than 0.0003 of

the stellar surface area, and the brightness temperature,

TB, is T B > 1015 K.
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FiEare 6. Observations of AD Leonis at lh15 MHz (21 cm) with the

Areclbo Observatory indicate quasi-periodic pulsations with an

amplitude modulation of " 50 percent and a period of " 0.7 seconds

(top). The dynamic spectrum (bottom) indicates that the pulsations

are broad-band with bandwidths Am > h0 MHz. (Adapted from Bastian
et al. (1990)).

4.2. Quasi-Periodic Fluctuations

Radio flare emission from AD Leonis has also been resolved into a

multitude of broad-band, quasi-periodic fluctuations called pulsations.

Such pulsations have been reported by Lang and Willson (1986), Gudel
et al. (1989) and Bastian et al. (1990); and example is shown in

Figure 6. The typical interval between pulses is about 1 second, which
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is comparable to that of solar decimetric pulsations. The AD Leo

pulsations are up to 100% circularly polarized; they are coherent
across the observing bandwidths of up to 100 MHz. They might be

attributed to oscillations in a coronal loop with dimensions of about

5,000 km, which is close to the upper size limit inferred from the

light-travel time.

5. FREQUENCY STRUCTURE OF RADIO FLARES

Observations of the radio radiation intensity as a function of both

time and frequency (dynamic spectra) can independently confirm the
small size of the radio emitter and provide insights to the relevant

plasma processes. Dynamic spectra of UV Ceti near 20 cm wavelength

(Bastian and Bookbinder, 1987) indicated, for example, both broad-

band (> h0 MHz) and narrow-band (Av/v < 0.002) features. The narrow-

band emission is most likely due to a coherent radiation mechanism. A

spectral component with a width, A_, of 0.2 percent of the central

frequency, v, puts an upper limit on the source diameter of 200 km,

assuming a scale height of one stellar radius, the largest reasonable.

If an electron-cyclotron maser is responsible, the magnetic field

strength H_ 250 G and the electron density Ne < 109 cm -3.
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Figure 7. These Arecibo observations of the dynamic spectra (lower

panel) of the h30 MHz (70 cm) radiation from the dwarf M star YZ Canis
Minoris indicate a sudden reduction feature, in (a), with a drift in

frequency of 250 MHz/s from high to low frequencies, as well as other
narrowband and drifting features in (b). (Adapted from Bastian et al.

(1990)).
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Dynamic spectra of the radio radiation from the dMe flare stars

AD Leo, YI Cmi and UV Ceti show considerable complexity, with both

narro_-b_nd and broad-band features, and both positive and negative

frequency drifts (Bastian and Bookbinder, 1987; Jackson, Kundu, and

White, 1987; Bastian et al.,'1990). The example shown in Figure 7

has a negative drift of 250 MHz per second from high to low

frequencies. Such a negative drift is commonly observed in the Sun

(eg. type II and type IiI bursts) suggesting electron beams or shock

waves than propagate outwards in the stellar corona. But positive

frequency drifts have also been observed for flare stars, suggesting

a distrubance that propagates downward in the stellar corona and

progressively excites plasma radiation at higher frequencies (larger

electron densities).

Thus, there is clear evidence for apparent frequency drifts and

narrc_-band features in radio flares from dMe stars, but their

interpretation is currently open to question. They could be due to

the progagation of an exciter, group delays or some other cause.

6. DISCJSSiON

To sum up, the quiescent radio radiation from dMe stars might be due

to exceptionally hot thermal electrons, nonthermal electrons, or near

continual coherent flaring. The high brightness temperatures, strong

circular polarization and narrow frequency extent of long-duration

radio events require a coherent plasma process, as does the more

impulsive stellar radio flares. The cyclotron maser could explain many

aspects of the flaring emission (Dulk, 1985), but several other

coherent radiation processes might be involved (KuiJpers, 1989;

Mullah, 1989). When the correct radiation mechanisms are identified,

perhaps as the result of future observations with broader bandwidths,

we can ac:urately specify the physical parameters in the stellar
coronae.

Different processes probably dominate at different wavelengths,

as they do on the Sun, and both solar and stellar flares must be

related to magnetic fields. Past theoretical studies of solar radio

radiation can therefore provide a useful background for exploring

plausible radiation mechanisms. However, the direct analogy of the

Sun as a radio flare star is probably a mistake; the Sun is the wrong

spectral _._e, and its radio flares are so weak that they would be

undetectable at the distance of the nearest star. In addition, solar

flares have near-simultaneous signatures at optical, radio and X-ray

wavelengths, while flaring radio emission from the dMe stars is often

undetectable in other regions of the electromagnetic spectrum (see for
instance Kundu et el. (1989)). The available evidence therefore

indicates that radio flares from dwarf M flare stars are physically
very different from those occuring on the Sun.
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RODONO: Can you spend a few words on the correlation between microwave

and hard X-ray flares on the Sun and stars?

LANG: Although the solar analogy would predict a correlation between

microwave and hard X-ray emission, such a correlation will not exist on

many flare stars because their radio emission is not continuum synchro-
tron radiation. The radio emission of dwarf M flares is often narrow-

band _f/f<0.02), high brightness temperature (TB>I0**15 K), and some-

times of long total duration (hours). However, sifm_itaneous observations

across the electromagnetic spectrum from X-ray to optical to radio

should be encouraged to search for correlations and to increase the net
observational time on these stars.

PALLAVICINI: I would like to comment on the question just raised by Dr.

Rodono. On the Sun, there is a very good correlation between X-ray and

radio microwave emission both during the impulsive phase a_ during the
gradual phase of flares. This apparently is not the case for flare

stars. We have carried out a detailed comparison of EXOSAT and VLA

observations of 4 flare stars (cf. Kundu, Pallavicini, White and Jackson

1988, Astron. Ap. 195, 159), and we have found virtually no correlation

between the two data sets. This shows that there are other processes

going on on stars as Dr. Lang just pointed out.

BROMAGE: This is a co_nent. As Professor Rodono said, it is necessary

for investigating the impulsive phase, to observe hard X-rays, greater

than 20-30 keY. There has not been any possibility of observing such
flares so far.

LANG: The GRO satellite will provide such an opportunity after it is

launched next June. I would expect a possible correlation of hard X-rays
with short centimeter radiation or millimeter radiation.

BENZ: The energy radiated in radio emission by a typical (dMe) radio

burst is at most 10"'26 erg. If it is a coherent emission process such

as cyclotron maser, the electron energy may be as low as 10"'28 erg.

This is a small number compared to the observed energies in the optical

and soft X-ray regimes. Thus the absence of correlation is less

surprising.

LANG: I agree. The energy emitted during radio flares is less than that

radiated at optical and soft X-ray wavelengths, and this difference may

become less for coherent emission, but the difference in any event does

support a lack of correlation, and different radiation mechanisms for

the radio and other spectral regions.
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ABSTRACT. VLA observations at 20-cm wavelength specify the brightness

temperature and magnetic structure of plasma constrained within coronal

loops in solar active regions. Comparisons with simultaneous SMM

observations at soft X-ray wavelengths lead to measurements of physical

parameters llke electron density, electron temperature and magnetic

field strength. Such comparisons also indicate coronal loops can be

detected at either radio or X-ray wavelengths while remaining invisible

in the other spectral domain, and that the dominant radiation

mechanisms can be thermal bremsstrahlung or thermal gyroresonance
radiation. VLA observations at the longer 90-cm wavelength reveal the

thermal emission of a hot transition sheath enveloping a cooler,

underlying Ha filament seen in absorption. The 20-cm VLA observations

indicate that the precursor, impulsive and post-flare components of

solar flares originate in spatially separated and resolved sources.

I. INTRODUCTION.

This paper provides a brief overview of recent discoveries by the Tufts

University group using the Very Large Array (VIA) to study the coronal

plasma under the support of the AFOSR and NASA (Section 5). More

detailed accounts can be found in the references given in this
introduction and in Section 6. Ground-based VLA observations at 20-cm

wavelength can detect the hot coronal plasma previously detected by

space-bourne X-ray telescopes; detailed comparisons of simultaneous

data (SMM and VLA) indicate that physical parameters can be obtained

(Section 2), but that some coronal loops are invisible in either

spectral domain (Lang, Nillson, Smith and Strong 1987a,b). At the

longer 91.6-cm wavelength, the VLA detects more extensive emission
interpreted as a hot 105 K interface between cool, dense Ha filaments

and the hotter enveloping rarefied corona (Section 3, Lang and
Willson, 1989). The unparalleled spatial resolution of the VLA at

20-cm wavelength has shown that the precursor, impulsive and post-flare

components of solar bursts originate in nearby, but separate, coronal
loops or systems of loops (Section 4, Wlllson, Lang and Liggett, 1990).
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2. QUIESCENT 20 CM AND X_RAY EMISSION FROM CORONAL LOOPS

The development of aperture synthesis telescopes llke the Very Large

Array (VLA) has permitted ground-based observations of coronal loops

at 20-cm wavelength; the quiescent, or non-flarlng, loop emission has

brightness temperatures, TB, comparable to the milllon-degree coronal

electron temperature. A comparison with simultaneous soft X-ray images

of comparable angular resolution and field of view (Fig. I) indicates

that X-ray coronal loops can be imaged at 20 cm.

_0 Om 2'

Figure I. A comparison of soft X-ray (SMM FCS - left) and 20-cm

(VLA-rlght) images of an active region. Here the sunspots are denoted

by small black dots with a circle around them (cf. Lang at al. (1987a))

Soft X-ray spectral lines have been used to determine the electron

temperature, Te, and electron density, Ne, of the X-ray emitting plasma

that spatially coincides with the 20-cm radiation; for the data shown

in Fig. i, average values of Te = 3.0 ± 0.I x 106 K and N e - 2.4 ±

0.4 x 109 cm -3 were obtained. The quiescent X-ray radiation is

attributed to thermal bremsstrahlung. The 20-cm emission is optically

thin with optical depths T - Te/T B = 0.3. The thermal bremsstrahlung

of the X-ray emitting plasma ought to be optically thin at 20 cm, but

its thermal gyroresonance radiation should be optically thick at this

wavelength. Thermal gyroresonance radiation ,,,st account for the

intense 20-cm radiation near and above sunspots where no X-ray

radiation is detected (also see Fig. I).
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503

Although 20-cm VLA observations of the quiet Sun reveal the ublgultous

coronal loops anchored within solar active regions, the VLA results at

the longer 91.6-cm wavelength reveal quiescent emission from more

extensive structures (angular sizes 8 = 3') that are not associated

with active regions (Fig. 2 right and left). The 91.6-cm features are

similar in shape, position, elongation and orientation to dark Ha

filaments; but the radio structures are wider and longer, and they are
detected in emission rather than absorption. This 91.6-cm emission has

been interpreted as the thermal bremsstrahlung of a hot (105K),

transition sheath that envelopes the cooler Ha filaments and acts as an

interface with the hotter surrounding corona. This transition sheath

has been previously detected in absorption with lower brightness
temperatures at shorter wavelengths of 6 and 20 cm (Rao and Kundu,

1980; Kundu, Melozzi, and Shevgaonkar, 1986).

Variable physical parameters of the transition sheath can

explain controversial reports of the detection of, or the failure to

detect, the meter-wavelength counterpart of Ha filaments. If the

sheath were substantially thinner, then the optical depth would not be

large enough for detection of its 91.6-cm bremsstrahlung; and if the

electron density of the sheath was much higher than Ne = 109 cm -3, then

its plasma frequency would exceed our observing frequency and the

sheath radiation could not propagate out to be observed.

Moy 15,19_B _ cm91 6 cm . "_"_--'" . ._ _, 20 7

i

@ l •

Figure 2. The quiescent 91.6 cm (left) and 20./ cm trignt) emission
from the Sun. The 20.7-cm contours delineate actlve-region coronal

loops with a peak brightness temperature of TB - 2.5 x 106 K, while

the 91.6-cm contours show more elongated structures that are not

associated with active regions and have a peak TB = 7.8 x 105 K.

(Adapted from Lang and Wlllson (1989)).
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Figure 4. VLA snapshot maps of the total intensity, I, at 20.7-cm

wavelength during 3.3-second intervals at the times denoted by 1 to 6

in Fig. 3. The precursor (I) is spatially separated from the

subsequent impulsive bursts (2 and 3). The post-burst, or decay, phase

(5, 6) originates in another spatially separate source that first

becomes detectable during the end (4) of the second impulsive burst

(3). The angular scale can be inferred from the 60" spacing between

the flduclal marks on the axes. The contour intervals are in units of

equal brightness temperature, TB, with an outermost contour and contour

interval of TB = 4.4 x 105 K for i, and TB = 5.5 x 106 K for the

others five images. The maximum value is TB_ax = 4.4 x 106 , 1.0 x 108 ,
1.3 x 108, 7.7 x 107 , 4.4 x 107 and 5.5 x 10/ K for 1, 2, 3, 4, 5

and 6 respectively. (Adapted from Willson, Lang and Liggett (1990)).

These results suggest that solar flares are triggered by

interacting coronal loops; emerging coronal loops may interact with

adjacent ones, leading to the explosive release of magnetic energy

stored within them. Evidence for the magnetic triggering of solar

flares by interactng and reconnecting coronal loops has been provided
by previous VLA observations at 20 cm and 6 cm wavelength (Kundu et

al., 1982; Kundu and LanE, 1985). The system of coronal loops then

relaxes to a spatially-dlfferent configuration during the decay phase.
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DISCUSSION

CHIUDERI DRAGO: The filament brighmess temperatures given by Kundu et al. are not
the observed ones, but they have been corrected for the coronal contribution. The coronal
parameters used by Kundu et al. correspond to a coronal pressure p = 0.2 dyne/era 2, one
order of magnitude larger than the pressure at the top of the transition region, in their
"variable pressure model" - this inconsistency does not affect very much the data at short
(_. < 21 cm) wavelengths, but it would affect very much the Tb at 90 cm. If the parameters
you used for the coronal contribution subtraction are the same as those used by Kundu et
al., the agreement with the "variable pressure model" gives an inconsistency. If you take,
for the computation of the coronal contribution, parameters in agreement with the variable

pressure model, then you cannot compare your data with the Kundu et al. ones.
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VAN BALLEGOOIJEN: Have you ever observed polarization in filament radio emission7

LANG: Our observations of filament emission at 90 cm wavelength were unpolarized,
probably because the thermal radiation of the 105 K plasma was optically thick. However,
these were the first such observations. So, when the Sun becomes less active, we hope to
observe some emission that is optically thin and circularly polarized. This will let us
determine the shape and strength of the filament magnetic field for the first time. We also
hope to carry out strict tests of the theory by observing the same filament at several
wavelengths, say 2, 6, 20 and 90 cm, and for varying angles between the line of sight and
the magnetic field.

GELFREIKH: How do the size and shape of the radio (90 cm) filaments compare with
optical (Ha) filaments?

LANG: The 90 cm filaments have the same size, shape, position and elongation as the
underlying Ha filaments, but the radio emission is wider and longer. The transition sheath
is thought to be about 100 km thick. We should be able to measure this thickness in future.
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ABSTIL_CT We discuss observations of a highly-circuiarly polarized

multiply-impulsive microwave burst detected by the Very Large Array and

the Phoenix Digital Radio Spectrometer. The VLA was used to resolve the

burst in two dimensions, while PHOENIX provided high time resolution

information about its spectral properties. During part of the burst,

positive frequency drifts were detected, suggesting inwardly propagating

beams of electrons emitting Type III-like radiation.

i. INTRODUCTION

It is generally believed that gyrosynchrotron radiation from nonthermai

_l_ctr_s _an _p_a_n the properti_ _f _ost _olar m_row_vo h,r=r=,

including their brightness temperature, polarization and bandwidth.

Recent observation using wide-band dynamic spectrographs have, however,

discovered multiply-impulsive (r< i00 msec) bursts including spikes,

pulsations and decimetric type III bursts whose narrow bandwidths and

frequency drifts require a different explanation such as plasma radiation

or electron-cyclotron maser emission (eg. St_hli and Benz 1987). Practically

nothing is known about the spatial properties of these events since they

have only been detected with @ingle dish instruments with poor angular

resolution. Here we discuss some spatially resolved observations of

a narrow band decimetri¢ burst using the VLA and the Phoenix Digital

Radiospectrometer.

2. COORDINATED OBSERVATIONS OF MICROWAVE BURSTS

The Very Large Array was used to observe the Sun between 1300-2300 UT on

June 25 and 27, 1989 as part of the Max 91 Campaign. Observations were

made simultaneously at 1446 M'Hz (20.7 ¢m) and 327 MI{z (91.6 ¢m) with a

time resolution of 1.67 s. They were coordinated with observations at

the Nancay Radioheliograph (164 and 327 MHz) and with the PHOENIX Digi-

tal Radio Spectrometer (ten frequencies each between 301 and 356 MHz and

1265 and !525 _mz- 20 msec _ime resolution) in order to study the spatial,

temporal and spectral properties of decimetric bursts.

Figure la shows an example of a burst detected by the VIA and PHOENIX

at 1446 Ml_z. It consists of.several impulsive spikes, each of 20-30 sec-

onds in duration, csverin_ a period of a few minutes. There was no
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evidence for burst emission.,at 327 MHz, nor wasthere a soft or hard X-ray

burst detected by the SMM or GOES satellites. Snapshot maps (Fig. ib)

show that the bursts are compact (8=.:25-30") and highly circularly pol-

arized (p 90-100 %). Co-registratlon of these maps with a SOON Ha image
taken at _ 17 UT showed that the burst was located above a faint optical

flare lying between two active regions _N25, E21)

a

• i . . , . i • , • . ) , • i i

16 IO t6hzo m
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,Figure i. a) Time profile of the burst detected with one ot the short

VLA baselines on 1989 June 25. b) VLA 3.3 s snapshot maps at times i,

2 and 3 shown in Fig. la. The brightness temperature contours5for the

! and V _s are dr_wn _t intervals of Tb= 8 x I0 and 4 x I0 K, res-
pectively. Fiducial marks on the axes are drawn every 60".

The PHOENIX spectral data showed that the emission drifted from high

to low frequencies near the time of the most intense peak (3) (_+750

MS,z/set) suggesting an inwardly-propagating beam of electrons. Broad-

band emission was detected at most other times. Although the positions

of the bursts shifted from peak to peak (Ae-10"), these changes were not

systematic, as would be expected for a source moving through the corona.

Nevertheless, this cvcnt may be-related te the decimetric type III events

(St_hli and Benz 1987) whose narrow bandwidths and frequencydrifts

suggest a coherent emission mechanism, such as plasma radiation or

electron-cyclotron maser emission.

3. ACKNOWLEDGEMENTS

Radio astronomical studies of the Sun at Tufts University are supported

under grant AFOSR-89-0147 with the Air Force Office of Scientific Research,

and by NASA £rant NAG-5-501.

4. REFERENCE

St_h!i, M., _nd Benz, A.O. (1987) 'M_crowave Emission of Sola= "

Electron Beams', Astronomy and Astrophysics 175, 271-276.

196

OR PAeE |S
OF POOR QUAUI"Y



THEASTROPHYSICALJOURNAL,357:662--671,1990July 10
c_; 1990 The American Astronomical Soocty. All tights rNcrvcd. Primed in U.S.A.

V, MULTIPLE-WAVELENGTH ANALYSIS OF ENERGY RELEASE DURING A SOLAR FLARE:

THERMAL AND NONTHERMAL ELECTRON POPULATIONS

ROBERTF. WILLSON,t KARL-LUDWIG KLEIN, 2 ALAIN KERDRAON,2 KENNETH R. LANG,1 AND
GERARD TROTTET2

Received1989September25; accepted 1990January 1J

ABSTRACT

Collaborative solar investigations by Tufts University and the Observatoire de Paris have resulted in simul-
taneous radio observations with the Very Large Array (VLA) and the Naneay Radioheliograph (NR), com-

parisons of this radio data with X-ray observations, and theoretical interpretations of the dominant radiation
mechanisms during a weak impulsive solar flare observed on 1988 May 28. The VLA has mapped the flaring
structures at time intervals of 3.3 s, showing that the preflash and flash-phase components of the impulsive

emission originate in spatially separated sources. The 20.7 cm preflash source is ascribed to thermal gyrore-
sonance emission from coronal loops with typical magnetic field strengths of up to 270 G; this emission is
associated with heating and exhibits no detectable hard X-ray radiation above 30 keV. The flash-phase 20.7
cm source and the hard X-ray emission are attributed to nonthermal electrons in the coronal and chromo-

spheric portions of a magnetic loop. The combination of imaging observations at 20.7 and 91.6 cm excludes
emission from a confined hot plasma during the flash phase.

Subject headings: radiation mechanisms -- Sun: corona -- Sun: flares -- Sun: radio radiation

1. INTRODUCTION

Energy release during solar flares proceeds through several,
observationally distinguishable steps: soft X-ray and radio
wave signatures of interacting magnetic structures and of the
heating of coronal loops can be observed during the preflare
phase, i.e., minutes before the onset of the impulsive energy
release revealed by the hard X-ray onset (see reviews by Priest
et al. 1986; Van Hoven and Hurford 1986; Kundu 1986). The
frequent presence of suprathermal electrons in the corona
during the preflare phase is revealed by decimeter-wave emis-
sion (Benz et al. 1983). During large bursts, the impulsive
phase, which starts with the first detectable hard X-ray emis-
sion above about 30 keY, has been shown to consist of two

parts, termed preflash phase and flash phase, respectively. Pre-
flash emission is characterized by weak hard X-ray emission

and by metric type III bursts. At the transition from the pre-
flash phase to the flash phase, the hard X-ray spectrum starts
hardening, the decimetric-to-metric radio wave emission is
shifted to higher frequencies, and the full scale of electromag-
netic emission from energetic particles, going from "p-rays to
radio waves, appears nearly simultaneously (Benz et al. 1983;
Raoult et al. 1985; Klein et al. 1987). Observational evidence in
different wavelength ranges suggests that the interaction
between magnetic structures is necessary to trigger the flash
phase (Raoult et al. 1985; Machado et al. 1988).

There is general agreement--and observational evidence
(e.g., Lin et al. 1981; Kattenberg et al. 1981y---that any physi-
cally reasonable process of energy release will both heat the
plasma and produce suprathermal particles. However, the rela-
tive contribution of the two populations to the observed hard
X-ray and microwave emission in the different parts of the
impulsive phase is unknown. Ffirst, Benz, and Hirth (1982) and
Alissandrakis, Schadee, and Kundu (1988) argued that the
microwave emission of the weak flares they studied was incom-

t Departmentof Physicsand Astronomy,TuftsUniversity.
z Observatoire de Paris, Sei:tiond'Astrophysiquede Meudon.

patible with bremsstrahlung from the soft X-ray emitting
plasma (T _ l0 T K), but they did not discuss the potential role
of a high-temperature plasma (T > 108 K). Quantitative
analyses of the problem were carried out through the modeling
of hard X-ray and microwave emissions (see the recent review
by Pick, Klein, and Trottet 1989). When studying the corre-
lation of peak fluxes in the two spectral ranges, most authors
(Gary 1985; Kai 1986; Lu and Petrosian 1989) have recently
favored the nonthermal over the thermal model (Batchelor et
al. 1985; but see Batchelor 1989). More detailed analyses of
individual events, using temporal, spectral, or spatial informa-
tion, however, tried to include both thermal and nonthermal
electron populations (Brhme et al. 1977; Klein, Trottet, and
Magun 1986; Holman, Kundu, and Kane 1989). These studies
did not lead to a unique conclusion on the role of the two
electron populations, and they did not analyze the transition
between the preflash and the flash phase.

In this paper we reconsider the analysis of different electron
populations in the case of a weak impulsive flare with simple
spatial structure. VLA observations at 20.7 and 91.6 cm, and
soft and hard X-ray data from the spectrometers aboard the
GOES and SMM (HXRBS) spacecraft, are used. The times and
techniques of relevant observations are given in § II, and an
overview of the radio observations of the active region is con-
tained in § III. Section IV focuses on the flare observations:
20.7 cm emission during the preflash phase is spatially separat-
ed from the subsequent flash phase component. The preflash
peak at 20.7 cm has no counterpart in the hard X-ray emission,
while during the flash phase the radio emission is closely
associated with that at hard" X-ray wavelengths. These obser-
vations are interpreted in § V: thermal gyroresonance emission
is shown to be the most probable process for the preflash
emission at 20.7 cm wavelength, while the radio and hard
X-ray observations during the remainder of the impulsive
phase are shown to be inconsistent with a confined thermal
electron population, but are more readily explained by the
injection of nonthermal electrons. In our concluding section,
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we place these observations and their interpretation within the
context of current research on energy release during solar
flares.

U. OBSERVATIONS

The observations reported below were carried out conjointly
with the Very Large Array (VLA), the Nanqay Radioheliog-
raph (NR; The Radioheliograph Group 1989), the hard X-ray
burst spectrometer HXRBS on board the Solar Maximum
Mission (SMM) Satellite (Orwig, Frost, and Dennis 1980), and
the soft X-ray telescope aboard the GOES satellite. The VLA
observations were made from 1435 LIT to 1630 UT on 1988

May 28 in the C/D array. In this configuration, the outermost
antennas of the southeast and southwest arms are located at a
distance of 0.59 km from the array center, while the most
remote antenna of the north arm is located at 1.9 km from the
center. The NR observed the Sun from 0755 UT to 1449 UT.
The characteristics of the instruments are summarized in Table
I. At all wavelengths, the beamwidths of the individual
antennas cover the whole Sun.

The VLA data were calibrated using standard solar cali-
bration procedures; uncertainties in this calibration have been
discussed by Kundu, Schmahl, and Fu (1989) and by Shev-
gaonkar, Kundu, and Jackson (1988). One uncertainty results
from a software error in the program that applies the system
temperatures of solar calibration antennas to other antennas
(Ray Gonzales, private communication). This uncertainty
results in an underestimate of brightness temperatures by a
factor of 1.8, and our data have been corrected for this error.
Another uncertainty is attributed to measurements of the high-
temperature noise diodes on the solar calibration antennas;
they are not measured regularly enough at the VLA to assure
accurate measurements of the system temperature. This
problem leads to an uncertainty of no more than 20%-25% in
the inferred brightness temperatures.

The brightness temperatures were derived from a flux call-

TABLE I

SUMMARY OF INSTRUMENTAL CHARACTERISTICS

Observed Sampling

frequency Beam Bandwidth time
(MHz) (FWHM) (MHz) (s)

Very Large Array

1446 ......... 23" x 40" 12.5 3.33
327.5 ........ 75 x 135 0.781 3.33

Nan_:ay Radioheliograph

435 .......... 72 0.7 0.25
408 .......... 78 0.7 0.25

327 .......... 96 0.7 0.25
236.6 ........ 132 0.7 0.25

164 .......... 96/192 0.7 0.05/0.25

bration with the radio source 3C 48, which was observed for 5
minutes every 40 minutes; its flux density is 14.6 Jy and 47.0 Jy
at 20.7 cm and 91.6 cm, respectively (VLA calibrator list).

The calibrated VLA data were used together with the stan-
dard CLEAN procedure to make synthesis maps of the total
intensity, I, and the circular polarization, or Stokes parameter
V, for both the 2 hr observing interval and for 3 s snapshot
intervals during the radio bursts, or flares.

The NR provides six independent data sets, at 164 MHz
with both the east-west and north-south branches, and at four
further frequencies (see Table 1) with the north-south branch.

III. OVERVIEW OF THE RADIO OBSERVATIONS

During the entire observing period covered by the two radio
instruments, a noise storm continuum and type I bursts were
visible at all frequencies up to 435 MHz. This emission domi-
nates the 2 hr VLA synthesis map of total intensity at 91.6 cm
(Fig. 1, left). It has an extent of 3'.7 x 7', a peak brightness

N

• ,_ 91.6 cm 20.7 cm
• $

Flo. .--Two hour VLA synthesis maps at 91.6 cm (left) and 20.7 em (right). Peak brightness temperature and contour intervals are 2.1 x l0 T K, and 2.16 x l0 s K

(91.6 era) and 2.9 x 106 K and 2.9 x l0 s K (20.7 era), respectively. The 91.6 ¢m emission is dominated by noise storm activity that is 90% right-hand circularly

polarized, whereas the 20.7 cm map shows the quiescent, or nonflaring, emission of AR 5027. The 91.6 cm figure also shows the positions of the noise storm at 66,
91.6, and 183 era, respectively designated by an open circle, cross and triangle CNanqay Radioheliograph); the filled circle and open square in the 20.7 crn image
denote the positions of two bursts, designated as sources A and B, respectively. The synthesized beams at the two wavelengths are given as filled ellipses in the lower

left-hand corner or each image, and the large circle denotes the limits of the photosphere.
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temperature of Tb = 2 x 107 K, and it is 90% right-hand circu-
larly polarized. The open circle, cross, and triangle show the
noise storm centroid at 66 and 91.5 cm, inferred from the rota-
tion of the fringe pattern of the NR during the 7 hr observing
period, and the average position at 183 cm measured with both
branches of the radioheliograph. The dispersion of the noise
storm source positions with wavelength is seen to be small, as
is expected for a source close to disk center. The NR observa-
tions indicate a double source structure in the north-south

direction, which is consistent with the elongated shape
observed at 91.6 cm with the VLA. The two sources are more
than 90% right-hand polarized at all observed frequencies.
Comparison of the sense of polarization with the large-scale
photospheric field pattern obtained from the Stanford magne-
togram (Solar-Geophysical Data) indicates the association of
the noise storm source with a region of negative magnetic
polarity, which suggests radio emission in the ordinary mode.
This is usually assumed to be the case in noise storms (e.g.,
Elgarey 1977; Mercier et al. 1984).

Figure I (right) shows the 2 hr total intensity VLA synthesis
map at 20.7 cm wavelength. The emission comes predomi-
nantly from an extended source (3' x 9') associated with the
quiescent emission of active region AR 5027 ($29 W12). A
weaker structure extends northward toward active region AR
5025 ($18 WI2). The peak brightness temperature in the map is
2.9 x l0 s K. No circular polarization was detected. The filled
circle and open square in Figure 1 indicate the locations of the
20.7 cm bursts associated with a radio flare occurring around
14:49:20 UT; they are respectively designated source A and B
in the subsequent text.

The remainder of this paper will discuss this flare-associated
radio burst.

WILLSON ET AL.

HXRBS 20.7cm
counts 2 ftuxlsfu]
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_00
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Figure 2 shows the time history, with 3.3 s integration time,
of the flux densities at 20.7 and 91.6 cm (VLA), the hard X-ray
count rate above 25 keV (HXRBS on board SMM, courtesy B.
Dennis), and the soft X-ray flux in the 0.5-4 ._ band as
observed with the GOES satellite. The 20.7 cm and hard X-ray
emissions are associated with a flare detected at H= and soft
X-ray wavelengths (importance SN/CI.3) located at $26 W01
(Solar-Geophysical Data 531 II). The flare-associated emission
starts at 14:49:30 UT in hard X-rays above 30 keV and at 91.6
cm, 10 s earlier at 20.7 cm and in the first HXRBS channel

(below 30 keV). The hard X-ray and radio bursts fade together,
vanishing at about 14:50:10 UT. The enhanced 91.6 cm
brightness between 14:49:00 UT and 14:49:20 UT
(designated 5 in Fig. 2) is not associated with the flare but is
due to the noise storm discussed in the previous section. The
soft X-ray burst has its most rapid rise during the hard X-ray
and radio bursts and attains its maximum about 40 s after the
impulsive peaks in these wavelength ranges. The time history
of the radio and soft X-ray emissions is typical for such flares
(see Fiirst, Benz, and Hirth 1982).

Figure 3 shows 3.3 s snapshot maps of total and circularly
polarized brightness at 20.7 cm at three instants of the burst,
together with the synthesized beam (hatched ellipse). Two
sources can be distinguished: The first peak (marked 1 in Fig.
2) arises from a source termed A (Fig. 3, top), the second and
third peak (marked 2 and 3 in Fig. 2) are from a source B
displaced about 40" from A (Fig. 3, middle). Besides their posi-
tions, A and B have other distinctive characteristics:

I. A is not associated with"a detectable hard X-ray peak, but
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VLA 20.7crn

0 HXRB5
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Universal time

RG. 2.--TEme profiles of emission observed simultaneously at radio (VLA;
91.6 cm, 20.7 cm), hard X-ray (HXRBS/SMM; channels 1-15, hv = 25-420

keY}, and soft X-ray (GOES; 0.5-4 A) wavelengths. Radio and soft X-ray data
have been plotted with the same 3.3 sintegration time, whereas 1 s integration
was performed on the hard X-ray coum rate in order to demonstrate that no

essential feature of the burst has been lost in the VLA data. Although the first
20.7 cm peak (designated 1) is not detected at hard X-rays, the rest of the burst

profiles (2 and 3) in the two spectral domains are very similar. The 91.6 cm

profile shows fluctuating emission from a noise storm center (peak 5) that is
spatially separated from the subsequent burst emission. The soft-X-ray data
show a gradual increase, with some low-level fluctuations around the time of

the first impulsive emission (l) at 20.7 cm. VLA snapshot maps for the times
marked 1, 3, and 4 are _ven in Fig. 3, while those for the times marked 7, 8,
and 9 are _ven in Fig. 5.

with smoothly rising low-energy emission; the radio source is
unpolarized.

2. B appears and vanishes with the hard X-ray emission
above 30 keV. It has a bipolar structure with a maximum
circular polarization of about 20%. The source shape and
polarization are conserved throughout the burst.

Source A is not visible during the phase of brightest emission
(14:49:34-14:49:57 UT) but is detected again, together with
B, at the end of the event (time marked 4 in Fig. 2, synthesis
map in Fig. 3, bottom). A test consisting of convolving source
A with the 40" beam during the presence of source B shows
that A would go undetected as long as Tb(A)< 0.5 x Tb(B),
where Tb(X) denotes the brightness temperature of source X.

In Figure 4 (Plate 15) we compare a 3.3 s snapshot map of
the 20.7 cm burst at 14:49:54 UT with a SOON Hot image
taken at 14:50:10 UT. Here the uncertainty in the
coregistration of the two images is -t- 10". This figure shows
that the microwave burst is displaced _ l' east-southeast from
the compact (0 < 30") H= flare kej'nels located at the eastern
end of the active region. The size of the 20.7 cm source (half-
intensity level) is about twice that of the optical flare. The
angular displacement of the microwave emission with respect
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FIG. 3.--Three second VLA snapshot maps of the total intensity, I, and
circular polarization, V, at 20.7 cm for the times denoted 1--.4in Fig. 2. They
illustrate an unpolarized source A at time 1,a dipolar source B at time 3, and
both sources A and B at a later time 4. Peak brightness temperature and
contour intervals for the I maps are 2.0 × 10# K and 1.1 × 106 K, respectively.
The outermost contour and contour interval of the V maps are equal to
5.5 x l0 s K. The synthesized beam is denoted by the hatched ellipse in the
lower left-hand corner. The angular scale may be inferred from the 60" fiducial
marks on the axes.

to the Hcc flare may be attributed to a projection effect (due by

the greater height of the 20.7 cm source above the photosphere)

if the source lies within a coronal loop that bends toward the

east limb. A microwave source that lies radially above the

flaring region would produce mostly a southward displace-

ment, contrary to observation.
The 91.6 cm emission at time 5 in Figure 2 was highly circu-

larly polarized (95%-100%) noise storm radiation whose

spatial position and structure were identical to those of the 2 hr

synthesis map shown in Figure 1 (left). Figure 5 shows 91.6 cm

VLA snapshot maps for the time intervals 7-9 in Figure 2.

Burst component 6 at 91.6 cm (Fig. 2) showed the same struc-

ture and position as burst 8. Peak 10 is an unpolarized burst

from a position slightly southward of the western source seen

at time 8. The less intense peaks at time 7 and 9 (also Fig. 2)

were spatially identical and separated from burst sources 6, 8,
and 10. At the times of peaks 6 and 8, two sources (C and D)

with opposite polarization are observed. Component C of this

burst was 55% + 5% 0eft-hand) circularly polarized at 91.6 cm
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wavelength, while component D was nearly completely right-"

hand polarized. In the valleys of the total flux (time 7 and 9)

only source D is visible in polarization. When measured in the

valleys, the brightness temperature of source D decreases with
time. No accurate determination of the brightness temperature

of D is possible at the times of the peaks because the emission

from C dominates the signal, but there seems to be a weak

brightening of D at the time of peak 8. We infer from these

maps that we observed one source (C), which was the seat of

two partially polarized bursts (peaks 6, 8), one displaced unpo-
larized source bursting later (peak 10), and a third, totally

polarized source (D). The brightness of D essentially decreases

slowly between the first peak (6) and the time when the last

snapshot map was taken. The bipolar structure at peaks 6 and

8 may hence be ascribed to the existence of two spatially

separated sources which exhibit different temporal evolution,

rather than to a single magnetic loop.

144941 UT I

T,me 7

0

144947 uT I

T,me B

0

©
Source D

Source C ond D

_4495t UT I V

T_me 9

Source D

O

FIG. 5._Thrce second VLA snapshotmaps of the total intensity, I, and
circular polarization, V, at 91.6 cm wavelength for the times denoted 6--10 in
Fig. 2. They illustrate the same extended dipolar source (C and D) at the peaks
6, 8, or 10, and the same compact, unipolar source D at the valley 7 or 9. Peak
brighmess temperature and contour intervals for the I maps are 2.5 x 107 K
and 2.75 x 106 K, respectively. The outermost contour and contour interval of
the V maps are equal to 2.7 x l0 s K and 1.37 x l0 s K, respectively. The
synthesized beam is denoted by the hatched ellipse in the lower left-hand
corner. The angular scale may be inferred from the 60" fiducial marks on the
axe.

2O0

ORIGINAL PAGE IS

OF POOR QUALITY



666 WILLSON ET AL. Vol. 357

V. INTERPRETATION OF THE FLARE-ASSOCIATED EMISSION

a) Flare-associated Emission at 91.6 cm

The lack of spatially resolved spectral observations in the
decimenter-to-meter waveband precludes any detailed dis-
cussion of the 91.6 cm emission associated with the impulsive
burst. The only spectral information available stems from
single-frequency records at Sagamore Hill (Solar-Geophysical
Data 527 I) and at Nan_y (only paper records available).
Sagamore Hill reports both type V and type IV from 1443 to
1453 UT. The impulsive nature of the emission seen at the
VLA and on Nanqay records suggests type III/V activity. This
is also consistent with the similarity of the 91.6 crn time history
and those at 20.7 cm and hard X-rays (Raoult et al. 1985;
Suzuki and Dulk 1985). Assuming this spectral identification is
correct, peaks 6, 8, and 10 are ascribed to type III electron
beams, and the smoothly varying source D is ascribed to a type
V continuum. The simultaneous start and end, to within the
VLA time resolution, of these emissions and those of source B
(see § Vb) at 20.7 cm and hard X-ray wavelengths, indicates a
common injection of nonthermal electrons into different mag-
netic structures (see Raoult et al. 1985). This does not imply a
peak-to-peak correspondence. Peak 10, which occurs in the
decay phase of the 20.7 cm burst at a site displaced from the
preceding peak, has no clearly associated hard X-ray feature.
The data set of Raoult et al. (1989), who study the relative
timing of microwave bursts and metric type III emission,
shows a similar behavior in the decay phase of microwave
bursts.

The main objection against the type III/V interpretation of
the 91.6 cm emission is the high degree of circular polarization.
Opposite polarization of the type III and continuum sources
has been observed at longer wavelengths (Suzuki and Dulk
1985), but with much lower degrees of polarization than in the
present case. From one-dimensional images provided by the
NR, Mercier (1989) finds that the degree of circular polariza-
tion of Type III bursts is most often below 30% in the 300-500
MHz range. If interpreted as plasma emission, the high polar-
ization of source D suggests fundamental emission, so that

ordinary mode polarization is expected at 91.6 cm, while the
extraordinary mode is most likely for the underlying 20.7 cm
gyrosynchrotron source. However, the bipolar sources at the
two frequencies show the same sense of polarization. This
implies that the underlying 20.7 cm source is situated in an
oppositely directed magnetic field. Altogether the available

. information is confusing, and one cannot exclude the alterna-
tive interpretation of gyromagnetic emission, e.g., a cyclotron
maser, for sources C and D. Whatever is the nature of the
burst-associated emission at 91.6 cm, it reveals the injection of
nonthermal electrons in the middle corona at the time of the

hard X-ray burst into a structure which is larger than the 20.7
cm burst source. This will be an important constraint to the
interpretation of the 20.7 cm and hard X-ray emission in § Vd.

b) Measured Source Parameters at 20.7 cm and X-Ray
Wavelengths

Measured quantities of the 20.7 cm and X-ray sources are
summarized in Table 2. Column (1) gives the starting time of
the sampling interval. Dimensions are given when sources A
and B are clearly separated. Instants where both sources are
observed are denoted by "A + B". The soft X-ray temperature
and emission measure have been inferred from the two chan-

nels of the GOES detector using the formalism of Thomas,
Start, and Crannell (1985), which accounts for both bremss-
trahlung continuum and the contribution of lines. In calcu-
lating these parameters, the preburst emission was first
subtracted from the subsequent GOES data. The formal values
ofT, EM, and N given in Table 2 are those obtained from our
calculations, but they are probably not determined to better
than one significant figure. The hard X-ray spectral index y
likewise probably lies within _+0.5 from the given value. The
temperature is essentially constant during the radio and hard
X-ray burst, while the emission measure smoothly rises from 2
to 9 x 1047 cm -a between 14:49:19 UT and 14:49:50 UT.

The injection spectrum [power law F(E)dE... E-VdE] and
number of nonthermal electrons are derived from power-law
fits to the observed hard X-ray spectrum using the thick-target

TABLE 2

MEASURED PARAMETERSOF X-RAY AND RADIO SOURCES

VLA 20.7 cm GOES HXRBS

TIME T_(K) Size T (K) EM (cm; 3) 7 N (> 25 keV) T (K) EM (cm - 3)

(i) (2) (3) (4) (5) (6) (7) (8) (9)

Source A

14:49:21 ......... I.Ix 106 ... 8.6 x 106 1.8x I0"7 ............

14:49:24 ......... 6.6 x l06 30" x 60" g.0 x 106 2.0 x 10`*7 ... < 10 sl ......
14:49:27......... 3.3 x I06 ... g.3 x 106 Z6 x 10"7 ............

Source B

14:49:31 ......... 4.4 x 106 A + B g.3 x 106 3.3 x 10"7
14:49:34 ......... 9.9 x l06 A + B g.l x l06 3.9 x 10'_7 5.9 5.0 x l0 s* 1.5 x'10 s

14:49:37 ......... 7.7 x 106 ... g.3 x 106 4.6 x 10'_7 7.4 1.8 x l0 ss 9.9 x 107

14:49:41 .......... 9.9 x 106 ... 8.1 x l06 5.6 x 10"7 5.0 5.2 x 103* 2.3 x l0 s
14:49:44 ......... 1.5 x 107 30' x 60" g.l X 10 6 5.6 X 10'Lv 5.5 1.3 X l0 ss 1.8 X i0 s

14:49:47 ......... 1.9 X 107 ... 8.0 X 106 6.5 x 10'_7 5.9 1.2 x l0 ss 1.6 x l0 s
14:49:51 ......... I.Ix 107 ... 8.1"x 106 8.6 x 10̀ 7 .........

14:49:54 ......... 9.9 x 106 ...............

14:49:57 ......... 5.5 x I(_ A'+'B ...............

14:50:01 ......... 3.3 x 106 A + B ...............

14:50:04 ......... "2.2x 106 ..................

2.2 x"10_

9.9 x I0_

1.7x lO_

4.2 x I0'_

3.6 x I0_
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expressions of, e.g., Lin and Hudson (1976). The number of
electrons is the product of the injected particle flux and the
integration time of 3.3 s. The temperatures and emission mea-
sures in the last column are derived from an isothermal hard

X-ray model (e.g., Batchelor et al. 1985, and references therein).

c) Interpretation of the 20.7 cm Emission of Source A

The lack of circular polarization and of any detectable hard
X-ray emission above 30 keV suggests that the 20.7 cm emis-
sion from source A comes from a Maxwellian electron popu-
lation with moderate temperature (T < 10 7 K). This is also
consistent with the absence of a counterpart to source A at 91.6
crn. The failure to detect hard X-ray emission implies that less
than 10 -3 photons keV -tcrn -2 s -_ are emitted at 30 keV
(Dennis eta/. 1988: HXRBS Event listing). This puts an upper
limit of the order of 10al to the number of nonthermal elec-
trons above 25 keV. Although this number would be sufficient
to produce the observed brightness temperature in a magnetic
field of the order of I00 G through gyrosynchrotron radiation,
the nondetection of circular polarization is incompatible with

such an interpretation.
Thermal microwave radiation is either bremsstrahlung or

gyromagnetic emission. The electron temperatures inferred
from the soft X-ray observations (Table 2) show that a moder-
ately hot plasma does exist at the time of source A. However,
the temporal evolutions of the radio and soft X-ray emissions
are clearly different, which suggests that either the sources seen
in these wavelength ranges are not the same, or that the radio
brightness temperature depends sensitively on a parameter,
such as the magnetic field, that does not affect the soft X-ray
flUX.

i) The Radiation Mechanism

The radio data yield an upper limit of the electron density,
which is attained when the plasma frequency equals the
observed frequency of 1500 MHz (N_ = 2.8 x 10 l° cm-a), and
a lower limit of the electron temperature, given by the bright-
ness temperature (T = 7 x 106 K). Assuming that the source
dimension along the line of sight does not exceed 2 x 10 9 cm,
one finds that the observed 20.7 cm emission is compatible
with the free-free mechanism if the electron density is at least
101° cm -3. The opacity of the radio emission is increased in
the presence of a magnetic field. We compute the optical depth
of a plasma with T = 7 x 106 K, assuming gyroresonance
emission from the top of the loop or loops seen at 20.7 crn,
which implies a viewing angle close to 90 °. Using equations 27
and 28 of Duik (1985), the source is found to be optically thick
at the third or fourth harmonic of the gyrofrequency in the
extraordinary mode, at the second harmonic in the ordinary
mode, for scale heights of the magnetic field above l0 T cm and
an electron density of the order of 2 x 109 cm- 3. Unpolarized
emission will hence be observed from the summit of a nearly
isothermal magnetic loop with a magnetic field that increases
along the line of sight from roughly 130 G or 180 G at the top
to 270 G. The 20.7 cm data do not allow us to decide whether

source A emits predominantly free-free or gyroresonance emis-
sion. However, it will be shown below that the high electron
density required by the free-free interpretation is inconsistent
with the soft X-ray observations.

_) Temporal Eeolution

In light of the foregoing analysis, the temporal evolution of
the radio emission from source A reflects either the rapid

changes of the magnetic field, if the radiation process is gyro-

magnetic, or the heat exchange of the radio source with the
cool lower atmospheric layers.

The upper limits of the temperature and density inferred
from the radio observations yield a radiative cooling time r, ---

107(Te/N,) greater than 2500 s. Thus, radiative cooling does
not explain the observed rapid changes in source A.

Conductive cooling operates on a shorter time scale. The
classical Spitzer-H_irm theory, which is valid as long as the
collisional mean free path of the electrons is smaller than 1% of
the temperature scale height (e.g., Duijveman 1983, and refer-
ences therein), is inapplicable in the case under discussion:
When T > 7 x 106 K, the density would have to be greater
than 1012 cm -3 in order that the mean free path of the elec-
trons be smaller than 1% of the characteristic scale length of
the temperature required by the observed 4 s cooling time (e.g.,
Duijveman 1983). At such an electron density, no 1500 MHz
emission would escape from the source.

An upper limit for the heat flux out of the loop is given by
the free-streaming value (e.g., Duijveman 1983, eq. [8]). A con-
ductive cooling time of 3 s is then achieved in a loop at 7 x 106
K. The free streaming will be inhibited if turbulence at the
interface between the hot and the cool plasma confines the
bulk of the hot plasma. The typical velocity of heat transport is
then 5c, (Smith 1986), where c, is the sound velocity in the hot
plasma. If source A as seen by the VLA represents a single
loop, a cooling time of roughly 20 s will result from this inter-
pretation, and the observed 4 s decay time would require a
shorter loop length around 10_ crn. In summary, conductive
cooling can explain the fading of the emission from source A.
This implies either that heat is transported in a nearly free-
streaming situation or that the radio source observed by the
VLA comprises several smaller magnetic loops. The heat trans-
port interpretation appears more attractive than the hypothe-
sis of transient variation of the magnetic field. No direct
diagnostic tool has allowed us so far to probe the magnetic
field on second time scales. Detailed radio spectra might give
essential information on the field strength, but we do not have
such observations in the present case. However, the radio
observations suggest that the magnetic field configuration is
not destroyed during the burst, because source A is seen again
at the end of the impulsive phase. Furthermore, the dissipation
of a magnetic field of 100 G in a volume of 1028 cm -3 would
dump 4 x 1030 ergs into the plasma on a time scale of 4 s, and
it is difficult to understand why this energy release would only
appear as a small fluctuation superposed on a smoothly rising
soft X-ray flux. Thus, the hypothesis that the temporal evolu-
tion of source A reflects that of the magnetic field cannot be
corroborated.

iii) Relation with the Soft X-Ray Emittin# Plasma

The thermal interpretation of source A poses the question of
consistency of the observations at 20.7 era wavelength and in
soft X-rays. The 20.7 cm brightness temperature evolves on a 4
s time scale, while the bulk of the soft X-ray emission exhibits a
smooth increase of the emission measure with an e-folding time
around 20 s, with a low level of fluctuations at the shorter
wavelengths around the time of source A (see Fig. 2). The
different time histories in the radio and soft X-ray bands
suggest that the sources are spatially distinct.

The 20.7 em brightness temperature comprises a peak with a
4 s decay constant, which may be superposed on a smoothly
rising emission similar to the soft X-ray and the low-energy
hard X-ray flux in the first HXRBS channel (Fig. 2). The bulk
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of the soft X-ray emission exhibits a smooth increase of the
emission measure with an e-folding time around 20 s, and a
low level of fluctuations at the shorter wavelengths around the
time of source A (see Fig. 2). The different time histories of the
20.7 cm peak and of the soft X-ray emission suggests that at
least part of the radio emission comes from a source which is
spatially distinct from the soft X-ray emitting region.

The contribution of the soft X-ray emitting plasma to the
20.7 cm radiation of source A can be estimated from the soft

X-ray emission measure and temperature in Table 2, together
with the measured surface of the radio source (4 x 1018 cm 2, if
one assumes that the large beam broadens the source by 40%).
This yields a brightness temperature of(1.5 x 106 K)//_ (/1 is the
refractive index), i.e., at least 20% of the peak brightness tem-
perature of source A. This would agree with a slowly rising
component underlying peak 1 in Figure 2. The peak of the 20.7
cm emission itself then would come from a cooler plasma
(T < 5 x 106 K), which would hardly be visible in the GOES
data. On the other hand, if the whole of the emission of source
A is attributed to a plasma distinct from the soft X-ray emitting
plasma, the contribution of source A to the soft X-ray emission
is estimated as follows: if the radio source observed with the

VLA consists of a semicircular nest of loops with the projected
dimension measured at 20.7 crn, a volume of 2 x 10 :a cm 3 is

derived, which together with an electron density of 5 x 10 9

cm -3 in source A yields an emission measure of 5 x 10"7
cm -a. With a temperature of 7 x 106 K, the soft X-ray emis-
sion would be 10- s W m-2 and 5 x 10-9 W m-2 respectively,
in the long- and short-wavelength ranges of GOES. These
values comprise the bremsstrahlung continuum emission
(Tucker and Koren 1971) and an estimated line contribution of
55% and 25%, respectively, in the two channels (Thomas,
Starr, and Cranneli 1985, Fig. 5). During the emission of source
A, GOES measured excess fluxes which are slightly higher than
these values. The thermal gyroresonance emission of source A
hence appears consistent with the soft X-ray data, while the
bremsstrahlung interpretation would require densities that
should make source A a brighter soft X-ray emitter than
actually observed. The fact that the 20.7 cm peak has no clear
counterpart in the soft X-ray flux may be due to either of the
following:

I. The magnetic field in the soft X-ray loops is low (H < 130
G), and the density is below 5 x 10 9 o1"1-3, when a detection
threshold of Tb = 106 K is assumed, or below 3 x 10 9 cm -3 for
a threshold of 5 x 10_ K. This implies that the bulk of the
observed soft X-ray emission comes from a tenuous plasma in
loops larger than those observed at 20.7 era.

2. The bulk of the soft X-ray emission comes from dense
structures (N, > 2.8 x 101° era-3), where 20.7 em waves do
not propagate. The simultaneous existence of hot structures
with low and high density in flaring active regions is well estab-
lished by X-ray observations with angular resolution (e.g., Her-
nandez et al. 1986).

In summary, the 20.7 era observations of source A are con-
sistent with thermal gyroresonance emission from a loop or a
nest of loops with typical field strengths of 270 to 130 G. Since
no spatially resolved X-ray observations are available, we
cannot decide whether or not the soft X-ray source contributes
to a smoothly evolving emission underlying the spike seen at
20.7 crn. The site of the radio spike itself must be spatially
distinct from the soft X-ray source. The most probable inter-
pretation of the fading of the spike is conductive cooling.

d) Interpretation of the 20.7 cm Emission of Source B

Source B is different from A by its position, its polarization
characteristics, and by its close association with hard X-ray
emission• The two latter points suggest gyromagnetic emission
from an energetic electron population, either a very hot plasma
(T > 108 K) or a suprathermal electron population. We

• compute the spatial distribution of the brightness temperature
for both cases, using the gyrosynchrotron model of Klein and
Trotter (1984) with the approximations of Klein (1987), and a
power-law and relativistic Maxwellian distribution of the ener-
getic electrons. The magnetic loop is represented by a collec-
tion of dipolar field lines, with the observer being situated in
the meridional plane of the dipole (see Fig. 1 of Klein and
Trottet 1984, with A = 0). The geometry of the radio source is
fixed by the VLA observations. The dimensions of the model
loop are given in Table 3. No variation of the source param-
eters were assumed perpendicular to the line of sight.

i) N onthermal Electrons

We suppose that hard X-ray and microwave emission result
from a common injection of electrons in the magnetic loop.
Like Hernandez et al. (1986), we assume that equal numbers of
particles travel upward and downward. Those injected down-
ward give rise to the hard X-ray emission in the chromosphere,
while those going upward generate radio waves in the coronal
part of the loop and hard X-rays when penetrating into the
chromospheric layers of the opposite leg of the loop. The
number of electrons seen at 20.7 cm is then half the number
derived from the hard X-ray observations. We suppose further
that the electron distribution is isotropic in the corona and
that the slope of the instantaneous energy spectrum of these
particles is the same as that of the injection spectrum derived
from the thick target hard X-ray emission. We adopt values of
the electron population which are situated between those
derived from the hard X-rays at 14:49:44 UT and 14:49:47
UT; these values are listed in Table 3.

Once the energy spectrum is fixed, the resulting emission
depends on the magnetic field strength and--through their
influence on free-free absorption and Razin suppression--on
the temperature and density of the thermal electrons in the
loop. We restrict, somewhat arbitrarily, the variation of the

TABLE 3

PAKAMFI"ERS OF MODEL SOURCE B

A. LOOP GEOMETRY

Parameter Value

Height (cat) ............ 2.4 x 109

Depth (era) ............ 1.3 x 109

Width (era) ............ Z2 x 109

Volume (cm 3) ......... 1.4 x 1021

B. Pt.ASMA p_Ivm_t'_Ls

NON'I'RERMAL MODEL

THERMAL

P_tAm_rtg High H Low H MODEL

H,,_ (G) ................ 105 32 20

Hb,,,,, (G) ............. 368 112 70

N.(cm -3] ............. 1.5 x l0 '° 2 x 109 1.8 x 10 a

T(K) ................... 7..0 x I0 6 2 x 10 6 1.7 × 10 8

•/ ........................ 5.7 5.7 ...

n(>25keV)(em -3) ... 4.4 x 106 4.4 x 106 ...
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field strength, H, in the coronal part of the loop to Hb.,,om =
3.5 x Hto p. It will turn out that the emission comes mainly
from the legs of the coronal loop, so that the magnetic field
strength at the top is of no crucial importance. It then appears
that the observed brightness distribution can be represented by
a wide set of parameters, ranging from a tenuous plasma where
gyrosynchrotron radiation is efficiently emitted even in a
rather weak field, to dense and/or cool plasmas, where the
brightness is reduced by Razin suppression and free-free
absorption, such that the observed brightness temperature can
then only be produced if the magnetic field is intense.

Typical parameter sets which fit the observations after con-
volution with a Gaussian beam of 40" are given in Table 3 for
two extreme cases, referred to as "High H" and "Low H,"
where H denotes the magnetic field strength. The two cases can
in principle be distinguished observationally: the low magnetic
field case produces a higher degree of circular polarization at a
given frequency and a lower brightness at high frequencies
than the strong field case. However, the polarization criterion
does not effectively constrain the models, because the degree of
circular polarization may be lowered by field inhomogeneities
and effects of propagation which are not accessible to observa-
tions (see discussion by Alissandrakis and Preka-Papadema
1984). The spectral criterion cannot be fully exploited either,
because short-wavelength observations of the burst are not
available. Nevertheless, the model has to take into account
that the 91.6 crn observations show no significant contribution
from the electron population radiating the 20.7 cm emission.
The source at long wavelengths is much larger than at 20.7 cm,
and the emission is highly polarized and of similar brightness
temperature as the 20.7 cm source. If there were an optically
thick low-frequency counterpart of the 20.7 cm emission,
bright and weakly polarized radiation from essentially the
same source as seen at 20.7 cm should be observable at 91.6
cm. The failure to detect this signature suggests that Razin

suppression or free-free absorption reduce the contribution of
the gyrosynchrotron spectrum to the 91.6 cm emission. This
can happen, e.g., when the thermal electron density in the
radio-emitting loop is above 1.5 x 10 9 cm -3, so that no 91.6
cm radiation can escape.

Figure 6 compares computed and observed brightness tem-
perature distributions at the peak of the burst. For the purpose
of illustration the "High H" mode of Table 3 is chosen. The
computed 20.7 cm brightness temperature (Fig. 5, top, solid
line) attains its highest value in the legs of the coronal loop,
while the circular polarization (dashed line) is more pro-
nounced in the feet of the loop, where the radiation propagates
nearly parallel to the magnetic field. The circular polarization
is computed assuming quasi-parallel propagation. This
approximation breaks down close to the top of the loop, where
the wavevector is perpendicular to the magnetic field. It was
assumed that no circularly polarized emission arises from this
region. For comparison with the observations, the computed
brightness temperature profile is convoived with a Gaussian
beam of 40" FWHM. The convolved brightness profile is

shown in Figure 6 (middle), where it is favorably compared
with the observed one, (bottom). The convolution with the large
beam makes the bright legs disappear, giving a brightness dis-
tribution with a peak at the top of the loop (Tb = 1.7 x 107 K).
The circular polarization, after convolution with the beam,
gives two peaks of roughly 4 x 106 K in the legs of the loop,
corresponding to a degree of polarization of 30%. This is about
1.5 times the observed value. The symmetry of the uncon-
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FIG. 6.--The computedspatial distribution of brightness temperature due
to gyrosynchrotron radiation at 20.7 cm from a homogeneous and isotropic
power-lawelectron spectrum in a magnetic loop (top)(solidline: total intensity
I, dashed line:circular polarization V; parameters of the "High H" model of
Table 3). The convolvcd distribution (middle) expected from the VLA
(bcamwidth 40" across the long axis of the source}represents the observed
distribution (bottom).Notice that the presence or absence of intense emission
from the legs or apex of magnetic loops depends on the sourceparameters as
wellas on the observing beamwidth.

volved source is a consequence of our assumption that the
observer is located in the meridional plane of the dipole.
However, the asymmetry between the legs of the loop, which
would be seen by an observer outside this plane (see figures in
Alissandrakis and Preka-Papadema 1984, and Klein and
Trottet 1984), would not generate any observational difference
after convolution with the large beam, but it would decrease
the observed degree of polarization. The circular polarization
is expected to be overestimated in the model computations
anyway, because the assumed magnetic field structure is very
regular, and depolarizing effects during propagation cannot be
taken into account. It hence appears that radiation from a
nonthermal electron population in a dense and/or cool mag-
netic loop is compatible with the whole set of available radio
and hard X-ray observations.
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ii) Maxwellian Plasma

When the hard X-ray and 20.7 cm emission are assumed to

come from the same isothermal plasma, the magnetic field
structure is the only free parameter left. The density of the hot

plasma is determined by the emission measure derived from
the hard X-ray observations, and the source volume is inferred
from the 20.7 cm images (Table 3). A very tenuous source

results (N, = 1.5 × 108 cm-3), which is not uncommon in
thermal microwave models (see Batchelor et al. 1985, Table 2).

The observed brightness temperature distribution at 20.7 cm is
well represented by a Maxwellian plasma with the magnetic

field parameters given in the last column of Table 3. However,
the long-wavelength spectrum expected from the thermal

model is not easily reconciled with the 91.6 cm observations:
the thermal plasma would be optically thick at 91.6 cm but

sufficiently tenuous to enable the propagation of radiation at

this wavelength. One thus expects a brightness temperature of
roughly 10 _ K and very weak polarization from a source
similar to that at 20.7 cm, contrary to what is observed. The

only way to reconcile the radio and hard X-ray observations
with emission from a hot plasma would be to locate the 20.7

crn source in an underdense structure so that the bright long-

wavelength emission is totally absorbed in the ambient corona.

vI. DISCUSSION

In this paper, we have discussed observations of a weak

impulsive flare. Since the lack of spatially resolved observa-
tions in the soft X-ray domain precludes any examination of

the global energy balance of this flare, we will restrict our
discussion to the hard X-ray and radio observations.

The 20.7 cm observations reveal the presence of two spa-

tially distinct sources during the burst:
1. The radio emission during the early onset of the hard

X-ray burst (detected only below 30 keV) originates from a

source A. This preflash emission is most probably thermal

gyroresonanee emission from a 7 × 106 K plasma in a mag-
netic field of 130-270 G. This interpretation is consistent with
the absence of detectable circular polarization, of a simulta-

neous hard X-ray peak and of burst emission at 91.6 cm.
2. From the onset to the end of the flash phase, the predomi-

nant 20.7 cm emission arises from a source B, which is different

from A both in position and in polarization. The flash phase

comprises several peaks observed in hard X-rays above 30 keV
and at 20.7 cm and 91.6 cm.

As is again seen at the end of the impulsive phase, the pre-
flash source A probably exists throughout the burst. Neverthe-
less, the large beam of the VLA in the C/T) configuration does
not enable us to determine whether the time history of source

A resembles that of the dominant impulsive source B. Former

VLA observations (Willson 1983; Holman, Kundu, and Kane

1989; Willson, Lang, and Liggett 1990) showed also that the

precursor, impulsive, and decay phases of other flaring active

regions originated in spatially separated sources. These find-

ings are in agreement with results at metric (Raoult et al. 1985)

and X-ray wavelengths (Hernandez et al. 1986; Machado et al.

1988). These sets of observations suggest that a destabilized

coronal triggering source interacts with adjacent coronal

loops, leading to the explosive release of energy during the

flash phase.

While in the burst discussed in the present paper preflash

emission at 20.7 cm seems to be consistent with a thermal

electron population, the flash phase emission is in conflict with

a perfectly confined hot plasma. The decimetric observations

turn out to be a crucial criterion for distinguishing the two

populations: while, in order to be detectable at high photon

energies, the thermal plasma must have a temperature of at

least 108 K, the low emission measure required, together with

the measured dimension of the radio source, implies a low

electron density (see Batchelor et al. 1985, Table 2, for other

examples of weak hard X-ray bursts). If the high-energy tail of

the hot electron population were confined around the apex of

the loop by ion conduction fronts, bright, weakly polarized

gyrosynchrotron emission should be seen at 91.6 cm at the

location of the 20.7 cm source. This has not been observed in

the present case. Hence, if the energetic electrons yielding the

hard X-ray and radio emission originate from bulk ener-

gization of coronal plasma, they cannot be part of a confined

Maxwellian. On the other hand, the injection of energetic elec-

trons into different structures, where they emit hard X-ray,

microwave, and decimetric emission through different mecha-

nisms, might be easier to understand in terms of a process

which generates a population of suprathermal electrons. This

is consistent with the quantitative analysis of § V. The present

work suggests that the acceleration of electrons is the main

process responsible for the hard X-ray and radio emission

associated with the flash phase.
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W. VLA STUDIES oF LARGE-SCALE CORONAL LOOPS

Robe1"t F. "Willson
Department of Physics and Astronomy

Tufts University
Medford MA. 02155 USA

ABSTR.ACT: VLA observations at 20 and'91 cm delineate the structure of large-scale,
otherwise-invisible coronal loops that have been previously observed at X-ray wavelengths.
These loops may serve as conduits for relativistic electrons that propagate over large distances
and trigger bursts in widely-spaced active regions.

Observations of Large-Scale Quiescent Loops

Full-disk VLA maps at 91 cm wavelength have shown that the most intense quiescent
emission is contained in large-scale structures that are sometimes associated with dark Ha ill-
aments (Lang and Willson 1989) or with coronal streamers (Shevgaonkar, Kundu and Jackson
1988). One such example is shown in Figure 1 where we compare a full-disk 91 cm VLA ma.p
(2S h,[av 1988) with a Kitt Peak magnetogram taken on the same day. This figure shows aa
extended (8_18', L_8 x 101° cm) loop-like structure which appears to join active regions ol_
opposite sides of the equator. Active region B was the site of a long-lived noise storm and an
immdsive 20 cm burst whose characteristics have been discussed by Willson et al. (1090).

A

--

Fig. 1. A VLA 91 cm map (left) is compared with a Kitt Peak magnetegram (right) on the
same day. A large-scale loop appears to join two active regions, A and B, on opposite sides of
the equator.

Observations of Correlated Bursts Prom Different Active Regions

VLA observations at 91 cm wavelength have also provided evidence for triggering of burst
emission across extended loops joining different active regions. In Figure 2 we show time pro-
files of a burst detected on 1988 June 8 with the VLA at 20.7 cm alld 91.6 cm, at soft X-rays
(0.5-4.0 A) with the GOES satellite and at hard X-rays (25-420 keV) with the ttard X-ray
Burst Spectreme'ter (HXRBS) aboard the SMM Satellite.

Several 20.7 cm burst components can be identified, including a relatively weak "precur-
sor" (A) that began at about the same time as the soft X-ray burst (163310 UT), and three
impulsive bursts.(B,C and D) which appear several minutes later. The 91.6 cm data show at
least four impulsive peaks (E,F,G and H) three of which (E,F, and H) coincide with peaks at
"20.7 cm. H_rd X-ray emission was detected only at the times of peaks B,C and F.

VLA 3.3 second snapshot maps shown in Figure 2 indicate that bursts A and D occurred
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above the limbward active region AR 5032, while B and C were located above AR 5040, _ 5'
to the northeast.

Snapshot maps of the 91 cm emission indicate that the bursts E-H were locate above
and between these two active regions. In Figure 2.we also show potential field lines that have
been extrapolated to coronal heights using Kitt Peak photospheric fields. These calculations
show that there are small-scale loops connecting r.egions of opposite magnetic polarity within
individual active regions, as well as large-scale ldops connecting different active regions. The
most intense 91 cm peak at 163544 UT, in fact, appears to lie along a set of closed loops joinin_
the two bursting active regions AR 5032 and AR 5040. Other 91 cm sources, including E, G an_"
H appear to lie predominantly along open magnetic field lines whose footpoints originate in AR
5032. The fact that these regions appear to be magneticaIly connected suggests that electrons
accelerated above one active region (AR 5032, the site of the gradual 20.7 cm burst A) may
have travelled along large-scale loops to trigger secondary, impulsive, bursts in a neighboring
active region (AR 5040). Other examples of sympathetic flare triggering by electron streams
which may have travelled flom the primary to the secondary flare site, have been discussed
by Nakajima et al (1985).

]'"

.. _"" ...... i.*_

• ... ,, ,,. :,

• I' I

• ..... I

1 • °,°

Fig. 2. Time profiles observed at radio (VLA; 91.6cm and 20.7 cm), hard X-ray
(HXRBS/SMM hu=25-420 keV) and soft X-ray (GOES 0.5-4.0 A) wavelengths on 1988 J,,ne
8 (left). VLA 3.3 second snapshot maps at different times at 20.7 cm (middle) and 91.6 cm

(right) are overlaid on a Kilt Peak magnetogram taken at 154235 UT on 1988 June S. The
results of potential field calculations (right) show large-scale loops that interconnec_ the active
regions that were the sites of 20 cm bursts. .:

-q Acknowledgements

Radio astronomical studies of the Sun at Tufts University are supported under ,grant
AFOSR-89-0147 with the Air Force Office of Scientific Research. Simultaneous Very _arge
Array and Solar Mazimum Mission Mission observations of the Sun are supported by NASA
grant 5-501 to Tuft_ University.

References

Lang, K.R., and Willson, R.F. 1989, Ap.]. (Letters),344, L77.
Nakajima, H., Dennis, B.R., Hoyng, P., Nelson, G., Kosugi, T., and Kai, K. 1985, Ap.J.,288,

06 , ,
_hev_aonkar, R.K., h.undu, M.R., and Jackson, P.D. 1988, Ap.Y., 329,982.

p , r nWillson, R.F., Klein, K.L., Kerdraon, A., La g, K.R., and Trotter, G. 1990, Ap.J..357, 662.

209 O_tG;N_L P_(_ IS
OF F_,R _.IakF_,,



x. MULTI-WAVEBAND SMM-VLA OBSERVATIONS

OF AN M2 FLARE

AND AN ASSOCIATED CORONAL MASS EJECTION

Robert F. Willson 1, Joan T. Schmelz 2, Ras_nond D. Gonzalez 3,

Kenneth R. Lang I, and Kermit L. Smith 4

1 Department of Physics and Astronomy Tufts University

2 Applied Research Corporation under subcontract to Lockheed

3 National Radio Astronomy Observatory

4 Lockheed Palo Alto Research Laboratory

210



Abstract

An M2 flare and an associated Coronal Mass Ejection (CME) were ob-

served by instruments on the Solar Maximum Mission as well as by the Very

Large Array and other ground-based observatories on 1988 September 30 as

part of the International Solar Month campaign. The multi-waveband data

show a gradual, slowly chm_ging event which lasted several hours. The mi-

crowave burst emission originates in compact (_ = 10" - 30"), moderately

circularly polarized (Pc <_ 60_,) sources (Tb= 0.5 - 20 × 106 K) located near the

sites of bright Ha, and soft X-ray emission. These data were combined with es-

timates of electron temperature (Te= 1.5 x 10 r I() and emission measure (EM

2.0 x 1049 cm -a) obtained fi'om Ca. XIX and Fe XXV spectra to show that

the microwas_e emission can be attributed to thermal gyrosynchrotron radia-

tion in regions where the magnetic field strength is H = 425-650 G. The CNIE

was observed by both ground- and space-based coronagraphs and a good esti-

mate of the acceleration at low altitudes could be measured: 0.0620 _ 0.0233

km s -2. From these observations, the ttare and CME start times appear to

be simultaneous. The event can be described by a "cartoon" where a global

magnetic disturbance both triggers the flare and opens the field lines allowing

the filament cavity to rise. Aft.er the mass ejection, the open field lines begin

to reconnect. The low-lying loops are heated first and the deposited energy

travels down to the surface and appears as bright Ha' parallel ribbons. Higher
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and higher loops are heated until reconnection is complete.
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I Introduction

Multiple-wavelength VLA observations of solar radio bursts may be used to deter-

mine the size and location of sites of energy release at different heights in the corona and

to provide information about preburst heating and magnetic interactions of coronal loops

that sometimes precedes these events (eg. Willson 1983; Kundu and Shevgaonkar 1985;

Shevgaonkar and Kundu 1985; Dulk, Bastian and Kane 1986). Comparisons of VLA time

profiles and images with those obtained at soft and hard X-ray wavelengths and at Ha

may also be used to constrain radiation mechanisms and plasma parameters (i.e. eh:ctron

temperature, electron density and magnetic field strength) in flaring loops, while also al-

lowing studies of the spatial and temporal relationships of different flare plasmas dm'ing

the preburst, impulsive and post-flare phases (Schmahl et al. 1990; Willson et al 1990).

In this paper, we discuss multi-waveband VLA and Solar .Maximum Mission (SM_I)

observations of an X-ray burst and an associated coronal mass ejection (CME) which oc-

curred on 1988 September 30. These observations were made during the International Solar

Month (September 1988), an unprecedented opportunity for coordinated multi-waveband

observations of the Sun in a phase of the solar cycle that has not been well studied. This

worldwide campaign was endorsed by NASA, the Soviet Space 12eseardl Institute, and

SCOSTEP, the International Science Committee on Solar-Terrestrial Physics. At least 2G

satellite and ground-based observatories operated by researchers in 18 different countries

participated in the campaign, insuring routine broadband coverage of the target active

regions.

213



The coordinated observations of International Solar Month focused on different goals

throughout September, depending on solar activity. When high activity was forecast, the

SMM and VLA observing strategy was designed to obtain high spatial and temporal reso-

lution data from the flaring active region. These data could address such issues as preburst

heating, magnetic interaction in coronal loops, burst enfission mechanisms, flare parame-

ters, and the relationship between burst activity and other flare-related phenomena such

as CME's.

In Section II, we present VLA snapshot maps of the preburst, impulsive, and decay

phases of the event, at several centimeter wavelengths. These multiple-wavelength images

allowed us to study the spatial structure of the emission at different heights in the corona,

and to derive estimates of the magnetic field strength along different directions through

the bursting source. In this section, we also present SMM X-Ray Polychromator (XItP)

soft X-ray images as well as light curves and spectra of the flaring plasma. The soft X-ray

images were used to study the structural evolution of the coronal l_la_ma, while the sp,"ct r;_

provided estimates of its electron temperature and emission measure. Finally, we describe

observations of a CME associated with the flare. In Section III, we combine the SM.M,

VLA and other ground-based observations to estimate the magnetic field strength in the

microwave-emitting sources and compare the evolution of an expanding X-ray arch, a clark

filament, and the CME. Section IV summarizes our conclusions.
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II Observations

Active region AR 5171 ($26 E25 at 1300 UT) was chosen as the International Solar

Month target for 1988 September 30, ha_,ing produced a number of M-class GOES flares

during the preceding several days. (GOES, the Geostationary Operational Enviromnental

Satellite, has a full disk X-ray monitor with a soft X-ray chmmel (1-8 A) and a harder

channel (0.5-4 A)). At _ 1900 UT, an M2 flare erupted from the region which was dc-

tected with several instrmnents on SMM, the VLA, and other ground-based observatories

participating in the campaign. The GOES data. shown in Figure 1 indicate a simple burst

profile, consisting of a relatively slow rise (_ 5-10 minutes) followed by a gradual decay

lasting several hours. In this figure, the times of the VLA and SMM observations are also

shown. The VLA observed the preburst, impulsive and decay phases of the flare. SMM,

which had been tracking the region for two days, was eclipsed by the earth until 1907 UT

and, therefore, missed the impulsive phase.

a Radio Observations

The VLA observed AIR 5171 in the D configuration between 1815 and 2300 UT on

1988 September 30. The observations were made at wavelengths of 2.0, 3.6, 6.1, and 20.7

cm (14934, 8484, 4816, and 1496 MHz) with bandwidths of 12.5 MHz. At these four re-

spective wavelengths, the individual antenna beamwidths are 3.2', 6.0', 9.7', and 32' with

synthesized 1)eamwidths of _ 5", 10", 16" and 40". Our observing sequence consisted of

consecutive 8-10 minute observations at 2, 3.6 and 6.1 cm, with a 5-7 minute observation
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at 20.7cm about every 90 minutes. This strategy allowedus to imageboth the quiescent

active region and emissionfrom different phasesof the relatively long-lasting burst.

The gainsand phasesof the antennaswerecalibrated every35minutes using two-minute

observationsof PKS 1252+119,with 3C286used to establish the flux density scale at all

wavelengths. All four Stokesparametersweresampledevery 3.3 s in order to study rapid

changesin the structure and polarization. The data were calibrated using the standard

VLA reduction programs and then usedto makeCLEANed mapsat all wa_,elengths.Un-

certainties in the calibration of solar observations at the VLA have been discussedby

I(undu, Schmahl and Fu (1989), Shevgaonkar,Kundu and Jackson(1989), and Lang and

Willson (19S9).

This burst wa.salso detected by the SagamoreHill and Palehua stations of the Radio

Solar TelescopeNetwork (ItSTN), operated by the US Air Force. The total solar flux

is measuredat eight wavelengthsbetween 122 and 1.94 era. The 122- cm data (Figure

1) show intense burst emissionbefore and dining the M2 flare which may be attrilmted

to a Type I noise storm. Unfortunately, thesedata provide no sp_,tial information and,

becausethe VLA wasnot operating at 90cm, wecannot saywhether this long-warelength

activity was associatedwith the X-ray burst, or the CME. However, recent simultaneous

VLA observationsof another event at 20.7and 91.6cm did show that a noise storm con-

tinuum sourcebegan to increase in intensity about 30 minutes prior to the onset of an

impulsive burst, possibly indicating an interaction betweenlarge- and small-scalecoronal

loops (Willson, Lang and Liggett 1990).
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b SMM Observations

The XRP (Acton et al. 19S0) Flat Crystal Spectrometer (FCS) can be centered on

resonance lines between 1.5 to 20.0 A. These lines are sensitive to different plasma temper-

at.ures and ratios of the line fluxes can be used to determine various physical parameters of

the plasrna. The wavelength drive which scans the crystals and centers them on different

spectral lines could, unfortunately, not move freely in September. The strategy adopted

was to park the drive at the Fe XVII resonance line (peak formation temperature T_= 5

xl06 K) at 15.01 A, the most sensitive line for active region studies. The FCS was centered

on AR 5171 and rastered continuously over a 4' x 4' field of view in steps of 10" or 15 '_.

Successive images provide a time history of the active region.

Temperature and emission measure estimates of the flaring plasma are arailable from

the XRP Bent Crystal Spectrometer (BCS), a non-imaging instrument with a 6: x 6'

(FWHM) field of view. The BCS monitors the high-temperature (T_ _> 10 T K) component

of the plasma through light curves and spectra of Ca XVIII-XIX lines (peak formation

temperature T_= 35 x 106 K) near 3.18 A and Fe XXIV-XXV lines (peak formation tem-

perature T_= 70 x106 K at 1.91 A. The electron temperature can be determined from the

ratio of the dielectronic satellite line flux to the collisionally excited resonance line flux for

each ion: k/w in Ca XVIII/Ca XIX and j/w in Fe XXIV/Fe XXV (using the notation of

Gabriel 1972). The emission measure can then be found by using the ion emissivity curves
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with the derived electron temperature. The atomic physics calculations of Bely-Dubau et

al. (1982 and references therein) were used to derive these plasma parameters.

The SMM Coronagraph/Polarimeter (C/P) was built and operated by the High Alti-

tude Observatory and described in detail by MacQueen et al. (1980). It imaged the solar

corona between 1.5 and 6 1Ro using a broadband green filter. On 19S8 September 30, the

first C/P image of the southeast limb after the M2 flare revealed only the relatively quiet

corona. The CME was detected in an image taken at 1936 UT and its evolving structure

was observed in two subsequent images (1944 and 2001 UT) before it moved out of the

C/P field of view. These images were, unfortunately, not ideal since the CME was at the

edge of the field of view in two of the images and a portion was blocked by the occulting

disk pylon shadow in the third. Nevertheless, measurements of the CME properties could

be made and, thus, the event is interesting because of the multi-waveband data taken of

the associated flare.

III Results

a Preburst Active Region Emission

Because of the large number of short interferometer spacings in the D configuration, we

were able to make snapshot maps of the preburst emission with a reasonably high dynamic

range of about 20 to 1. Figure 2 shows maps of total intensity, I, and circular polariza-

tion, V, and Table 1 gives the peak brightness temperature, size and degree of circular
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polarization at all wavelengths. Here, the uncertainties in the values of the brightness

temperatures are approximately 15-20 percent. As shown in Figure 2, the emission at 3.6,

6.1 and 20.7 cm is contained in a single component whose size systematically increases and

whose polarization decreases with increasing wavelength. These systematic variations are

also apparent at 2.0 cm, except that there is an additional component that has no coun-

terpart at longer wax, elengths. The peak brightness temperatures (Table 1) are typical

of those observed in quiescent active regions (e.g., Lang, Willson and Gaizauskas 1983);

and unless the actual brightness temperatures of the quiescent emission are abnormally

low, this suggests that there was no significant preburst heating on timescales of a few

tens of minutes before the burst, as has been observed for some active regions (Willson

1984; 1,2undu, Velusamy and White 1987). Such enhanced emission, for exampl_,, could

occur because of the emergence or reorientation of magnetic flux resulting in the heating

of the plasma and the triggering of bursts (Heyvaerts et al. 1977; Priest et al. 1986 and

references therein).

The VLA :naps have been coaligned with an Ha image and a Kitt Peak magnetogram

(provided courtesy of Jack Harvey) of the active region. In Figure 3, we mark the locations

of the sunspots and regions of bright plage as found on a Solar Optical Observing Network

(SOON) Ha, image made at 1841 UT. Figure 3 shows contours of the longitudinal magnetic

fields obtained from the Kitt Peak magnetogram taken earlier in the day (1454 UT). Here

we also show the configuration of magnetic field lines that have been extrapolated int,) the

corona using the Kitt Peak data and sunspot field measurements fl'om the Mt. Wilson
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Observatory as boundary conditions. The method of extrapolation used for thesecalcu-

lations has been discussedby Sakurai (1981) who kindly provided us with his computer

code.

A comparisonof Figures 2 and 3 showsthat the emissionat 2, 3.6 and 6.1 cm is associ-

ated with relatively short magnetic loops connectingthe dorninm_tleading spot (B _ 2400

G) of positive polarity to the smaller negativepolarity (B _ 1000G) spots located _30"

to the south. The more extended 20.7-cmemission is partly associatedwith theseshort

loops, but mostly extends in the direction of the large-scaleloops connecting the spots

with regionsof weakermagnetic fields (B _ 500 G) to the southeast. The relatively high

degreeof (right hand) circular polarization of the 2-cm(p__ 90 °A.) and 3.6-cm (p_ _ 60 _,)

emission suggests optically thin emission that is probably attributable to extraordinary-

mode gyroresonance emission from the legs of loops anchored to the dominant spot. This

quiescent active region emission will be discussed in greater detail in a future paper (Will-

son et a l. 1990).

SMM began tracking AR 5171 at _ 1300 UT on 28 September 1988 as the region was

rotating over the east limb. Several hours later, All 5171 produced two M flares and

recovered quickly to a semi-quiescent state, producing only small events before tho VLA

observations. The bulk of the Fe XVII X-ray emission is associated with the large-scale

loops in the southeast. This is not surprising, as previous simultaneous VLA-XIIP obser-

vations show a close correspondence between the structure of coronal loops at. 20 cm and

at X-ray wavelengths (Lang et al. 1987a,b). In addition, there is another more compact
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source located _ 30" south of the sunspots. The southward (or limbward) shift can be

attributed to a projection effect due to the greater height of the soft X-ray emission above

the underlying spots.

b Burst Emission

Figures 4a and 41) show a series of VLA snapshot maps of total intensity, I, and circular

polarization, V, which depict the evolution of the burst during the impulsive phase. The

maps at 6.1, 3.6 and 2 cm represent 10 s of data, beginning at the time indicated. _Iaps

made at shorter intervals (3.3 s) showed no detectable changes in structure. Table 2 gives

the peak brightness temperature, size, and degree of circular polarization of these sources.

The maps at 6.1 cm made near the peak of the soft X-ray emission show that the source

has an elongated structure with an angular size of _ 20" x 3S" a.t the half intensity level.

Its centroid lies _ 30" south of the preburst 6-era peak, suggesting that the energy release

took place in an adjacent source. There was no detectable change in the location of the

6-cm burst peak, although there is some indication of either a lengthening of the source or

the emergence of a separate peak to the southeast. The peak brightness temperature of

Tb _ 20 x 106 K is somewhat higher than the electron temperature inferred flom the BCS

spectra and the GOES data (see below).

The 3.6-cm maps show that, initially, there were two components, A and B, both of

which were displaced eastward from the peak of the 6-era burst. By _ 1900 UT, compo-
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nent A had disappeared,while componentB had intensified. Component A had a circular

polarization of _ 50 % (RCP) while the peak of componentB wasonly weakly polarized.

The 2-cm mapsmadea few minutes after the peakof the impulsive phaseindicate a single

component (size _ 10") whose center lies _ 15" north of the 3.6-cm peak B. It shows

circular polarization (Pc _ 25 % RCP) whosesensecoincideswith that at 6 and 3.6 cm,

but which is smaller than at theseother two wa_,elengths.

The electron temperature of the flaring plasmacan be determined asa function of time

from the k/w line ratio observedin the BCS Ca XIX spectra. The flux ratio asafunction of

temperature hasbeendetermined by Bely-Dubau et al. (1982). At. 1907UT, just after the

impulsive phaseof the M2 flare (as SMM moved out of the earth's shadow), the electron

temperature determined by the k/w ratio was about. 14 x l06 1,2with a statistical error

of about -t-0.3 x l0 s 1,2. As shown in Figure 5, the temperature fell gradually, typical for

long duration X-ray events, to 11 xl06 I( at 1940 when S.MM entered the South Atlantic

Anomaly. The volume emission measure increased fl'om 0.05 to 0.15 xl0 s° cm -3 in lhis

period. The results from the j/w line ratio observed in the BCS Fe XXV spectra gave

slightly higher temperatures and lower emission measures; the GOES data show the op-

posite effect. This indicates that flaring plasma was produced at a range of temperatures

and each ratio is most sensitive to a slightly different value.
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c Evolution of the X-ray Plasma and Postburst Motion

At 1936 UT, C/P detected a faint coronal mass ejection above the southeast limb at a

position angle of _ 150 degrees. A second image (1944 UT) shows a bright loop with a

dark feature trailing the front. The outer edge of the loop is determined in these images

and a third (2001 UT) at a uniform position angle of 145 degrees. From these three im-

ages, a height-time diagram was constructed and a linear speed (projected onto the plane

of the sky) of 378 4- 17 km s-1 is determined for the CME. A linear extrapolation of this

speed yields a. start time of ,_ 1905 UT (A.J. Hundhausen, private communication). The

location of this event in the C/P field of view and the extrapolated initiation time of the

rnass ejection establish its association with the M2 flare from All 5171. A careful exami-

nation of the Mauna Loa Marl< III I,:-Coronameter data for 1988 September 30 reveals two

images of the event as it. developed between 1.2 1:1Gand the lower radius of the C/P fi('ld

of view. Figure 1 shows that a constant acceleration trajectory, rather than a constant

speed trajectory, best fits the five data points. This quadratic fit gives an extrapolated

start time of 1857 + 0001 UT and an acceleration of 0.0620 4- 0.0233 km s -2.

Figures 6 and 7 show the evolution of the Fe XVII X-ray emission and the SOON Ha

emission. Also shown in Figure 6 are the locations of the microwave burst peaks. Near the

peak of the impulsive phase (1912-1922 UT), the X-ray emission is dominated by two rela-

tively compact (_ 45") sources, X1 and X2 which lie respectively, southwest and southeast

of the major sunspot. These limbward-shifted sources may represent loops whose feet are

marked by the underlying Ha, emission. There are two other peaks, Xa and X4, located
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in the eastern portion of the active region, which are also shifted with respect to the Ha

emission. After 1922 UT, the peaks X_ and X2 appear to merge, forming a large-scale loop

that extends across much of the active region. The 2-, 3.6- and 6-cm sources are located

close to the Ha kernels near the sunspots and under this large-scale X-ray loop. During the

flare deea_:, the X-ray emission begins to move limbward with an apparent projected speed

of _ 7 km s -1 (Figure 7). By 2309 UT, it has disappeared from the field of view, leaving

a hole or depression _ 1' south of the preburst, spot-associated X-ray component. These

data sugges_ the outward movement of a post-flare loop or the successive brightening of

a set of loops at different altitudes. Svestka et al. (1982), Svestka (1984), and de Jager

and Svestka (1985) have discussed similar observations of post-flare X-ray loops which ap-

peared to ascend into the corona following intense flares and, in one case, a coronal mass

ejection. They attributed these observations to coronal heating and particle accek_ration

caused by successive magnetic field line reconnection.

Inspection of the SOON Ha. fihn indicated a limbwm'd motion of the filament lying

above the flare ribbon following the burst. Comparison of these images (Figure 7) shows a

close correspondence between the position, overall shape, and orientation of the filament

and X-ray loop. Analysis of subsequent Ha, images shows that the filament also appears

to move laterally across the Sun together with the X-ray loops. Figure 8 shows the trajec-

tory of the loops/filament system as measured from the bright Ha flare ribbon shown in

Figure 6. The filament first appears at about 2014 UT with an initial limbward velocity

(on the plane of the sky) of about 10 km s -l. It soon decelerated to zero velocity (v = -8.2
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x 10 -4 km sec -2) and became undetectable in the Ha images taken after 2230 UT. The

X-ray loops show a clear, limbward displacement (relative to the flare peak) in the first

image taken after SMM emerged from the earth's shadow at 2042 UT. The loops display

a decelerating motion similar to that of the filament until they disappear out of the xrtp

field of view at approximately 2300 UT.

In contrast, the 20-cm emission peak during the early decay phase (2011-201S UT) is

coincident with that of the preburst source (Figure 9), suggesting energy release in the

same region. A later map shows that, by 2138 UT, the peak has shifted _ 40" north while

also developing a discernible "tongue" extending to the southeast. This new compom'nt

could represent the microwave component of post-flare loops, often detected in X-rays after

bursts (Velusamy and Kundu 1981). Although this southward extension was outside the

2-cm field of view, there was no evidence for 3.6- or 6.1-cm emission in this region (Tb _<

0.5 x 106 K).

IV Discussion

a Interpretation of the Microwave Emission

In this section we will derive estimates of the magnetic field strength in the burst by

comparing VLA brightness-temperature spectra with theoretical expectations flom ther-

mal and nonthermal distributions of electrons. A recent application of this technique was

made by Gary and Hurford (1989) who used one-dimensional Owens Valley Radio Obser-
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vatory interferometric observationsto study the magnetic field structure of a simple solar

microwaveburst.

Our four-fi'equencyobservationsarean improvementoversomepreviousdual fl'equency

studies (eg. Shevgaonkarand Kundu 1985;Dulk, Bastian and Kundu 1986)becausethey

covera wider range of wavelengthsand therefore provide better constraints on radiation

mechanismsand plasma parameters. A homogeneoussource emitting thermal gyrosyn-

chrotron radiation, for example,will have a constant brightness temperature, T_,equal to

the electron temperature, T_, at frequencies1_< vt where the emission is optically thick.

At higher frequencies, corresponding to optically thin emission, T_ will decrease rapidly

with flequency as _ 7_ -10 (see Dulk and Marsh 1982, Dulk 1985). The turnover frequency

depends critically on the magnetic field strength, B, the electron temperature, T_, and the

angle, 8, between B and the line of sight. For a nonthermal distribution of electrons, the

brightness temperature will have a maximum at a single kequency, 7_wok, whose value de-

pends on B, 8, the energy spectral index, and the cohunn density of nonthermal electrons,

N,,ti. Here, N,_t is the number density of electrons with energy E_>Eo, usually taken as 10

keV, and L is the path length through the source. The degree of circular polarization, A-,

for both thermal and nonthermal gyrosynchrotron emission also depends on these physi-

cal parameters. Given independent estimates of these quantities, the problem reduces to

adjusting the magnetic field strength to give satisfactory agreement between the observed

and modeled brightness-temperature spectra.

Figure 10 shows brightness-ten_perature spectra along three lines of sight through the
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source. Becausethe wavelengthswere observedsequentially, we must assume that the

brightness temperatures at the other wavelengths could be scaled by the variations in to-

tal flux density, SA, as given by the RSTN data. That is, for any two times tl and t2,

Wb_(tl)= Tb_(t2)*SA(t,)/S_(t2). This method is valid if the size of the emitting region does

not change with time, as appears to be the case for the relatively simple sources at 2 and

6 cm and at 3.6 cm after 1918 UT.

As shown in Figure 10, the observed brightness temperatures at 6.1 and 00.7 cm are

1) comparable to the electron temperatures (T_= 6-18 x 106 K) deriveynchrotron-enfitting distrib

To test this idea, we used the equations of Dulk (1985) to calculate theoretical brightness-

temperature spectra from both thermal and nonthermal gyrosynchrotron emission for a

range of B, T_, 5, and 0. For both models, a source thickness of L= 4.3 x10 o cm_ cor-

responding to the approximate angulm" size (0 _ 1') of the 6-cm emission, was assumed.

The electron density was taken to be N_=(E_'I/L3) °'5, where the emission measure was

obtained from the BCS data. \Vith E.%'I_ 0.5-1.5 ×1049 cm -3, and L= 4.3 ×109 cm, N_

0.S-1.4 x 101° cm -3, a value consistent with those typically found in flaring loops. Inctuch.d

in ore' thermal model calculations is the contribution fi'om thermal bremsstrahhmg radia-

tion, using the equation for optical depth gh'en by Lang (1974). The $MM Hard X-t2ay

Burst Spectrometer data could, in principle, have been used to derive both _ and n,,_ by
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fitting the observed photon energy distribution as a function of energy. However, because

SMM was eclipsed by the earth until the very end of the impulsive phase, the data show

no significant emission above the second energy channel (E_>50 keV) and standard fitting

was not possible (B.R. Dennis, private communication). This suggests that the hard X-ray

emission was largely the high-energy tail of a low temperature thermal distribution or, at

least, that the number of nonthermal electrons in this event was low. From the relationship

between photon and electron energy given by Lin and Hudson (1976), an upper limit of

10 -2 photons/cm2/sec/keV between 50 and 70 keV gives an upper limit to the total num-

ber of thick-target electrons with E>_ 10 keV equal N_t _< 1034 and 1.5 x10 aS, respectively

for _5= 4.5 and 6.0.

The results of our calculations indicate that the brightness t.emperatures and polariza-

tion can be fit by a thermal spect.rum with magnetic field strengt.hs of 425-650 G, electron

temperatures of T¢ = 7-t8 x 106 I(, and observing angles of 0 --,60 . Spectrum A, for ex-

ample, could be well fit with B = 425 G and T¢ = 18 x 106 I(, values that are, respectively,

somewhat lower and higher than along the direction of the 3.6-cm peak A (B = 475 G,

Te = 12 x106 I(). Spectrum C,, corresponding to the 3.6-cm peak at. _ 191S UT, shows

that the brightness temperature at this wavelength (Tb = 6.1 x l06 Is[) is approximately

equal to that at 6 cm and 20.7 era. A satisfactory fit to these data was found for a mag-

netic field strength of B = 650 G, except that the emission at 2 cm (Tb = 0.36 X 10 6 I'_.)

was attributed not to thermal gyrosynchrotron emission, but to optically thin (r _ 0.04)

thermal bremsstrahhmg radiation. The low degree of circular polarization of the 2-cm
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emission (Pc_ 25 %) results from a propagation effect which increases the optical depth

of the extraordinary mode of thermal bremsstrahlung over that of the ordinary mode in a

magnetoactive plasrna (Ratcliffe 1962).

As shown by other recent multi-wavelength studies (Schmaht, Kundu and Dennis 1985;

Gary and Tang 1985; Dulk, Bastian and Kane 1986), nonthermal gyrosynchrotron ra-

diation might also explain the brightness temperatures of solar microwave bursts. For

example, with _ = 3.5 and NntL = 2.5 xl0 ]5 corresponding to a thickness of 1 - 4 xl0 s

cm (0 = 5") the predicted brightness ternperatures at 6.1, 3.8 and 2.0 cm are 13 xl0';,

I.S xl06 and 0.18 xl0 * K, in good agreement with those for spectrunl A. However, th, _

predicted brightness temperature at 20.7 cm is 6.8 xl0 s I(, about a factor of 40 higher

than observed. A higher magnetic field strength of larger cohunn density of nonth('rmal

particles would increase Tb at all wavelengths. Absorption by a thermal gas with T_ = 7

x 106 K, N, = 1.2 x 10 ]° cm -3, and L = 5 x 109 cm would decrease the predicted brightness

temperature by only a factor of 18 at 20.7 era. For this reason, we believe that the mi-

crowave burst emission is probably better explained by thermal, rather than nonthermal.

gyrosynchrotron emission.

We note that Gary and Hurford (1989) have also interpreted the rnicrowa_,e emission

fiom a relatively simple burst in terms of a thermal model with a somewhat higher electron

temperature and magnetic field strength derived here. For this event they showed that the

spectrum could be well-fit by a homogeneous, though expanding, thernaal source with a

peak electron temperature of T_= 7.1 x 107 I,[ and a magnetic field strength of B_ 770 G.
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Comparisonswith GOES soft X-ray data also showedthat the electron density increased

by an order of magnitude during the burst, in contrast to smaller changesin Nc that we

find for our event.

b Evolution of the Expanding X-ray Arch, the Dark Filament,

and the CME

Recent work by Simnett and Harrison (1985) and Harrison et al. (1989) investigates the

relative timing of flares and associated CMEs. Earlier models (Wu et a l. 19S3, Maxwell

et al. 19S5) have assumed that flares preceeded and drove mass ejections but. these more

recent revisionist models suggest quite the opposite: that the CME may precede and ac-

tually trigger the flare. The 19S8 September 30 event is, in fact, a good candidate to test

this cause-effect relationship between the flare and the CME. It is one of about a dozen

evemts where both C/P and K-coronameter data were available (A.J. Hundhausen, private

communication). With the combined data set, the developement of the mass ejection can

be tracked beginning at a nmch lower hight in the corona. For these few events, linear

fit seems to be a very poor representation of the CME velocity at low altitudes; using

this fit extrapolated to 1 R_ would give an incorrect start time because 1) the C.ME was

accelerating at low altitudes and 2) the CME was building up below the C/P field of view

and did not start from 1 R e. These negative effects (MacQueen 19S5) are minimized for

this event; As in Figure 1, a constant acceleration trajectory, rather than a constant speed

trajectory, is a much better representation of the data.
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We find, as did Hundhausen (private communication), that, within the uncertainties of

the measured quantities, that the start of the flare and the initiation of the mass ejection

are nearly coincident: 1) the extrapolated CME start time is approximately 1857 UT with

an error on the fit of + one minute; 2) the start time recorded at the Holoman SOON

site in Ha was 1857 UT; 3) the Palehua SOON site could record the start time as only

before 1900 UT; 4) the Ramey SOON site recorded before 1910 UT; 5) the Sagamore Hill

RSTN station recorded a burst beginning before 1904 UT; and 5) the GOES soft X-ray

event began at 1858 UT.

Based on this result, it seem that neither the CME nor the flare "came first." \Vc

suggest, on the other hand, a slightly different, scenario in the form of a "cartoon" which is

put together in part from Hundhausen (1987) and Zirin (1988) which (with some modifica-

tions) describes both the relative timing and morphology of 1988 September 30 event: As

the magnetic field loops attempt to redistribute themseh'es to a more relaxed configura-

tion, the global disturbance both triggers the flare and opens the field lines. The filament

cavity along the neutral line, which is normally buoyant but is held down by the magnetic

pressm'e of the loops on top of it, begins to rise, plowing through coronal material which

builds up ahead of the cavity. This configuration: 1) the built up material, 2) the cavity,

and 3) the filament or pron_nance becomes the "three-part" structure of a "typical" CME:

1) a bright outer loop surrounding 2) a dark cavity with 3) bright material at the center.

After the CME is ejected, the open field lines begin to reconnect. In the "typical" two-

ribbon flare scenario, this reconnection first heats the low-lying loop archades, injecting
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energy into eachflux tube; this energy reachesthe loop footpoints and is revealedin Ha

imagesas two (ideally) parallel bright ribbons. As reconnection continues, higher loops

are heated; theseloops would (again ideally) havefootpoints further fiom the neutral line

and the bright parallel ribbons in the Ha, imagewould appear to moveapart.

There is someevidenceof the global magnetic disturbance before the 1988September

30 event: There appearsto be a precursor in the GOES light curve (,Figure1), peaking at

about 1740UT, aswell asan eventat 245 MHz in the I1STN data, peaking about an hour

later. The GOES event wasuntagged (according the Solar GeophysicalData) and it was

not observedby FCS or BCS which were tracldng the region (if the event had been flom

All 5171, FCS and BCS would have detected it easily). Also, the VLA sawno preflare

heating during the 245 MHz event. This enhancedemissionmay be the result of a change

in the large-scalestructure of the global magnetic fiehl or fl'om a footpoint hidden behind

the limb (Harrison 1986). We favor the first possibility since it is likely that the entire

loop structure was large enoughto be outside the BCS field of view but not large enough

to extend behind the limb since the region wasonly 25° from central meridean. Either

scenario,however,would be consistentwith Harrison (1986).

Although many CMEs show a distinct and striking three-part structure, this is not al-

ways the case. In fact, only about half of the CMEs observedby C/P show this *'classic"

structure (Hundhausen 1987). In the photographs of the 1988September30 CME, only

the fuzzy faint outer loop and trailing dark cavity can be seen. As the field lines opened

up, the buoyant cavity beganto rise and collect material in front of it but the active rc_gi_n
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filament does not seem to have escaped: The filament, as well as the X-ray arch, are still

at the site of the M2 flare (Figure 6) at this time. It is not until over an hour later, when

the CME is well beyond the C/P field of view, that the filament begins to move (Figures

7 and 8). Because this active region was well on the disk, the proper motion of both the

filament and the loops is well measured. The5' are moving together, toward the limb in

the direction of the CME, with an initial speed (in the plane of the sky) of about 10 km

s -_. Then the filament/loop system decelerates and virtually stops at approximately 2230

UT. If we assume a simple loop geometry and that these loops expand radially away flom

the surface, the total velocity of about 25 km s -1 is not high enough to escape the Sun's

gravitational field. Quite the opposite is true for the CME: assuming the same simple loop

geometry and radial expansion, the total initial velocity is about 900 km s -_, well above

the escape velocity of the photosphere.

It. seems, however, that the X-ray loops may not actually be moving but that the FCS

images show a successive brightening of a set of loops at different altitudes as in the above,

"ideal," two ribbon flare scenario. Each X-ray images shows its brightest point at. the peak

of the loop system. This brightening is evidence of reconnection at higher and higher alti-

tudes. (Unfortunately, there is not a good estimate of the temperature at, this point since

the FCS was able to image only in Fe XVII.) The report fl'om the Holoman observatory

SOON site actually described the event and a "parallel ribbon" flare. It seems, therefore,

that the cartoon outlined above is a reasonable, generic description of the 19S8 September

30 event; it is not perfect since no filament was observed as part of the CME but then,
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many events are probably only slightly different from the "typical" event described by this

cartoon.

V Conclusions

The M2 flare of 1988 September 30 during International Solar Month was well observed

by SMM, the VLA, and other ground-based instruments. The primary energy release at

the short microwave wavelengths took place in a set of compact loops located near th_ _

sites of the brightest Ha and soft X-ray emission. There was no evidence for prcbm'st

heating of the coronal plasma on timescales of a few tens of minutes before the burst.

Microwave spectra, together with estimates of electron temperature and emission measure

derived from BCS data, suggest that the microwax_e emission can be attributed to thermal

gyrosynchrotron radiation in regions of magnetic field strength H = 425 - 650 G. The

inferred values of H are in reasonable accord with those obtained fl'om coronal magnetic

field extrapolations. Ahhough the associated CME was rather unspectacular, the width,

speed, and (in conjunction with Mauna Loa coronameter observations) acceleration of this

event could be measured. This is one of the few mass ejections for which an unambiguous

initiation time is obtained. Although only a single event, the resulting near-coincidence

of the CME and the flare initiation times must seriously question earlier models of CME

dynamics where the flare provides the "driver" for the mass ejection. Taken in conjunction

with other multi-waveband data, we believe the event, to be rather interesting. \Ve propose

that this event seems to be well described by a "cartoon" where a global magnetic distur-
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bance opens the field lines allowing the filament cavity to rise and plow through coronal

material. This configuration becomes the bright outer loop surrounding the dark cavity

which is observed by the K-coronameter and C/P. After the CME is ejected, the open

field lines begin to reconnect. The low-lying loop archades heat first and the deposited

energy travels down to the photosphere and appears as bright Ha, parallel ribbons. As re-

connection continues, higher and higher loops are heated until the system is stable again,

a process which took several hours.
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\Vavelength

(cm)

Table 1:

Parameters of the preburst Emission

Brightness Temperature Polarization Angular Size

(K) (%) (")

2.0

3.6

6.1

20.7

5.0 x l0 s 90

2.1 x 106 60

1.4 x 106 40

2.2 x 106 < 10

12 x 25

20 x 40

30 x 75

170 x 175
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UT Time

Table 2:

Parameters of the Burst Sources

\Vavelength Brightness Temperature Size

(era) (K) (")

Polarization

(%)

190018 6.1 6.5 x 106 26 x

190438 6.1 1.6 x 10 r 25 x

190838 6.1 1.8 x 10 r 25 x

191138A 3.6 3.2 x l0 G 15 x

191t38B 3.6 2.5 x 106 12 x

191438A 3.6 2.1 x 106 12 x

191438B 3.6 4.7 x 106 12 x

191838B 3.6 6.1 x 106 12 x

192138 2.0 1.6 x 106 10 x

192408 2.0 2.2 x l0 G 10 x

192728 2.0 1.6 x 106 10 x

201100 20.7 4.6 x 106 100 x

213800 20.7 3.1 x 106 125 x

37

39

30

18

15

17

14

14

12

12

12

130

150

30

30

20

55

< 10

50

< 10

15

25

27

60

< 15

< 15
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FIGURE LEGENDS

Fig. 1. (Bottom) Time profiles of the burst obtained bs' the 0.5-4.0 A detector on

GOES and by the Sagamore Hill station of the Air Force Solar Radio Patrol at 245 MHz.

The times and bands that the VLA observed are shown at the top. The times of the

SMM orbits are given at tile bottom. Here the VLA band desigm,tions of U,X,C and L

correspond to wavelengths of 2, 3.6, 6.1 and 20.7 cm, resptively. (Top) Tin, e-height plot

of the CME as detected by the Mauna Loa Mark III K Coronometer (M) and by the S.M_I

Coronagraph/Polarimeter (S). The solid and dashed lines represent, respectively, constant

speed and constant acceleration fits to the data.

Fig. 2. VLA maps of total intensity, I, and Stokes parameter, V_ showing the preburst

emission at 2, 3.6, 6.1 and 20.7 cm wm'elength. The fiducial marks on the axes are drawn at

60" intervals. The direction of the north and east solar limbs are denoted by arrows. The

box on the 20.7 em map marks the 3' field of view of the maps at the shorter wavelengths.

The contours mark levels of equal brightness t enlperature, with an outermost contour and

contour interval of T_= 3.1 xl0 s K, 2.7 xl0 5 K, 1.7 xl05 K and 3.6 xl0 4 Ix at 20.7, 6.1,

3.6 and 2.0 cm. The peak brightness temperatures at these four respective wavelengths

are Tb = 2.2 xl06 K, 1.4 xl06 Is[, 2.1 xl06 I( and 5.0 xl06 I(.

Fig. 3. a) A drawing showing the locations of the sunspots and brightest regions of

plage as obtained from a SOON Ha' image of AR 5171 at 1841 UT. For comparison, the
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6.1 cm preburst map shown in Figure 4 is superposed, b) Potential magnetic field lines

superposed on contours (B= 200,400,600 G) of the photospheric fields as obtained fl'om

a Kitt Peak magnetogram, c) An XRP-FCS image of Fe XVII emission made during the

preburst interval fl'om 1738-1758 UT. The contours correspond to 10,20,30... counts s -1.

Fig. 4. VLA snapshot maps of I (a) and V (b) at 6.1, 3.6, and 2.0 cm wavelengt.h.

The contours mark levels of equal brightness temperature, with an outermost contour and

contour interval of Tb= 1.3 xl06, 3.6 xl0 s, and 2.0 xl0 s K for the maps at 6.1, 3.6 and

2.0 cm, respectively. The fiducial marks on the axes are drawn every 30".

Fig. 5. Plots of the electron temperature and emission measure derived fl'om analysis

of the BCS Ca XIX spectra. The error bars denote l-or uncertainties in the measurem_-'nts.

Fig. 6. A SOON Ha image (top left) showing the location of the optical flare emission

is compared with a sequence of XRP Fe XVII images depicting the evolution of the soft

X-ray plasma. The locations of the VLA burst sources at 2.0, 3.6, 6.1 and 20.7 cm (Fig-

ures 4 and 8) are superposed on the optical image. The contour levels of the XFIP maps

correspond to 100,200,400,600,800,1000,1400,1800,2200,2600 amd 3000 counts sec -1 above

the background level. The angular scale can be inferred fi'om the 10" spacing between

the fiducial marks. The dashed line in the upper left-hand panel denotes the outermost

contour of the 20.7 cm map at 2011 UT (see Figure 9).
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Fig. 7. A comparison of Ha, (top left) and soft X-ray (XRP-Fe XVII) images during

the decay phase of the burst. A dark filament appearing to move outward with a projected

speed of ,_7 km s -1 is coincident with an expanding X-ray loop which eventually disap-

pears fi'om the field of view. The contour levels of the Fe XVII image from 2046-2056 UT

correspond to 100, 200, ... counts s -1 above the background level. The contour levels of

the later maps are drawn at 10, 20 ... counts s -] above the background level.

Fig. 8. The lateral displacement of the Ha filament relative to the bright flare ribbon

taken at 192210 UT (Figure 6). The error bars correspond to an uncertainty of m5 :_ in

determining the position of the leading edge of the filament on each SOON image. A

quadratic fit to the data (solid line) yields a velocity and deceleration of v = 10.2 km soc -]

and v = -8.2 x 10 -4 km sec -2, respectively.

Fig. 9. A comparison of SOON Ha images (top) and \rLA 20.7 cm maps during the

post-impulsive phase. Here the contours mark levels of equal brightness temperature with

an outermost contour of 6.2 xl0 s I( and a contour interval of 3.1 xl0 s I{. The angular

scale can be inferred from the 60" spacing between the fiducial marks on the axes. Note

that the 20.7 cm emission has developed a distinct southeastward extension during the

same time that the dark filament is seen to move outward.
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Fig. 10. Brightness temperature spectra for three lines of sight through tile mi-

crowave burst source. Spectra 1, 2, and 3 refer, respectively, to the peaks of the 6 cm

source at 190838 UT, the 3.6 cm source A at 191138 UT, and the 3.6 cm peak B at 191735

UT. Theoretical spectra of the combined thermal gyrosynchrotron radiation and tllermal

bremsstrahlung emission for different values of magnetic field strength and electron density

are also shown. These spectra were computed for an angle 8= 65 ° and electron densities

of Y¢= 1.2 ×101° cn1-3 (1 and 2) and 1.5 x10 l° Cl-l1-3 (3).
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Abstract

We obtained simultaneous observations of an active region located near central

meridian with the Very Large Array, the Solar Maxinmm Mission X-Ray Polychro-

mater (XRP), and the Beijing Observatory magnetograph on 18 Decenlber 1987,

during the Coronal Magnetic Structures Observing Campaign (CoMStOC). The

active region contains a sunspot with a nearby region of opposite polarity, and a

trailing area. of plage. An asymmetric loop-like structure connects the south-east

portion of the sunspot with the nearby region of opposite polarity. Both 6- and

20-cm emission lie along this structure, rather than over the sunspot, with higher

fl'equency emission originating closer to the footpoint inside the sunspot. The' 20-

cm emission is due to a superposition of 2nd and 3rd harmonic gyroemission, where

the field strength is 160 G - 300 G, while the 6 cm emission is due to 3rd harmonic

gyroemission fl'om a region where the magnetic field strength ranges from 547 G -

5S3 G. A high value of the Alfven speed, --_ 40,000 kin/see, is obtained at tll( _ loca-

tion of the 6-cm source, and somewhat lower values, --_ 10,000 - 20,000 kin/see, are

obtained at the location of the 20-cm emission. At the location of the 6-cm source,

the plasma temperature diminishes with height from 2.5 x 106 K at the height of

--, 5000 km to 1.3 x 106 I,: at _ 15,000 km.

The X-ray data associated with the plage were used to predict the brightness

temperature structure clue to flee-fi'ee emission in the 6- and 20-era wavcbands.

The predicted 6-cm brightness temperature in the plage is low, consistent with _mr

lack of observed 6-cm plage emission. The predicted 20-cm brightness temperature

is consistent with that observed at 20 cm in the central portions of the plage;

however, the obsem'ed high polarization requires the presence of cool, absorbing

plasma overlying the hot plasma observed by XRP. The most likely model invohes

polarization inversion occurring in a quasi-transverse layer in the magnetic field

above the plage.
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1 Introduction

Observations of coronal loops with the VLA show that emission at different wave-

lengths originates at different heights, with longer wavelengths corresponding to

higher levels. Synthesis maps at 20-cm wavelength, for example, outline loop-like

structures that stretch across regions of opposite magnetic polarity (Lang, \Villson,

and Rayrole 1982) while observations at shorter wavelengths (2 and 6 em) generally

indicate sources that lie along the legs of loops (Alissandrakis and Kundu 1982;

Lang and Willson 1982; Lang, Willson and Gaizauskas 1983; Strong, Alissandrakis

and Kundu 1984). The 20-cm loops are similar to their X-ray counterparts, for the

loops detected have sirnilar sizes, shapes and brightness temperatures.

Although the X-ray emission is attributed to thermal bremsstrahhmg and atomic

line emission fl'om hot (T_ _ 2x 106 K) coronal plasma, the microwave emission may

be due to either thermal 1)remsstrahlung or to gyroresonance emission of the'final

electrons spiralling along coronal magnetic field lines. In order to determine which

of these mechanisms is dominant, it is necessary to know the electron temperature

and emission measure so that the brightness temperature at. a particular wavelength

can be calculated and compared with the observed values. Observations of soft X-

ray spectral lines obtained 1)5' the X-ray Polychromator (XI'IP) aboard the Solar

Maximum Mission (SMM) satellite, for example, can yield estimates of the electron

temperature, emission measure, and density in quiescent loops. These param<'ters

have been combined with plausible estimates for the magnetic scale height and

the harmonic to show that the microwa_e-emitting plasma can be optically thick

to either thermal bremsstrahlung or gyroresonance emission at 20-era wavelength

(Lang, Willson, and 1Ras"role 1982; McConnell and I,:undu 1983; Shevgaonkar and

Kundu 1984; Gary and Hurford 1987).

Direct comparison of 6-cm and soft X-ray emission has confirmed the impor-

tance of gyroresonance emission at this wavelength. However the brightest 6-cm

sources are usually not associated with the brightest X-ray sources and the detailed

correspondence between the radiation at these two wavelengths is poor (Schmahl

et al. 1982; Webb et al. 1983). The reason for this is that 6-cm gyroresonance

absorption typically occurs in the strong magnetic fields above sunspots, while the

bremsstrahlung-emitting X-ray emission is usually most intense between regions of

opposite magnetic polarity. The thermal bremsstrahlung is often too optically thin

to be detected at 6 cm where gyroresonance radiation dominates.

More recent comparisons between simultaneous 20-crn and X1RP images have

shown better agreement between the emission at these wavelengths, although there

are significant, differences (Webb et al. 1987; Lang et al. 1987a,b; Nitta et al. 1990

- CoMStOC I). The 20-era maps suggest the presence of both cool and hot plasma_
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in different regions that are not detected in X-rays and there is X-ray emitting

plasma that remains invisible at 20 cm. Although thermal bremsstrahlung could

explain the bulk of the 20-cm emission, the detection of a line-like enhancement in

the brightness spectrum at the apex of one coronal loop suggests the dominance of

gyroresonance emission in that part of the loop (Willson 1985).

In this paper we describe the results of simultaneous VLA and XRP observations

of a solar active region obtained during the Coronal Magnetic Structures Observing

Campaign (CoMStOC). The primary objective of CoMStOC was to obtain quanti-

tative information about the plasma and magnetic field structure above solar active

regions by comparing the microwave and soft X-ray data with theoretical models

(Hohnan and Kundu 1985, Brosius and Holman 1988, Brosius and Holman 1989)

and magnetic field measurements. In Section 2 we present and discuss the coordi-

nated observations: VLA observations at four different frequencies in each of the O-

and 20-era wavebands, simultaneous XRP spectral and image data., and a simulta-

neous photospheric longitudinal magnetogram from Beijing Observatory. In Section

3 we further analyze and interpret the VLA, XRP, and magnetograph observations

in terms of physical models. In Section 4 we summarize and discuss our conclusions

and their implications.

2 Observations and Data Analysis

2.1 VLA Observations

The VLA (B configuration) was used to observe the active region All 4906 ($34.5,

E17.7 at 1300 UT) between 1440 UT and 2300 UT on 18 December 1987. The

entire array of 27 antennas was used at four frequencies in the 20-cm band (1375,

1420, 1550, and 1GG5 MHz) and four in the 6 cm band (4600, 4700, 4800, and 4900

MHz) with bandwidths of 12.5 MHz. The half-power beamwidth of the individual

antennas ranged between 29' and 34'.7 at 20 cm, with synthesized l)eamwidths of

4". At 6 cm, the primary beamwidths ranged fl'om 9'.7 to 10'.4, with synthesized

beamwidths of 1". One pair of frequencies was observed for about 5 minutes, so

that all eight could be observed in about twenty minutes. The data were sampled

every 10 s and calibrated using observations of PKS1655+078. Corrections were

made for the difference in the signals from high temperature noise diodes located

on four of the antennas. The temperatures of these sources were rneasured across

each band prior to the observations. The data were edited and calibrated with the

standard solar procedures at the VLA, and used to make synthesis maps of both

the total intensity, I, and Stokes parameter, V, during the 8.5 hour interval at all

eight frequencies. Examination of the fringe visibility on several baselines indicated
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no variations that could be attributed to solar bursts or interference.

Individual mapsat the four 6-cmfrequenciesshowno discernible differencesin
position, structure, or brightness temperature. Therefore, in Figure lb, we show
a fequency-averagedI map at 6 cn'_.The emission is concentrated in an elliptical
sourceof about 16" x 28" in size(half-intensity level) which is located ,-- 20 '/south-

east of the center of the dominant leading sunspot. Its peak brightness temperature

is TB = 2.5 x 106 I(, and it is --,60% right-hand circularly polarized near the long

edges of the source (see Fig. 6). The sense of circular polarization coincides with the

positive polarity of the spot. In Section 3 we show by both modeling and potential

field extrapolation that the 6-cm emission is most likely attributable to 3rd har-

monic gyroresonance emission. The polarization arises because the extraordinary

mode is more optically thick than the ordinary mode at the edges of the source.

At 20 cm there are two main components (Fig. la): source A is located 25"

southeast of the 6-cm emission, and source B is located 2'.5 to the east, in the

plage. The peak brightness temperatures of sources A and B are, respectively,

--, 2 x 106 I{ and ,-_ 1.4 x 106 K. Source B is ,-_ 50%_ left-hand circularly polarized

while source A has no detectable polarization to a limit of 10-20c_. Individual maps

at the four 20-cm frequencies (Fig. 2) show that there is a systematic difference

in the structure of the 20-cm emission at these frequencies. For example, a tLird

component (C), located to the north of component A, becomes less intense with

increasing frequency, as component B decreases in size. These systematic trends are

consistent with the absence of components B and C at 6 cm. In addition, the more

shm'ply defined peak of source A systematically shifts by -_ 10" in the direction of the

6 cm source fl'om 1375 MHz to 1665 MHz. This is a manifestation of gyroresonance

as the dominant emission mechanism: as the observing frequency changes, the

magnetic field strength required to stimulate gyroresonance emission also changes;

the appropriate field strength is at a slightly different location, resulting in a shift

of the radio source with observing frequency.

In the B-configuration VLA, the fringe spacings range between --, 4".5 and 225"

at 20 cm and 1".3 and 66/' at 6 cm, so that extended, low 1)rightness structures will

be resolved out. Since the standard CLEAN algorithms used to produce the maps

presented here are not best suited to recovering such extended emission, we also

used the Maximum Entropy Method (Cornwell 1986; Bastian 1988??) to produce

maps at all wavelengths. This allows us to determine whether larger-scale (0 _> 4' at

20 cm and 0 >_ 1' at 6 cm) features were in fact present. This method uses the fringe

visibility data on all baselines, together with the CLEANed maps as default images,

to restore any "missing" flux and large-scale structure that has been resolved out.

The results of our analyses, however, showed no significant changes in structure

or brightness temperature (_<15c_.) between the MEM and CLEANed maps. The

only discernible difference was that the MEM maps tended to be slightly wider
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and smoother, so that the systematic shifts in the maxima of the 20 cm emission

were less obvious. We did not. find any evidence for extended, low-brightness 6 cm

emission in the region of the 20 cm plage-assoeiated source with any brightness

temperature _> 0.4 x 106 K. In CoMStOC I (Nitta et al. 1991), for example, a

significant difference was observed between the CLEANED and MEM images for a

6-era source on the limb. Because there were no significant differences in the results

from the two methods for our data, and because of the uncertainty in comparing

the MEM results with, for example, the fluxes from single-dish flux measurements

(T. Bastian, private commuinication) we have decided to use the CLEANed maps

in the following analyses.

2.2 XRP Observations

The XRP Flat Crystal Spectrometer (Acton et al. 19S0), collimated to 14" F\VH._I,

can build images by rastering over a portion of a 4' x 4' area with a mininmm pixel

spacing of 5", or scan a series of spectral lines at one or more spatial locations. XI-IP

mapped AR 4906 (Figure lc) in the Fe XVII resonance line at 15.01 ._., the most

sensitive line at. active region temperatures. This map shows two peaks of emissic_n:

the weaker source on the right (microwave source A) lies between the sunspot and a

nearby region of opposite polarity; the stronger source on the left. (microwave source

B) is associated with the trailing area of plage.

A spectroscopic scan (between 13 .'_and 19 ._) was done at the brightest Fe XVII

pixel (marked with a "+" in Fig. lc) in the SMM orbit beginning at 0343 UT on

19S7 December 18. Analysis of these spectral data follows the procedure outlined

in CoMStOC I. The emissivity calculations from Mewe, Gronenschild, and van den

Oord (1985) and the coronal abundances of Meyer (1985) were used to calculate the

electron temperatures from five selected line flux ratios. These ratios vary by a fatten

of 10 or more in the range 2-4 x 106 I,:; this steep gradient, makes a ratio sensitive to

small changes in temperature and relatively insensitive to systematic uncertainties

such as relative flux calibrations, elemental abundance variations, or errors in the

atomic parameters. (See CoMStOC I for a detailed discussion of these calculations

and possible sources of error.) These values and their uncertainties (statistical only)

are listed in Table 1. The uncertainties in the weighted mean include systematic

as well as statistical uncertainties. The column emission measure corresponding to

each temperature in Table 1 was computed using the O \rlII line flux, which has an

emissivity curve with a broad, flat response in the range of interest; therefore, the

emission measure determined using this line is relatively insensitive to changes in

temperature. Once again, the uncertainties on the individual entries are statistical

only (dominated by the uncertainty in the O VIII line flux) while the weighted

mean includes systematic as well as statistical uncertainties.
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XRP mapped AR 4906 a.t the peaks of five bright resonance lines--O VIII, Ne

IX, Fe XVII, Mg XI, and Fe XVIII--in the SMM orbit beginning at. 1134 UT on

1987 December 18. Ratios of these images can be used to determine the spatial

structure of the plasma parameters across the region (as was done in CoMStOC

I). AR 4906 was relatively weak, however, and, although Fe XVII was observed

throughout the region, significant counts were observed in only one other line, O

VIII, and only near the brightest, central areas of the plage. The O VIII/Fe XVII

flux ratio varies by only a factor of about five in the temperature range 2-4 x 106

K, making it more sensitive to errors in flux calibration, elen-_ental abundance, and

atomic parameters than the line ratios available at the brightest Fe XVII pixel.

Even though the map data and spectroscopic scan data. were taken 8 hours apart,

the electron temperature and emission measure obtained with the O VIIt/Fe XVII

flux ratio from the spectroscopic scan data at the location of the Fe XVII peak flux

are equal to the electron temperature and emission measure obtained with the O

VIII/Fe XVII flux ratio from the map data at the same location. This indicates that

the active region was stable during our observation period. Also, GOES soft X-ray

data show no significant activity at or between the times of these observations.

As was found in CoMStOC I, our analysis of the spectroscopic scan data leads us

to conclude that the Fe XVII emissivity is inconsistent with that of the other lines,

here by a factor of ,-_ 2.75. This issue is discussed in greater detail in CoMStOC

I and CoMStOC II (Schmelz et al. 1991). This factor is somewhat higher than

in CoMStOC I, where it was found to be in the range 2.0 - 2.5. The difference is

within the uncertainty of the measurements, however. Here we apply the Fe X\-II

emissivity correction factor of 2.75 obtained with the spectroscopic scan data to the

emission line map data, in order to obtain maps of the temperature and emission

measm'e from the O VIII/Fe XVII map flux ratios (Figures le and lf). Predicted

microwave brightness temperatures at 20 cm and 6 em are also shown (Figures lg

and lh) and discussed further in Section 3.3. These maps were smoothed with a

3 x 3 boxcar to remove statistical noise, and the calculations were done only for

those pixels with significant count rates, /, 3 or, in both lines.

It is difiqcult to obtain a meaningful, quantitative estimate of the error in the

map temperatures and emission measures other than to note that they are expected

to be larger than at the Fe XVII peak (Table 1). \Ve can look at their sensitivity

to the Fe XVII correction factor, however. If no correction factor had been applied,

at the Fe XVII peak the O VIII/Fe XVII ratio would have given a temperature

of 1.97 x 106 I( and log emission measm'e of 29.30. For a correction factor of 2.0,

the temperature and log emission measure are found to be 2.55 x 106 I( and 28.90.

As wilt be discussed in Section 3.3, these variations have only a small effect upon

the predicted brightness temperature at 20 era, but a significant effect upon the

predicted brightness temperature at 6 cm.
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2.3 Beijing Magnetogram

Figure ld shows a photospheric longitudinal magnetograna of AR 4906 on 18 De-

cember 1987 from the Beijing Observatory (courtesy of H. Zhang and H. Wang).

The maximum line-of-sight umbral magnetic field strength is ,--2600 G with a noise

level of ,-_100 G. Comparison of the umbral field strength with data taken at the Mr.

Wilson Observatory shows good agreement, indicating that the magnetogram did

not saturate. (Saturation is frequently a problem with Kitt Peak n_agnetograms.)

Just left (east) of the sunspot is a nearby region of opposite polarity with a max-

imum, imvard directed field of ,-_ 790 G. Farther to the left is the trailing plage

with a maximum field of ,-,930 G. The nmnbers on the x- and y-axes represent the

distance from disk center on the plane of the sky in units of 10,000 kin. (One arcsec

is equivalent to 725 kin.) In these units the solar radius is 69.6. Because the active

region was so close to disk center, the approximate sizes of or distances between

various active region features can simply be read off of the figure.

Figure ld also shows field lines obtained with the potential field extrapolation

code developed by Sakurai (1982); this code solves Laplace's equation to calculate

current-fl'ee magnetic field lines using the line-of-sight photospheric fields as bound-

ary conditions. Most of the field lines emanating from the sunspot terminate in

regions of very weak opposite polarity; however, a cluster of lines in the lower left

portion of the spot terminates in and around the nearby, relatively strong region

of opposite polarity. These field lines outline a loop-like structure (or bundle of

loops) which is quite asymmetric. For several representative field lines, we list pairs

of total extrapolated photospheric magnetic field strengths (in Gauss), where the

first element in the pair corresponds to the footpoint inside the sunspot and the

second corresponds to the footpoint in or around the nearby region of opposite po-

larity: (1800,33), (1500,2S0), (1400,550). The corresponding photospheric footpoint

separations for the above field lines are 5.06, 4.64, and 3.80 x 104 kin.

3 Results

3.1 Analysis of the Sunspot

An overlay of the intensity maps in the 20 cm waveband (Fig. 2) with the pho-

tospheric longitudinal magnetogram reveals that the 20 cm intensity contours of

source A do not cover the entire sunspot. The potential field extrapolations (see

below and Fig. 3) show that magnetic fields which are high enough to produce

2nd harmonic gyroemission at all four frequencies in the 20 cm waveband (245 -

297 G) occur at heights of 5000 - 15000 km, where coronal temperatures (> 106
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K) and densities (,-_ 109 cm-3) are expected to persist (Papagiannis and I(ogut

1975, Hildebrandt et al. 1987). Indeed, 2nd harmonic gyroemission is expected to

emanate from the portion of the sunspot for which the observed brightness tem-

perature is less than the lowest observed intensity contour (5.3 x 105 K). Ways

to obtain brightness temperatures this low from the 2nd harmonic gyroemission

mechanism are (i) the density in the emission region is extremely low (< 105 cm-3

for a 2 x 106 K plasrna), (ii) the temperature in the emission region is less than

5.3 x 105 K, or (iii) both the temperature and the density in the emission region

are low. To obtain a density less than 105 em-3 in the corona over a large fraction

(~ l/a) of a sunspot area seems unlikely, but it cannot be ruled out. Thus we find

that a lower temperature and/or density exists over a portion of both the sunspot

umbra and penumbra on the side of the sunspot away fl'om the center of AIt 4906

than on the side of the sunspot toward the center of AIR 4906. This is consistent

with Gary and Hmford (1987), who concluded that the plasma temperature and/or

density are lower on the sides of sunspots away fl'om the centers of active regions,

and with Strong, Alissandrakis, and I(undu (1984), who concluded that low tem-

perature plasma was present over the umbra of a sunspot which they observed with

the Westerbork Synthesis Radio Telescope.

X\re modified the Sakurai code to obtain the total extrapolated magnetic field

strength in a grid of locations all at the same specified height above the photoslfllere.

We used the high resolution Beijing magnetogram (discarding a portion of the

magnetogram which consists entirely of noise) to calculate the extrapolated field in

a 64 x 34 grid with a spacing of 3500 km (4".8 in the plane of the sky) in each of

the x and y directions. The resolution of the magnetogram is 512 x 512, with a

pixel spacing of 526 km (0".73) in x and 370 km (0".51) in y.. We selected such a

coarse grid in order to maintain a reasonable computation time. This grid spacing is

comparable to the VLA resolution at 20 cm and is better than the XRP resolution.

Contour maps of the extrapolated coronal potential field at heights of 0, 5000,

10000, and 15000 km above the photosphere are shown in Figure 3. The physical

dimensions of the extrapolated maps are smaller than the dimensions of the Bci-

jing n_agnetogram because we focused on the portion of the magnetogram which

contains features visible in radio and/or X-rays. At the photosphere, the maxinmm

longitudinal field strength in the sunspot is B_max = 2627 G, and the maximum

total field strength is Bmax = 2732 O. These two parameters are not cospatial: the

location of Bmaz depends only upon the total magnetic field strength, but the lo-

cation of B_maz depends upon both the total magnetic field strength and the angle

between the curved sunspot field lines and the line of sight. At a height of 5000 km

above the photosphere, the sunspot has B,maz = 1165 G and Bmaz = 1220 G. At

10000 kin, B_m.az = 645 G and Bmaz = 683 G, and at 15000 kin, B_maz = 405 G

and Bmaz = 430 G. The vertical gradient of the total magnetic field strength near

the center of the umbra for heights between 0 and 5000 km above the photosphere
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is --, 0.30 G/kin. This is less than but comparable to the gradient of 0.41 - 0.67

G/km obtained by Henze et al. (1982) for the longitudinal magnetic field in the

transition region and photosphere of a sunspot umbra. We also find that the aver-

age horizontal gradient in the total photospheric magnetic field strength is _ 0.11

G/km. Knowing the height variation of the maxinmm total extrapolated sunspot

field, and assuming that this field can be described by that. of a vertically oriented

point dipole buried below the photosphere, we obtain a depth of 1.76 x 104 km and

a dipole moment of 7.45 x 1015 G-kin3.

With the depth and moment obtained above for the vertically oriented point

dipole buried below the photosphere, we calculated contours of constant magnetic

field strength which extend well into the corona. Figure 4(a) shows magnetic field

contours corresponding to the 1st through 5th harmonics of 1665 MHz, and (b)

shows contours for the same harmonics of 4900 MHz. Using these figures, along

with Figure 3 (showing extrapolated contours at various heights), we compared the

sunspot field due to the single point dipole with the field calculated with the Sakurai

code. If the extrapolated sunspot potential field can be well approximated 1)5 that

of a simple point dipole, it simplifies the calculation of microwave emission from

sunspot models. Specifically, we compared the radii in the x-direction of several field

strength contours in the point dipole field with the radii of these same contours in

the four extrapolated maps of Figure 3. At these four heights, the contours are equal

to better than 10% for magnetic fields > 300 G. The shape of the field contours in

the extrapolated maps become distorted for fields less than ,,_ 300 G, so comparison

becomes difficult. The radii at which tl_e distortion effects become significant are

,-_ 27000 km at the photosphere, ,,_ 26000 km at a height of 5000 km, _-, 22000 km

at 10000 kin, and ,-_ 17000 km at 15000 km. The potential field of the vertically

oriented point dipole buried below the photosl)here is a good approximation of the

extrapolated potential field within this three-dimensional structure.

The extrapolated potential field deviates from that of the simple point dipole

outside of the region obtained above because of the presence of other nearby strong

fields which distort the simple dipole field. As far as modeling microwave emission

from a sunspot is concerned, however, the simple point dipole is a reasonable ap-

proximation for a large part of the sunspot microwave emission volume. Using it,

along with the model sunspot atmosphere described in Brosius and Holman (1989),

we obtained theoretical I and V maps for frequencies of 1665 MHz (Fig. 5a) and

4900 MHz (Fig. 5b). The failure of this simple model to reproduce the sunspot

microwave structure provides insight into the temperature, density, and field struc-

ture above the sunspot. Specifically, it supports our earlier contention that the

coronal temperature and/or density must be relatively low over large portions of

the sunspot, and it also suggests that we need microwave emission flom some coro-

nal structure other than a simple sunspot in order to explain the observed 6 and 20

cm I and V structure.
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3.2 Analysis of the Loop Structure Connecting the Sunspot

with the Nearby Region of Opposite Polarity

An overlay of the intensity maps in the 20-cm waveband (Fig. 2) with the mag-

netogram field lines (Fig. ld) reveals that the peak of source A in all four of the

20-cm intensity maps lies along the loop structure joining the sunspot with the

nearby region of opposite polarity. Figure 6 shows the locations of the centers of

the 20-cm peak intensity contom's, along with the 6-cm I and V sources, on the mag-

netogram. The higher the frequency, the farther down the leg of the loop (on the

side of the sunspot) the intensity peak occurs. The separation of the intensity peaks

at 1375 and 1665 MHz is ,-_ 10 arcsec. Compared with the synthesized half-power

beamwidth of 4", this shift is real. Assuming the emission in the 20 cm peaks to

be dominated by 2nd harmonic gyroemission, we estimate a magnetic field gradient

--_ 0.0068 G/kin along the loop in the plane of the sky. Assuming 3rd harmonic,

the field gradient is --- 0.0047 G/kin. Both of these gradients are factors of 2 to 3

less than the gradients calculated along the individual extrapolated field lines which

pass through the 20-cm emission peaks. Furthermore, the diameters of the peak

contours for the four frequencies in the 20-cm waveband range from --- 12" to _- 23",

and we find that, where the extrapolated field lines overlap these 20-cm contours,

magnetic field strengths appropriate for both 2nd and 3rd harmonic gyroemission

occur. Thus, based upon the potential field extrapolation, the peak emission region

(the area. within the peak contour) at each fi'equency in the 20-cm waveband is

comprised of a superposition of 2nd and 3rd harmonic gyroemission arising from

the loop structure joining the sunspot with the nearby region of opposite polarity.

This implies magnetic field strengths ranging fi'om 160 G to 300 G in the 20-cm

source region.

An overlay of the averaged intensity map at 6 cm (Fig. lb) with the magne-

togram field lines (Fig. ld) shows that the 6-cm emission is also associated with

the loop structure joining the sunspot with the nearby region of opposite polarity.

(Again, see Fig. 6.) This emission originates farther down the leg of the loop (on

the side toward the sunspot) than do any of the 20-cm emission peaks. This is

expected since much higher fields are required for gyroresonance emission at 6 cm

than at 20 cm. The polarization structure shows two V sources - one on either side

of the I source - such that the I and V sources all lie roughly along the length of the

loop. The polarization is ,-_60% close to the edges of the I source. Such struclure

appears in the microwave loop models of Holman and I(undu (1985). This polariza-

tion structure arises from the gyroresonance emission n_echanism, since the ordinary

mode of a given harmonic becomes optically thin toward the harmonic edge more

rapidly than does the extraordinary mode. Assuming the emission in the-6 cm peak

to be dominated by 3rd harmonic gyroemission (see next paragraph), we estimate an

average magnetic field gradient (between the 6- and 20-cm source regions) --- 0.020
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G/km along the loop in the plane of the sky. This is less than but comparable to the

average field gradient '-, 0.028 G/km calculated along the individual extrapolated

field lines which pass through the 6- and 20-era emission peaks.

In principle, the harmonic number of the 6-cm emission can be determined by

comparing the observations with models. We reproduced the observed 6-era I and

V sources (see Fig. 7) by assuming that the emission arises from a simple dipole

loop model. The height of the loop apex (16000 kin), the footpoint separation

(50000 km), and the loop thickness at the apex (7700 kin) were all estimated from

the extrapolated potential field lines. While our simple dipole loop model does

not accurately portray the asymmetry of the extrapolated field lines, we are only

interested in reproducing the emission from one leg of the loop, so the magnetic

field structure of the loop elsewhere is of little consequence. The loop temperature,

taken to be constant throughout the loop, is equal to the 6-cm peak brightness

temperature of 2.5 x 106 K. (No significant polarization is observed at the location of

the 6 cm brightness temperature peak, indicating that both the X- and O-modes are

fully thick and, hence, that their respective brightness temperatures are equal to the

electron temperature.) The density is selected so that the brightness temperature

calculated for the portion of the loop away from the desired 6-cm source remains less

than the lowest observed 6-era brightness temperature contour, as observed. Both

thermal bremsstrahlung and thermal gyroemission were included in the calculations

and theoretical I and V maps at 6 cm were calculated for cases in which (i) the 2nd

harmonic, (ii) the 3rd harmonic, and (iii) the 4th harmonic emission region was in

the footpoint at a height of -,_ 5000 kin. The 6-cm I and V structure and magnitude

could be produced with both the 2nd and 3rd harmonic, but could not be produced

with the 4th. For 2nd harmonic, the density required is low: _ 5 x 106 cm-3.

If the density were higher, the overlying 3rd harmonic emission region will yield

too high a brightness temperature from a large area of the loop and would destroy

the desired V structure. For 3rd harmonic, the density is --_ 109 cm-3. This is

reasonable in light of the sunspot, atmosphere model of Hildebrandt et al. (1987)

where a density of ,-_ 8 x 108 cm-3 occurs --, 5000 km above the photosphere. The

emission measure for the model loop with density ,,_ 109 on-l-3 is ,-_ 1027 era-5, less

than but comparable to the value of --_ 1028 cm-5 estimated from the very weak

Fe XVII flux measured by XRP at the location of the 6-era source (and assuming

T_ = 2.5x 106 K). The corresponding value for the model loop with density _ 5x 100

cm-3 is ,,_ 2 x 1022 cm-5, substantially less than the observed value. Thus our

model, combined with XtRP obsem_tions, indicates that the observed 6-era I and

V structure is indeed due to 3rd harmonic gyroemission. Accounting for the four

frequencies at which the 6-cm emission was observed, this translates into magnetic

field strengths ranging from 547 G to 583 G. At the location of the 6-cm source the

potential field extrapolation yields a field ,-, 600 G at a height _ 5000 km, consistent

with our deduced values.
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Our magnetic field and density results can be used to estimate the Alfven speed

and its variation within the loop. The magnetic field strength required for the

highest frequency source in the 6-cm band, 583 G, gives an electron gyrofrequency

of 1.63 GHz. The 6-cm source model is reasonably consistent with the observations

when the electron density is between 5 x 108cm-3 and 2 x 109cm-3, giving a

plasma frequency of 0.2 - 0.4 GHz. Hence, the ratio of the gyrofi'equency to the

plasma frequency is found to be in the range 4 - 8 and the Alfven speed falls within

the 28,000 km/sec - 57,000 km/sec range. (The estimated density of 1 x 109cm-3

gives an Alfven speed of 40,000 km/see.) The 160 G - 300 G range for the magnetic

field strength in the 20-cm source region gives an electron gyrofrequency ranging

from 0.45 GHz t.o 0.84 GHz. The electron density is not as well established. With

an estimated value of 1 x 109cm-3, the ratio of the gyrofrequency to the plasma

frequency ranges from 1.5 to 3, and the Alfven speed ranges from 10,000 km/sec

to 20,000 kin/see. Hence, the Alfven speed in this coronal loop is highest near the

sunspot and decreases away from the sunspot toward the apex of the loop.

At the location of the 6-cm peak, where the brightness temperature is ,-_ 2.5 x 106

I(, the 20-cm brightness temperature is lower, ,-_ 1.3 x 106 I(. Because lower fre-

quencies require lower fields for the thern-lal gyroemission mechanism and, because

the magnetic field diminishes with increasing height in the atmosphere, the 20-cm

emission must originate higher in the atmosphere than the 6-era emission. Indeed,

fields high enough for 20-cm 2nd harmonic gyroemission (245 - 297 G) occur over

the 6-cm source at heights in excess of 15,000 kin. In order to obtain a brightness

temperature --, 1.3 x 106 I( from 2nd harmonic gyroresonance emission, we require

that either (i) the 2nd harmonic is optically thin in a plasma where the temperature

is greater than 1.3 x 106 I(, or (ii) the 2nd harmonic is optically thick in a plasma

where the temperature is equal to 1.3 x 106 I(. If the 2nd harmonic gyroemission

region is optically thin, one can expect to observe polarization because the ordinary

mode is less optically thick than the extraordinary n-lode. This is not observed in the

20-cm emission at the 6-cm source. We conclude that the observed 20-cm brightness

temperature of -,_ 1.3 x 106 K is due to optically thick 2nd harmonic gyroemission

in a region where T_ _ 1.3 x 106 K. This means that the plasma temperature at

the height of formation of the 6-cm emission is higher than the plasma temperature

at the height of formation of the 20-cm emission. Thus, at the location of the 6-

cm intensity peak, the plasma temperature diminishes with height. Note, however,

that this lower temperature plasma is outside and above (higher tip than) the loop

structure connecting the sunspot with the nearby region of opposite polarity.
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3.3 Analysis of the Plage

The electron temperature and column emission measure values obtained fl'om the

XRP data can be used to compute the thermal bremsstrahlung microwave emission

from the X-ray emitting plasma. The optical depth due to thermal bremsstrahlung

absorption is

TX, O = 9.786 X lO-21(EM)ln(47T_/u)
n.T_l.5(, ZF uB cos 0)2 ' (1)

where T_ is the electron temperature in K, EM is the emission measure in cm-5, i,

is the observation frequency in GHz, n_ is the index of refraction (_ 1 for plasma

and field conditions here), uB is the electron gyrofrequency (uS = 2.8 X 10-3B,

where B is in Gauss and us is in GHz), 0 is the angle between the field and the

line of sight, and the minus sign refers to the extraordinary mode while the plus

sign refers to the ordinary mode. The free-free brightness temperature predictc-d

for each mode can be calculated using

TPREDB;x,o = T,[1 - exp(--rX, O)]. (2)

For an unmagnetized plasma, the optical depth, and hence the predicted brightness

temperature, of the two modes is the same. The intensity I and Stokes parameter

V are calculated from the X- and O-mode brightness temperatures as

IPRED = _(TPREDB,x + TPREDB,o),
(3)

and
1

VPRED = _(TPREDB.x - TPREDB,o),
2"

where the fl'act.ional polarization is given by

(4)

p_PRED = V/I. (5)

At the location of the Fe XVII X-ray flux peak, where the XRP spectroscopic

scan data used to generate Table 1 were obtained, the temperat.ure of the plasma

observed by XRP was 2.95-t-0.20 x 106 I,: and the log of the cohunn emission measuro

was 28.85 4-0.19. For an unlnagnetized plasma, these values entered into Equations

(1), (2), and (3) (V = 0 for an unmagnetized plasma) yield the predicted intensities

listed in Table 2. The uncertainties associated with IPRED are due to the error

bars associated with the temperature and emission measure, as listed in Table 1. At

this same location in the plage, the \/'LA observed an intensity I2oOBS "_ 1.2 x 106

K at all four frequencies in the 20-era waveband, and I60BS < 0.42 x 106 K in the

6-era waveband. Our predicted intensities in the 6-cm waveband are all consistent

with the VLA observations. Our predicted intensities in the 20-cm waveband are

about 1.4 to 1.9 times higher than the corresponding observed intensities. Tlms it
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appears that thermal bremsstrahlung plays a significant role in the observed plage

emission.

Although we have found that thermal bremsstrahlung plays a significant role

in the plage emission, the picture becomes considerably more complex when the

observed polarization is considered. Table 3 lists the observed intensity, fractional

polarization, Stokes parameter V, and brightness temperatures of the left-hand (L-)

and right-hand (R-) modes for each of the four frequencies in the 20-cm waveband

at the location of the XIRP spectroscopic scan. The extraordinary mode corre-

sponds to the right-hand (R-) component for outward directed fields, and to the

left-hand (L-) component for inward directed fields; the ordinary mode corresponds

to the L-component for outward directed fields, and to the R-component for in-

ward directed fields. The L-mode brightness temperature is consistent with the

predicted free-free brightness temperature (Table 2), for which an unmagnetizcd

plasnaa yields the same brightness temperature in both modes. However, the ob-

served R-mode brightness temperature is considerably lower, by a factor of 2 to 4,

than its corresponding predicted value. Thus, some mechanism is required to ex-

plain the reduction of the expected R-mode brightness temperature to its observed

value. The only way to reduce the expected brightness temperatures of --, 2 x 106

I(. to values --, 7 x 105 I(. is to have cooler a bsorl)ing plasma along the line of sight

between the emission region and the observer.

It is not possible to produce the obselu,ed polarization by simply embedding the

free-free emitting plasma in a magnetic field. Assuming a field -,, 100 G (so that

gyroresonance absorption remains unimportant) and an angle between the field and

the line of sight ,-_ 450 leads to a polarization --, 14_. Fields _ 500 G are required

for the free-free mechanism to produce --- 50% circular polarization, but fields this

high also require that gyroresonance absorption be taken into account. Indeed, at

the location of the X1RP spectroscopic scan, the extrapolated coronal magnetic fields

are -_ 300 G at a height of 5000 km and ,-- 200 G at 10,000 km (see Figure 3), quite

sufficient for 2nd and 3rd harmonic gyroemission in the 20-cm waveband. While 2nd

or 3rd harmonic gyroemission is certainly capable of producing polarizations --, 50(2_),

it is not capable of reducing an expected high R-mode brightness temperature to a

low value unless the 2nd or 3rd harmonic gyroemission regions themselves contain

plasma whi& is cooler than the expected free-free brightness temperature. Thus we

conclude that overlying cool, absorbing plasma is required in order to explain the

discrepancy between the observed and predicted R-mode brightness temperature

values. This cool plasma will also absorb L-mode emission, however, reducing its

brightness temperature by at least the same amount by which it. reduced the 12-

mode brightness temperature. For inward directed fields, which we have at the

location of the XRP scan in the plage, the L-mode corresponds to extraordinary

mode, for which the optical depth in a given layer is greater than that for the

ordinary mode. Thus the L-mode will be attenuated even more than the R-mode,
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which corresponds to O-mode emission. Thus, although tile R-mode brightness

temperature discrepancy is explained, the resulting L-mode brightness temperature

discrepancy requires further modeling.

One possible model which explains the discrepancy between the obsela, ed and

the predicted polarization is that the hot plasma observed by XRP consists of two

overlying sources separated by an intervening layer of cooler plasrna. The lowest

layer contains the highest column emission measure and, hence, is responsible for

the majority of the predicted free-free microwave emission. The intervening layer

of cooler plasma absorbs out the microwave emission from this lower hot layer,

leaving only the microwax, e emission from the uppermost hot layer to be detected

by the VLA (see Figure 8a). The uppermost hot layer, optically thin to thermal

bremsstrahlung, is embedded in a magnetic field such that thermal gyroemission,

capable of producing the observed high polarization, produces the observed 20-cm

microwave emission. The cool intervening layer must have a temperature less than

5 x 105 Is: in order to reduce the predicted R-mode brightness temperature at 1665

MHz from 1.75 x 106 I,: to its observed value of 5 x 105 I,:. If, for example, the

cool absorbing plasma has a temperature of 105 I(, it needs log EM = 27.5 to g(,t

wf_f _ 5 at. 1665 MHz. This means that if the cool absorbing layer forms a sheath

,,- 3500 km thick, it needs a density ,-, 3 x 109 cm-3 in order to be an effective

absorber. If gyroresonance absorption contributes to the opacity of this cool layer,

then the required emission measure is lower. In order for the uppermost hot layer

to both emit strongly in the 20-cm waveband and produce polarization as high as

-,_ 50%, the layer must contain magnetic fields sufficiently high for gyroemission.

For 2nd harmonic gyroemission in the 20-cm waveband, fields between 245 and

297 Gauss are required; for 3rd harmonic gyroemission, fields between 164 and

197 Gauss are required; for 4th harmonic gyroemission, fields between 122 and

148 G are required. From our potential field extrapolation at the location of the

XrtP spectroscopic scan, we find field strengths --, 300 G at a height of 5000 km

above the photosphere, field strengths --_ 200 G at a height of 10,000 km above

the photosphere, and field strengths ,-_ 140 G at a height of 15,000 km above the

photosphere. Thus the requisite magnetic field strengths are present in the corona,

indicating that the observed 20-era emission could originate in a gyroresonance

emission layer between heights of --- 5000 and -,- 15,000 kin. Since the radiation is

emitted primarily in the X-mode and the longitudinal field direction is inward, the

emitted radiation will be left-hand polarized.

The optical depth of the uppermost hot layer ruHLX, 0 can be estimated 1)3"

solving

TsX, 0 = Tc exp(-rX, OUHL) + T[1 - exp(-rX, OUHL) ] (6)

for TX, OUHL, where TBX, O are the observed X- (L-) and O- (1:t-) mode brightness

temperatures at a particular frequency, T_ is the brightness temperature of the

optically thick, underlying cool absorbing plasma (T_ < 5 x 105 I,:), and T is
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the electron temperature of the uppermost hot layer (T> 2 x 106 K). Solving for

rultLX, 0 we obtain

TuHLX, O = ln[(T- Tc)/(T- Ta.I', O)]. (7)

Assuming T = 3 x 106 I,: and Tc = 1 x 105 K, we obtain TUHLX -_- 0.S0 and

TuHLO = 0.15 for the observed brightness temperatures at 1665 MHz. These values

become ruHLX = 0.73, TuHLO -_ 0.077 for Tc = 3 x 105 I(. Assuming T = 3 x 106

K and Tc = 2 x 104 K, we obtain TUHLX _- 0.$3, TUtILO -= 0.26 for the averaged

observed brightness temperatures in the 20 cm waveband. Now the optical depth

due to gyroresonance absorption can be written (e.g., Kundu 1965, Zheleznyakov

1970)

,.s2s

r = 0.0522s + ls!nd_--lLs(1.77 × 10-10T_)s - 1(1 4- cos0)2 sin2s - 20, (S)

where s is the harmonic nmnber, n_ is the electron density, _, is the frequency, LB

is the magnetic scale height (B/vB), T_ is the electron temperature, 0 is the angle

between the field and the line of sight, and the plus sign refers to X-mode while the

minus sign refers to O-mode. Since the X-mode optical depth due to gyroabsorption

is proportional to (1 + cos 0)2, and the O-mode optical depth due to gyroabsorption

is proportional to (1 - cos 0)2, the ratio

= (1+ cose)2/(1 - cos0)2 (9)

yields the angle between the field and the line of sight which is required in order to

produce the calculated X- and O- mode optical depths in the upper hot las'cr. F_u

the three cases discussed above, the calculated angtcs are 660,590, and 74o, respec-

tively. These angles are comparable to the angles obtained fl'om the extrapolated

coronal magnetic field at and near the location of the XIIP spectroscopic scan. Here

0 is 580 at the height at which the field strength is appropriate for 2nd harmonic

gyroemission, and 570 at the height at which the field strength is appropriate fl:n'

3rd and 4th harmonic gyroemission. At other nearby locations the angles in the

extrapolated field range from 38o to 770 for the same harmonics.

The magnetic scale height LB can also be calculated from the potential field

extrapolation. It is 0.94 x 109 cm in the 2nd harmonic gyroemission region, 1.4 x 109

cm in the 3rd harmonic gyroemission region, and 1.8 x 109 cm in the 4th harmonic

gyroemission region. Using rXuHL "_ 0.8, T_ = 3 x 106 I(, _ --, 1500 MHz, and

0 --_ 60o, we calculate the electron density n_ required in the upper hot layer if

the emission process is due to 2nd harmonic gyroemission (n_ = 3.0 x 104 cm-3),

3rd harmonic gyroemission (n_ = 6.8 x 106 cm-3), and 4th harmonic gyroemission

(n¢ = 1.2 x 109 cm-3). The latter two values of the electron density will allow

polarization inversion of the 20 cm emission to occur in the quasi-transverse layer

of the extrapolated coronal magnetic field (see below), result.ing in the emission of

R-mode dominated, rather than the observed L-mode dominated, emission. Such is
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not the case for the density corresponding to the 2nd harmonic gyroernission region.

It is low enough that polarization inversion will not take place in the quasi-transverse

layer, and the resulting emission is dominated by the L-mode, as observed. This

density is admittedly rnuch lower than canonical low coronal values.

A second possible model is that the absorption by the cooler overlying plasma

takes place in a gyroresonance absorption layer, but that no substantial new mi-

crowave emission source exists higher up. Because the X-mode gyroresonanee a.b-

sorption coefficient is higher than the O-mode gyroresonmlce absorption coefficient,

the optical depth of the X-mode in the absorbing plasma is higher than that of the

O-mode. If both modes were fully optically thick in the cool absorbing layer, then

all of the 20-cm emission from the hot plasma below would be absorbed, and we

would again be dealing with the model discussed in the previous paragraphs. How-

ever, if both modes are not fully thick, the X-mode is more attenuated by tile c(_ol

absorbing plasma than the O-mode, resulting in the emission of O-mode-dominated

microwave emission. The inward direction of the photospheric magnetic field and

the left-hand polarization of the 20-era emission indicate that the physical polar-

ization is X-mode, however. Nevertheless, the microwave emission can undergo a

polarization inversion upon traversing a quasi-transverse (QT) layer in the coronal

magnetic field (see Pig. 81)). This QT layer occurs where the angle between the

magnetic field and the line of sight (direction of wave propagation) goes through

900, i.e., the longitudinal field component B, goes through zero and reverses. Pre-

vious studies have provided evidence for such polarization inversions (I(.undu et

al. 1977, Webb et al. 1983). The observed polarization is inverted when coupling

between the polarization modes is weak.

Zheleznyakov (1970), using the WKB method, obtains the following expression

for the coupling parameter, given here in the notation of Bandiera (19S2):

C= 21n2(m_c)4 w4 dO

where m_ and e are the rest mass and charge on an electron, c is the speed of light,

w is the observation angular fl'equency, N_ is the electron number density, B is the

magnetic field strength, and d0/ds is the gradient of the angle between the field and

the line of sight along the ray path; all units are in CGS. The microwave emission

undergoes a polarization inversion when C << 1, or

,,4 dO I<< 1. (11)4.76sx 10-1s 1

In and near the location of the XRP spectroscopic scan, the Sakurai code yields a QT

layer at a height of _-75,000 km. The average total magnetic field strength obtained

from the code is 17 G, and the angular gradient along the line of sight is 1.1 x 10-10

rad/cm. Inserting these values into the expression for the coupling parameter and
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using the highest observing frequency in the 20-cm waveband (1.665 GHz), we find

that the polarization inversion will take place if the electron density in the QT

layer greatly exceeds 8.4 x 105 era-3. This is the value with which we compare our

model coronal densities in order to determine whether or not polarization inversion

takes place in the QT layer above the location of the XRP spectroscopic scan. The

model plage electron density of Hildebrandt et al. (1987) at a height of 75,000 km

is 1.4 x 109 cm-3, and the model electron densities in all of the coronal structures

in Hildebrandt et al. (1987) and Pagagiannis and Kogut (1975) exceed 5.4 x 107

cm-3 at the same height. This indicates that it. is reasonable to expect polarization

inversion to occur for the 20-era microwave emission from the plage: the 20-cm

emission exiting the cool absorbing plasma, dominated by the O-mode, is inverted in

the QT layer so that the O-mode emission becomes left-hand polarized, as required

by the observations.

The optical depths of the cool absorbing layer TC'ALX, 0 can be estimated by

solving

TBX, 0 = TBPRED exp(--rC.4LX, O) + T_[1 - eXl)(--rC:ALX, O)] (12)

for roAcX, O, where TBX, 0 are the observed X-- (L-) and O- (R-) mode brightness

temperatures at a particular fi'equency, TBPRED is the free-fi'ee brightness tem-

perature predicted from the X-ray observations, and T_ is the electron temperature

of the cool absorbing layer. Soh'ing for rcALX, 0 we obtain

"rc.._cX, O = tn[(T_ - TsPRED)/(T_ - TBX, O)]. (13)

For the average observed brightness temperatures in the 20 cm waveband, we obtain

rC.4LX = 1.44 and rC.4LO = 0.18 for T_ = 3 x 105 K (with little variation fi:n' T_

between 1 x 105 and 4.8 x 105 K), whi& leads to 0 ,-, 620. This angle is comparable

to the angles obtained above fl'om the extrapolated field. Using r-\'CAL _ 1.44,

T_ = 3 x 105 Ii, v --- 1500 MHz, and 0 ,,- 600, we calculate the electron density n_

required in the cool absorbing layer if the absorption process is due to 2nd harmonic

gyroabsorption (n_ = 5.5 x 105 era-a), 3rd harmonic gyroabsorption (n_ = 1.2 x 109

era-3), and 4th harmonic gyroabsorption (n_ = 2.1 x 1012 era-3).

If the absorption which causes the observed polarization takes place in the 4th

harmonic gyroabsorption region, the required density must be extremely high. This

leads to a high free-free optical depth, even for a path length < 1 km. This would

result in the emission of low brightness temperature, unpolarized radiation, so the

absorption which causes the observed polarization cannot take place in the 4th

harmonic region. If the absorption which causes the observed polarization takes

place in the 3rd harmonic gyroal_sorption region, the required density is 1.2 x 109

cm-3, and can be as low as 5.6 x 108 cm-3 (for T_ = 5 x 105 I(). The physical

size of this cool absorbing layer must extend from the height at which the field

strength is appropriate for the 3rd harmonic of the highest observed frequency in
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the 20 cm waveband (1665 MHz, or 198 G) to the height at which the field strength

is appropriate for the 3rd harmonic of the lowest observed fl'equency in the 20

cm waveband (1375 MHz, or 164 G). This range of height is -,_ 2000 km. For

T_ = 5 x 105 K, n¢ = 5.6 × 108 cm-3, and path length ,_ 2000 km, we obtain

TI_ l ,,_ 0.01, negligible compared to the 3rd harmonic gyroresonant optical depths.

Assuming that the coronal density varies in hydrostatic equilibrium, the density at

the height of the QT layer is sufficient for polarization inversion to occur (whether

the temperature remains at the "cool" value or increases to a more canonical value).

Thus the absorption which causes the observed polarization can take place in the

3rd harmonic region. If the absorption which causes the observed polarization takes

place in the 2nd harmonic gyroabsorption region, the required density is 5.5 x 105

cm-3. This density, considerably less than canonical low coronal density values, is

inadequate for polarization inversion to occur: unless the coronal density increases

fl'om 5.5 x 105 cm-3 a.t the height of the 2nd harmonic layer to a value nmch greater

than 8.4 x 105 cm-3 at the height of the QT layer (a height, separation of ,-_ 70,000

kin), the necessary polarization inversion will not take place. _\:e conclude that the

absorption which produces the observed polarization a.t the location of the X1RP

spectroscopic scan most likely occurs in the 3rd harmonic gyroresonance absorption

region.

Different conditions prevail at the location of the 20 cm intensity peak in the

plage. Here, ,-- 30,000 km west of the location of tlle XI1P spectroscopic scan,

the predicted and the observed 20 cm intensity peaks are cospatial. The predicted

20 cm brightness temperature is 2.2 x 106 K, while the observed 20 cm L-mode

brightness temperature is 1.9 x 106 K, and the observed 20 cm R-mode brightness

temperature is 0.9 x 106 K. The maximum predicted 6 cm brightness temperature

is 7 x 105 K, while the observed 6 cm brightness temperature is < 4.2 x 105 I,:.

Consider again the two models used above to explain the discrepancy between

the observed and the predicted emission flom the location of the XI:IP spectroscopic

scan. In the hot/cool/hot layer model (Fig. 8a), the' high predicted 20 cm 1)right-

ness temperature of the plasma observed by XRP is reduced 1)5' optically thick coot,

overlying plasma. Here, at the location of the observed/predicted 20 cm intensity

peak, the cool absorbing plasma must be optically thick enough to reduce the pre-

dicted 6 cm brightness temperature of 7 x 105 K to at least the observed upper limit

of 4.2 x 105 K. If, for example, the temperature of the cool absorbing layer is 1 x 105

K, then the 6 cm free-free optical depth must be rf_l(6cm) _ 0.63, requiring log

EM = 27.55. This yields a 20 cm flee-fl'ee optical depth rf_f(20cm) --_ 7.3. Above

this cool layer is another hot layer, within which the magnetic field strength must be

sufficient for gyroresonance emission. Assuming the cool absorbing layer is optically

thick and produces microwave emission with a brightness temperature of 1 x 105

K, the required X- and O-mode opacities in the upper hot layer are rXuHL "" 0.97,

rOuHL "_ 0.23. The corresponding angle between the field and the line of sight is

3
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0 ,v 700, comparable to the angles found in the 2nd, 3rd, and 4th harmonic gy-

roemission regions at the location of the XRP spectroscopic scan. Here, however,

the coronal potential field extrapolated fl'om the observed photospheric longitudi-

nal magnetogram does not yield fields sufficient for the gyroemission mechanism to

operate. The total extrapolated photospheric field is less than 100 G, and between

heights of 5000 and 15,000 km the total extrapolated field ranges from ,-, 60 to ,-_ 90

G. In the hot/cool/QT layer model (Fig. 8b), the high predicted 20 cm brightness

temperature of the plasma observed by XRP is partially reduced, and the low pre-

dicted polarization is raised to _, 40%, after passage through a cool absorbing layer

in which the magnetic field strength is sufficient for gyroabsorption. Again, how-

ever, the extrapolated coronal magnetic field at the 20 cm peak is not high enough

for gyroabsorption to operate. Furthermore, because the free-free optical depth of

the cool absorbing layer must be low enough to permit the 20 cm emission to escape

unaltered, the corresponding optical depth at 6 cm will be inadequate to reduce the

predicted to the observed brightness temperature. It is possible, however, that some

of the 6 cm flux was resolved out due to an extended source size.

Analysis of the observed and the predicted microwave emission flom the loca-

tion of the observed 20 cm intensity peak in the plage suggests quite strongly that

the coronal potential magnetic field strength extrapolated from the photospheric

longitudinal magnetogram is substantially less than the actual magnetic field in

the corona. This is possibly a manifestation of instrmnental insensitivity to pho-

tospheric longitudinal magnetic fields less than -,- 100 G. It is quite possible that

compact, highly intense photospheric magnetic field regions were detected due to in-

adequate instrumental resolution. It. also cannot be ruled out that electric currents,

and hence non-potential magnetic fields, are present in the corona.

We note that the predicted 20-cm brightness temperatures are not very sensitive

to the value of the Fe XVII correction factor, ranging from 1.7 - 2.2 x 106 I{ (at the

location of the XRP spectroscopic scan) for a correction factor in the range 1 - 3.

This is primarily because of the relatively high optical depth (-,_ 1) of the emission

at 20 cm. At 6 era, however, without the correction factor the predicted l)rightness

temperature is 8 x 105 K, higher than the lowest significant brightness temperature

of 4.2 x 105 I{ observed with the VLA. Hence, unless (a) the 6-cm emission was so

extended that it was resolved out by the VLA, or (b) the hot/cool/hot layer model

(which provides sufficient absorption at 6 cm) is the preferred model, these observa-

tions underscore the need for the correction to the Fe XVII emissivity. A correction

factor of 1.7 or higher is required to bring the predicted brightness temperature

below the sensitivity level of the VLA observations.

276



4 Conclusions

A number of important conclusions concerning the plasma and magnetic field struc-

ture of an active region, as well as the observational methods, result fi'om this study:

(1) The temperature in the corona over an active region can din-finish with

height; this occurs over both the sunspot and the plage in AR 4906. A different

line of reasoning leads to this conclusion for each of these structures. In the case

of the sunspot, this conclusion is based upon the obserx_tion that the cospatial

microwave emission in the 6- and 20-cm wavebands have substantially different

brightness temperatures. The emission in both wm_ebands is attributed to thermal

gyroemission in the high magnetic field of the sunspot. The 6-era emission requires

higher magnetic fields than does the 20-cm emission and, hence, originates lower in

the sunspot atmosphere where the magnetic field strength is higher. Where the 6-

and 20-cm emission overlap, the 6-cm brightness temperature is 2.5 x 106 I,: while

the 20-cm brightness temperature is 1.3 x 106 K. Thus the sunspot atmosphere

temperature diminishes from 2.5 x 106 K at the height of fl)rmation of the 6-cm

emission to 1.3 x 106 I( at the height, of formation of the 20-cm emission. In

the case of the plage, the conclusion is based upon the discrepancy between the

observed brightness temperature at 20 cm in the right-hand polarized mode (12-

mode) and the brightness temperature predicted from the electron temperature

and column emission measure calculated with XRP line flux ratios. Specifically,

the R.-mode requires the presence of overlying cool_ absorbing plasma in order to

reduce its predicted brightness temperature of TBPRED _ 2 x 106 I,Z to its observed

brightness temperature of TB,ROBS "-" 0.7 x 106 I(. The overlying, cool plaslna must

have a temperature less than 5 x 105 K.

(2) A loop or lool>like structure connects the sunspot, with a nearby region of

opposite polarity in the east. The peaks of the 6- and 20-cm emission lie along this

loop, with higher fi'equency emission originating farther down the leg of the loop

on the side of the sunspot. Based upon the potential field extrapolation, the 20-cm

emission is due to a combination of 2nd and 3rd harmonic gyroemission, putting

the magnetic field strength in this region in the range 160 - 300 G.

(3) Based upon a. comparison of the 6-cm and XRP observations with calcula-

tions of the emission from a model loop, we deduced the plasma and magnetic

field parameters at the location of the 6-cm source. An electron temperature

T_ = 2.5 x 106 K, an electron density N_ ,-_ 1 x 109 cm-3, and a magnetic field

strength of 583 G (3rd harmonic gyroemission at 4900 MHz) result. The potential

field extrapolation yields this magnetic field strength at a height ,,_ 5000 km above

the photosphere.
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(4) Our results have allowed us to obtain good estimates of the Alfven speed at

two locations within the loop. At the location of the 6-cm source, near the sunspot,

an Alfven speed _ 40,000 km/sec is obtained. Higher in the loop, at. the location

of the 20-cm emission, the Alfven speed is found to range frorn 10,000 km/sec -

20,000 km/sec. At both locations the electron gyrofrequency exceeds the plasma

frequency.

(5) The extrapolated potential sunspot field can be approximated by that of a

vertically oriented point dipole for locations in which B > 300 G. For locations in

which B < 300 G, nearby pockets of magnetic field perturb thesunspot field from

that of a point dipole.

(6) The electron temperature and/or density are lower over the western portion

of the sunspot (away from the center of the active region) than they are over the

eastern portion of the sunspot.

(7) In the plage, the ratios of X-ray emission lines are used to calculate the elec-

tron temperature and column emission measure. The most accurate determination

of these parameters is at the location of the Fe XVII peak flux, where spectroscopic

scan data were obtained .... Fe XVII factor...

(8) Using the temperature and emission measure obtained fiom the XFIP line

flux ratios, a "predicted" brightness temperature is calculated at each microwave

frequency using only the thermal bremsstrahlung emission mechanism. This places

a lower limit on the expected brightness temperature in each of the X- and O-modes

at the given frequency. The 6-cm predicted brightness temperature is less than the

lowest observed 6-cm contour in the sunspot; it is thus consistent with the VLA's

lack of detection of 6-cm emission from the plage. This holds true as long as the Fe

XVII correction factor is greater than 1.7.

(9) The predicted 20-cm brightness temperature is consistent with the observed

20 cm L-mode brightness temperature; however, the predicted 20-cm brightness

temperature is much higher than the observed 20-cm R-mode brightness tempera-

ture. We are thus led to two possible models to explain the discrepancy between

the predicted and the observed 20-cm emission from the plage. The first model

has a layer of optically thick cool, absorbing plasma overlying the hot plasma from

which the X-ray emission originates. On top of this cool layer is another hot layer;

this second hot layer is optically thin to thermal bremsstrahlung but emits strong,

polarized microwave emission owing to the fact that it is embedded in a mag-

netic field sufficient for gyroresonance emission at 20 cm. The second model has a

layer of cool, but not fully thick, absorbing plasma overlying the hot plasma from

which the predicted microwave emission originates. This cool plasma, embedded

in a magnetic field sufl:icient for 20-cm gyroresonance absorption, attenuates the
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X-mode more strongly than the O-mode. This results in the emissionof right-hand
polarized microwax,es (R-mode), which is opposite to what is observed. However,
the polarization is subsequentlyinverted in an overlying quasi-transverselayer in
the magnetic field. This QT layer, required by the model, is found at a height
of --- 75,000 km above the photosphere in the extrapolated potential field over the

plage. A similar result has been obtained from our analysis of the CoMStOC II

data (Schmelz et al. 1991).
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TABLE 1

Plasma Parameters from XRP Spectroscopic Scan Data

Line Ratio

O VIII/Mg XI

O VIII/Fe XVIII

Ne IX/Fe XVIII

Mg XI/Fe XVIII

Fe XVII/Fe XVIII

weighted mean(3)

To(MR)(1)
3.01 + 0.16

2.83 + 0.19

2.94 ± 0.22

2.61 i 0.50

3.12 ± 0.27

2.95 i 0.20

log(EM)(cm-5)(2)
28.85 + 0.08

28.87 ± 0.09

28.85 ± 0.09

28.89 + 0.24

28.83 ± 0.06

28.85 ± 0.19

(1) The quoted uncertainties on the individual values of T_ reflect counting

statistics only.

(2) The column emission measure is computed from the O VIII flux only: the

quoted uncertainties on the individual values reflect counting statistics only.

(3) The quoted uncertainties on the weighted means of T_ and EM are the

root mean squares of the statistical and systematic uncertainties. For temperature,

the systematic uncertainty is estimated as the standard deviation of tl_e individual

values. For the emission measure, the systematic uncertainty is estimated as the

standard deviation of the emission measures calculated for the O VIII, Ne IX, _Mg

XI, and Fe XVIII fluxes at the mean T_.
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TABLE 2
Predicted MicrowaveIntensities from XRP SpectroscopicScanData

Frequency (MHzJ

1375

1420

1550

1665

460O

4700

4800

4900

IPRED (MI()

2.17 4- 0.49

2.10 + 0.49

1.91 + 0.49

1.75 + 0.49

0.31 +O.17_o.n

0.30 +0.16-o.ll

0.29 +0.16-o.lo

0.28 +0.15_o.lo
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TABLE 3

Observed Microwave Emission at the Location of the XRP Spectroscopic Scan

(MHz_ IOBS (MI() pcOBS (%) VOBS (MK)

1375 1.2 28 0.3 1.5

1420 1.1 41 0.4 1.5

1550 1.4 44 0.6 2.0

1665 1.1 54 0.6 1.7

TmLOBS (MK) TB,RO

0.9

0.7

0.8

0.5
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Figure Captions

Figure 1. Observations of the CoMStOC IV active region, AR 4906. Celestial

north is up, and west is to the right. All eight boxes cover the same field of view,

for ease in coalignment. The tick spacing is one minute of arc, and the crosses mark

the locations of the phase center of the VLA observations. (a) Frequency-averaged

map of I (intensity) at 20 cm. The contour levels are 0.21, 0.41, 0.62, 0.83, 1.03,

1.24, 1.45, 1.66, 1.86, and 2.07 x106 K. (b) Frequency-averaged map of I at 6 cm.

The contour levels are 0.42, 0.63, 0.84, 1.05, 1.26, 1.47, 1.68, 1.89, and 2.10 x106

K. (c) XRP soft X-ray map of AR 4906 in the bright Fe XVII line at 15.01 A.

The image was accumulated during a 4' square raster with 10" steps which took

10 rain to complete. The map has been smoothed with a 3 x 3 boxcar to improve

statistics. Contour levels are 10, 15, 20, 25, 30, and 35 counts/s. (d) Photospheric

longitudinal magnetogram obtained from the Beijing Observatory, with superim-

posed magnetic field lines calculated with the potential field extrapolation code of

Sakurai. The contour levels are 200 and 500 G, where tile darker contours represent

imvard directed fields and the lighter contours represent outward directed fields. (e)

Electron temperature and (f) log of the cohmm emission measure calculated from

line flux ratios of emission lines observed with XRP. The contours in (e) are 2.2,

2.6, and 3.0 x106 I(; the contours in (f) are 28.7, 28.9, and 29.1. The temperature

and emission measure diagnostics were performed only in and around radio source

B because that is the only portion of the active region which was mapped in mul-

tiple X-ray emission lines: because it was such a weak X-ray emitter, the rest of

the active region was mapped only in the emission line of Fe XVII. (g) Brightness

temperature map at 20 cm calculated for the free-free emission mechanism using

the electron temperature and cohunn emission measure maps in (e) and (f). The

contours are 1.7, 1.9, and 2.1 ×106 I(. (h) Brightness temperature map at 6 cm

calculated for tile free-free emission mechanism using the electron temperature and

colunm emission measure maps in (e) and (f). The contours are 0.1, 0.3, and 0.5

x106 K.

Figure 2. I and V maps at each of the four fl'equencies in the 20 cm waveband.

The I contour levels are 0.53, 0.79, 1.05, 1.31, 1.57, 1.83, 2.09, and 2.35 x106 I,: for

all frequencies. The V contour levels are 0.29 and 0.38 x 106 I( at 1375 MHz; 0.27,

0.36, and 0.46 x106 I,: at 1420 MHz; 0.31, 0.41, 0.51, and 0.61 x106 K at 1550

MHz; and 0.40, 0.53, and 0.66 x106 K at 1665 MHz. Celestial north is up, and

west is to the right. The tick spacing is one minute of arc, and the crosses mark

the location of the phase center of the VLA observations.

Figure 3. Sequence of contour maps showing the extrapolated magnetic field

strength at heights of (a) 0 km, (b) 5000 kin, (e) 10000 kin, and (d) 15000 km

above the photosphere. Celestial north is up, and west is to the right. The munbers

along the axes are distances from solar disk center in units of 104 km in the plane of
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the sky. The contour levels in (a) and (b) are 150, 250, 350, 500, and S00 G. The

contour levels in (c) and (d) are 150, 200, 250, 350, and 500 G. Crosshairs mark

the phase centers of the VLA 6 and 20 cm maps, to assist in coaligning images. A

40" line segment is shown in (d) to assist in scaling and coaligning.

Figure 4. Magnetic field of a model sunspot consisting of a vertically oriented

point dipole buried below the photosphere. The depth and dipole rnoment were

calculated from the height variation of the extrapolated nlaxinmm sunspot magnetic

field strength. Numbers along the x and y axes represent the distance from the

point dipole in units of 104 kin. The x-axis is in the plane of the photosphere, and

the y-axis is perpendicular to the plane of the photosphere. Solid lines are field

lines, dashed lines numbered 1 through 5 are contours of constant magnetic field

strength, and the dotted horizontal lines represent heights above the photosphere

of 5000, 10000, and 15000 kin. In (a) the dashed lines are magnetic field contours

corresponding to the 1st through 5th harmonics of 1665 MHz: 594, 297, 198, 149,

and 119 G. In (b) the dashed lines are magnetic field contours corresponding to the

1st through 5th harmonics of 4900 MHz: 1749, 875, 5S3,437, and 350 G.

Figure 5. I and V maps calculated for observation frequencies of 1665 MHz

and 4900 MHz for the sunspot model whose magnetic field is shown in Figure 4.

Numbers along the x and y axes are in units of arcsec, and the crosshairs intersect at.

the center of the sunspot. Contour line thickness increases with increasing contour

value. In (a) the 1665 MHz I contours are 0.84, 1.37, and 1.90 x106 K, and in (b)

the 1665 MHz V contours are 0.27, 0.53, and 0.80 x106 K. In (c) the 4900 MHz I

contours are 0.66, 1.2S, and 1.90 x106 K, and in (d) the 4900 MHz V contours are

0.31, 0.62, and 0.93 x106 K.

Figure 6. Portion of the magnetogram showing the locations of the 6 and 20

cm en-dssion along the field lines which outline the loop-like structure connecting

the sunspot with the nearby region of opposite polarity. Celestial north is toward

the top, and west is toward the right. A segment of 10" length is shown for scaling

purposes. Shaded areas show where the photospheric longitudinal field exceeds 200

G. The solid magnetic field contours represent outward directed fields of 200 and 500

G, while the short-dashed magnetic field contours represent inward directed fields

of 200 and 500 G. The sunspot is the shaded area in the upper right.. The long-

dashed contour corresponds to an intensity I of 0.79 x 106 K at the representative

20 cm microwave frequency of 1375 MHz. The "+" symbols mark the locations

of the peak brightness temperature of each of the four closely-spaced fi'equencies

in the 20 cm waveband. The location of the peak brightness temperature shifts

systematically closer to the footpoint inside the sunspot with increasing frequency:

the "+" farthest to the left corresponds to the 1375 MHz emission, and the "+'"

farthest to the right corresponds to the 1665 MHz emission. The dotted contour

corresponds to an intensity I of 1.56 x 106 K at 4900 MHz in the 6 cm waveband.
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The dot-dash contours correspondto a V of 0.39x 106I( at 4900MHz.

Figure 7. Theoretical 4900 MHz I and V maps for the model loop described
in the text. The model loop has a constant temperature of 2.5 x 106 I(, a density
of 1 x 109 cm-3, and a field strength of 583 G (3rd harmonic) in the footpoints at
a height of -,- 5000 km above the photosphere. The I contours are 0.52, 1.04, 1.56,

and 2.34 x106 K. The V contours are 0.39, 0.52, 0.64, and 1.00 x106 I(. These

model I and V sources reproduce the observed 6 cm I and V sources fairly well.

Figure 8. Illustration of the two models used to explain the observed polar-

ization of the 20 cm microwave emission from the plage. The arrows labeled with

an "R" correspond to right hand circular polarization, and the arrows labeled with

an "L" correspond to left hand circular polarization. The propagation mode, ex-

traordinary or ordinary, is indicated by an "X" or an "O" in parentheses. The

propagation mode is determined by the orientation of the local magnetic field, in-

dicated by arrows labeled B=. The lengths of the arrows labeled 1R and L indicate

the relative brightness temperatures of the emergent emission in the given mode

of polarization. (a) The hot/cool/hot layer model. Emission with high brightness

temperature and low polarization (TsX, O -'_ 2 x 106 K) emerges from the lowest

layer. This emission is then absorbed by the overlying cooler layer, from which low

brightness temperature emission (TBX, O < 5 x 105 I{) emerges. Highly polarized

emission (TsX _ 2 x 106 I{, T_O ,-- 7 x 105 K) emerges from the highest l_yer,

which is a hot plasma embedded in a magnetic field which is sufficiently strong fin.

at least 3rd harmonic gyroresonance emission. (b) The hot/cool/QT layer model.

Emission with high brightness temperature and low polarization (TBX, O --- 2 x 106

I,:) emerges fi'om the lowest layer. This emission is then attenuated in the overlying

cooler layer, in which magnetic fields sufficient for gyroresonance absorption cause

the optical depth (and hence the attenuation) to be greater for the X-mode (L)

than for the O-mode (R). This results in the emission of O-mode-dominat(_d (12)

emission. The polarization is then inverted to its observed (L) value upon travcr-

sal of the overlying quasi-transverse (QT) layer in the magnetic field overlying the

plage.
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