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Abstract. Microwave observations are now providing reliable determi-
nations of the magnetic field strength in the solar corona and transition
region. When combined with soft x-ray or EUV images and spectral data,
these observations provide a wealth of quantitative information about the
magnetic and plasma properties of active region structures. Essential to
obtaining the full value from these data is the comparison of the observa-
tional results with theoretical models for the microwave and soft x-ray (or
EUV) emissions, and with extrapolations of measurements of the photo-
spheric magnetic field into the corona. I review the status of this work,
and demonstrate how the combination of these multi-wavelength data and
theoretical models has led to the determination of coronal magnetic field
strengths and structures, plasma parameters crucial to coronal heating
and particle transport theories, information about the thermal structure
of the plasma at coronal heights, and tests of field extrapolations from
photospheric data.

1. Introduction

One of the most intriguing aspects of the Sun is the fact that the solar atmo-
sphere is not simply laminar and cooler than the photosphere, as expected from
basic stellar models, but is made up of hot, changing structures. These coro-
nal structures form and evolve as the Sun’s magnetic field is dragged around
by plasma flows near and below the photosphere. The important details of the
physical properties of these magnetic structures, their evolution, and, in partic-
ular, the mechanism through which they are heated, have not been established,
however. A comparison of the properties and evolution of the magnetic field
and plasma in the photosphere with the properties and evolution of the mag-
netic field and plasma in the corona is essential to obtaining an understanding
of these phenomena.

Coronal structures are most apparent in active regions. Optical observations
show the structure and evolution of active regions in the photosphere. x-ray,
EUV, and radio observations, on the other hand, show their coronal structure. In
order to obtain a better understanding of the coupling between the photosphere,
where the thermal pressure of the plasma dominates the magnetic field pressure,
and the corona, where the magnetic pressure dominates the plasma pressure, it
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is important to obtain simultaneous observations of photospheric and coronal
structures and their evolution.

Optical observations of photospheric structures, flows, and magnetic fields
are now being obtained at high spatial resolution (~1 arcsecond or better).
Zeeman-effect measurements of the total vector magnetic field in the photosphere
have become more available and reliable. The Yohkoh Soft X-ray Telescope
(SXT) is providing daily images of the corona with good spatial resolution (~3
arcseconds) in at least two energy channels so that the temperature and emission
measure of the x-ray-emitting plasma can be determined. Radio observations
covering a broad range of frequencies and spatial scales are now available with
the VLA and the Owens Valley Radio Observatory. Additional soft x-ray and
EUV observations of the corona are available from occasional rocket flights. The
co-registration, co-analysis, and interpretation of these diverse data sets require
substantial time and effort on the part of many scientists. Such a team effort
is necessary, however, in order to obtain the knowledge required to understand
the coupling between the dynamic photosphere and the hot corona.

Radio observations, in addition to providing a different view of the corona
from that provided by soft x-ray observations, are uniquely capable of yielding
measurements of the coronal magnetic field strength. This quantitative infor-
mation is especially valuable for comparison with theoretical extrapolations of
the photospheric magnetic field into the corona. Such a comparison provides
a test of extrapolation models, as well as of the photospheric and coronal field
measurements.

Obtaining co-spatial measurements of physical quantities that describe both
the plasma and the magnetic field in the solar atmosphere is crucial to assessing
models for coronal heating. Models that invoke heating by magnetohydrody-
namic (MHD) waves, for example, are sensitive to the value of the Alfven speed
and its variation within coronal loops. In general, assessing the importance
of MHD or plasma kinetic processes that may occur in the solar atmosphere
depends upon having a good knowledge of these quantities.

In this paper I will demonstrate how radio observations combined with
soft x-ray or EUV observations of the corona, and optical observations of the
photosphere, have been used to determine the magnetic field strength and other
physical quantities in the solar atmosphere. Radio emission from the low corona,
corresponding to the bright loops observed in soft x-rays, is primarily observed
at microwave frequencies (above 1 GHz). Two radiation mechanisms can con-
tribute to this emission. In Section 2 I review these mechanisms and demonstrate
how each can be used to determine the magnetic field strength in the corona.
In Section 3 a dipole loop model is used to demonstrate how a coronal loop may
appear at microwave frequencies. Examples of the application of these meth-
ods to active region data are presented in Section 4. An additional method of
constraining physical parameters in the corona, making use of the propagation
characteristics of the microwave emission, is also described. These results, and
the future of such studies, are discussed in Section 5.
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2. The Emission Mechanisms

Microwave emission from the Sun is observed to be either right- or left-hand cir-
cularly polarized, or unpolarized. The emitted radiation is in general elliptically
polarized, but Faraday depolarization within the source destroys any linear com-
ponent and, therefore, the radiation that leaves the source region is circularly
polarized, as observed. The emissivity is greatest in the mode for which the elec-
tric field vector of the radiation rotates in the same sense as an electron around
the ambient magnetic field, the eztraordinary mode. The electric field vector
rotates in the opposite direction for the ordinary mode. Therefore extraordi-
nary mode emission will be right-hand polarized if the longitudinal component
of the magnetic field (the component along the line of sight) is positive (pointing
toward the observer), and left-hand polarized if the longitudinal component of
the magnetic field is negative. The opposite polarizations would be obtained for
ordinary mode emission. When the observed polarization is compared with the
sign of the longitudinal magnetic field in the photosphere, the result is usually,
but not always, consistent with extraordinary mode polarization.

A convenient quantity for expressing the intensity of a radio source is bright-
ness temperature. Brightness temperature is defined in terms of the radio fre-
quency (f), flux (F}), and source area (2, in steradians) through the Rayleigh-
Jeans Law:

FX° =kT{° 20/ ergsem™® Hz (1)
X and O refer to the extraordinary and ordinary modes of polarization. Bright-
ness temperature is a particularly useful measure of the radio flux per unit area
from a thermal source, since for a uniform, isothermal plasma,

Tg’O:Te(l_e )? (2)

where T, is the electron temperature and 7 is the optical depth of the plasma.
When the plasma is fully optically thick (7 >> 1), Tg = T,. Therefore, the
brightness temperature provides a measure of the electron temperature, or a
lower limit on it.

Two emission mechanisms can contribute to the microwave radiation: ther-
mal bremsstrahlung (free-free radiation) and gyroresonance (cyclotron) radiation.
Nonthermal emission, such as the gyrosynchrotron radiation observed during
flares, may sometimes be observable from nonflaring active regions. One indica-
tion of nonthermal emission would be an unusually high brightness temperature
(greater than thermal temperatures). Other indications may be rapid time vari-
ability, or simply an inability to explain the observations in terms of thermal
emission. Although there is evidence for nonthermal microwave emission from
active regions that are not flaring, especially complex regions (cf. Gelfreikh
1991), it is usually not evident in observations of the relatively quiescent emis-
sion from active regions.

The optical depth to thermal bremsstrahlung is

EM ln(4.7 x 10107, 1
273/ f nf’o(lqi ff—“cos0)27

_ X0

70 =9.8x107°

(3)

where EM is the column emission measure ([ n2dl), nff’o is the index of refrac-
tion of the plasma (usually ~1), f. = 2.8 x 10°B is the electron gyrofrequency,
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and 0 is the angle between the direction of propagation of the radiation and the
magnetic field. The upper (-) sign in the last term is for extraordinary mode
emission, and the lower (+) sign is for ordinary mode. The total microwave
intensity, T3 = (T& +T§)/2, is not very sensitive to the polarization dependent
terms. Since temperature and emission measure can both be derived from soft
x-ray or EUV observations of the corona, the contribution to the microwave
emission of thermal bremsstrahlung radiation from plasma observed by these
instruments can be determined.

The thermal bremsstrahlung polarization can be used to determine the lon-
gitudinal component of the magnetic field in the corona. The fractional polar-
ization is, in general, p = (T% — T§)/(T& + TY). When the plasma is fully
optically thin and the field strength is low, p ~ 2(f./f) cos 6, or

By (Gauss) ~ 179f(GHz) - p when 70° <<1 and f.cosf << f. (4)

Under these circumstances the value of B) depends only upon the radio polar-
ization, and not the temperature and emission measure of the plasma. Thermal
bremsstrahlung often dominates at microwave frequencies below 3 GHz (cf. Gary
and Hurford 1987). The optical depth of the x-ray emitting plasma is often found
to be ~1 at these frequencies, however (e. g., Webb et al. 1987, Schmelz et al.
1992). The deduced value of By does then depend upon the temperature and
emission measure of the plasma, and is higher than the value given by Equation
4.

Gyroresonance radiation is emitted at harmonics of the electron gyrofre-
quency. The magnetic field strength in the emitting region is therefore given by
f=sfor

B(Gauss) = 357f(GHz)/s, (5)

where s is the harmonic number. For coronal conditions, s will generally be 2,
3, or 4. The optical depth to gyroresonance emission is approximately

2s

700 & O.OS%neLB SH(1.8 x 1071°T,)*"1(1 £ cos 0)*sin®*"%0.  (6)

While the optical depth to thermal bremsstrahlung depends upon the plasma
emission measure, the optical depth to gyroresonance emission depends linearly
upon the electron density, n., and the magnetic scale length, L. Determining
the harmonic number is largely a matter of obtaining constraints upon n.Lg.
The harmonic number is also constrained by the observed polarization. As a rule
~of thumb, the highest optically thick harmonic in the corona is the 3rd in the ex-
traordinary mode, and the 2nd in the ordinary mode (e. g., Zheleznyakov 1965).
When the harmonic cannot be uniquely determined, assuming the emission to
be 4th harmonic puts a lower limit on the field strength that will generally be
within a factor of 2 of the correct value.

Thermal gyroresonance emission is sharply peaked around each harmonic.
For coronal temperatures, the range of magnetic field strengths that will con-
tribute significantly to the emission from a given harmonic is limited to AB <
0.1B. Likewise, the thickness of the layer contributing to the emission is
AL < (0.1cosf)Lp. Therefore, the emission at a given radio frequency arises
from a narrow range of magnetic field strengths within a relatively thin layer of
the source region. Observations at another radio frequency will detect a different
part of the source.
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3. A Coronal Loop Model

Computations of the microwave emission from a model coronal loop are shown
in Fig. 1 (Holman, Brosius and Pfarr 1988—unpublished poster presentation).
An isothermal 2.5 x 10° K plasma is confined to dipole magnetic field lines
so that the magnetic field strength at the top of the loop is 435 Gauss, and
the maximum field strength in the loop (at the footpoints) is 551 Gauss. The
plasma is in hydrostatic equilibrium, with a density of 1.5 x 101° cm™3 at the
top of the loop. An isothermal external plasma with a temperature of 5 x 10* K
and a density of 1 x 10° cm™3 at the height of the loop apex, also in hydrostatic
equilibrium, has been included as well. The loop is about 50 Mm long, 10 Mm
high, and has a circular cross section at the apex with a diameter of 4 Mm. The
model was designed to be consistent with the observational results of Webb et
al. (1987) at 1.45 GHz and 4.9 GHz. The figure shows total intensity brightness
temperature maps of the loop at nine frequencies in the vicinity of 5 GHz. The
radio frequency (in GHz) is given to the left of each frame, and the maximum
brightness temperature (in millions of degrees K) is given on the right. The
observer is at a location 60° above the plane of the photosphere, and 60° out of
the plane of the loop (measured from the -x axis).

The model results demonstrate how observations over a small range of mi-
crowave frequencies can map out the structure of a coronal loop. At 4.8 GHz and
6.0 GHz, only optically thin thermal bremsstrahlung contributes to the emission.
The entire loop is visible, but at low brightness temperatures. At 4.0 GHz and
4.4 GHz the third harmonic emission level cuts through the loop. Most of the
loop is bright at 4.0 GHz because the harmonic level (where B = 475 Gauss) is
contained within most of the upper part of the loop. The brightness temperature
is somewhat less than the electron temperature because of absorption by the ex-
ternal plasma. At 4.4 GHz the harmonic level cuts through the “footpoints” of
the loop. The asymmetry of the emission results from the viewing angle.

The emission from 4.85-5.6 GHz is 4th harmonic. The harmonic level again
is lower in the loop at higher frequencies. The angular size of the 4th harmonic
gyroresonance source, in arcseconds, is shown on the three center panels. This
size variation with frequency can be used to deduce the quantitative loop ge-
ometry. The interesting structure at 5.4 GHz results from the harmonic level
passing just below the lower boundary of the loop apex.

The microwave total flux (left panel) and peak brightness temperature (right
panel) spectra in this frequency range are shown in Fig. 2. The two peaks are
from the 3rd and 4th harmonic gyroresonance emission. The width of each peak
is determined by the range of field strengths within the hot loop. Evidence for
such “cyclotron line” emission has been presented by Willson (1985) and Lang
et al. (1987).

A simpler loop model is obtained if the magnetic field is generated by a
sub-photospheric line current, rather than a dipole. In this case the loop is
semi-circular in shape, and surfaces of constant magnetic field strength extend
along the entire length of the loop. Therefore, for this model gyroresonance
radiation is emitted along the entire length of the loop whenever a harmonic is
within the loop. Such a model is not generally consistent with observations (cf.
Webb et al. 1987, Brosius et al. 1992).

The microwave emission from dipole loop models has been studied by Hol-
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Figure 1. Total intensity brightness temperature maps of the mi-
crowave emission from a model dipole loop are shown. The radio
frequency in GHz is shown to the left of each frame, and the peak
brightness temperature (x10% K) is shown on the right.
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Figure 2.  Total flux and peak brightness temperature spectra for the
dipole loop model are shown. The microwave flux is in solar flux units
(1 sfu = 107! erg cm™2 s~! Hz™!).

man and Kundu (1985). Models for the microwave emission from sunspots have
been computed by Brosius and Holman (1989) and authors referenced therein.
Such models provide the basis for the interpretation of microwave and coordi-
nated observations of active region structures.

4. Applications to Active Region Data

Skylab, the Solar Maximum Mission (SMM), and flights of rocket-borne instru-
ments, along with developments in radio astronomy instrumentation, provided
the opportunity to obtain a better understanding of the relationship between
the soft x-ray and radio emissions from the Sun. This in turn made it possible
to develop our ability to obtain quantitative information from coordinated ob-
servations of these emissions. A review of these developments can be found in
Strong et al. (1994). Specific examples are provided here.

4.1. Magnetic Field Strength from Gyroresonance Emission

The 1987 Coronal Magnetic Structures Observing Campaign (CoMStOC ’'87)
was specifically designed to develop our ability to determine the magnetic field
strength in the corona. Of the active regions observed during this campaign,
the strongest fields were found in AR 4906 (S35E18), observed on December 18,
the only region that contained a well developed sunspot (Brosius et al. 1992).
The region was observed at 8 microwave frequencies with the VLA, 4 in the
20 cm band and 4 in the 6 cm band, and in soft x-rays with the SMM X-Ray
Polychromator (XRP), as were all of the CoMStOC ’87 regions. A longitudinal
magnetogram was obtained from the Beijing Observatory.

Calculations of the microwave emission expected from the sunspot, using
a dipole magnetic field model consistent with the measured photospheric field
and a conventional model for the sunspot atmosphere, showed that the sunspot
should be bright at both 6 and 20 cm. The brightest microwave emission from
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the active region was associated with the sunspot, but the structure of the
emission in both total intensity and polarization were not as expected. At 6 cm
a compact, polarized source was observed over the sunspot. This source was
shifted away from the center of the spot, however, toward a nearby region of
opposite polarity. At 20 cm the peak emission was between the spot and the
opposite polarity region. Hence, the bright microwave emission was found to be
associated with a loop connecting the sunspot with a following region of opposite
polarity, rather than with the overall sunspot field. The loop was also apparent
in a potential field extrapolation of the photospheric magnetogram. The fact
that the sunspot did not appear in microwaves as predicted, and no significant
x-ray emission was present above the spot, indicated that the temperature and
density were low above the sunspot.

No 6 cm emission was observed over the region of opposite polarity. Within
the 20 cm band it was found that the peak of the emission was closer to the
spot at higher frequencies. Therefore, the multifrequency microwave observa-
tions showed the loop to be highly asymmetric and provided a mapping of the
magnetic field gradient within the structure. Our modeling of the polarization
structure of the 6 cm emission and a consideration of the weak x-ray emission
observed in this part of the active region led to the conclusion that the 6 cm
radiation was third harmonic gyroresonance emission, requiring a magnetic field
strength of 547-583 Gauss (this range of field strengths accounts for the range
of frequencies at which observations were made in the 6 cm band). Fourth
harmonic emission could be ruled out because, among other problems, the den-
sity required to reproduce the observed polarization structure was so high that
the plasma frequency would be above 5 GHz, rendering the source invisible at
this frequency. Second (and first) harmonic emission was ruled out because it
required a plasma density that was several orders of magnitude lower than re-
quired for the weak x-ray emission observed from the location of the 6 cm source.
Reproducing the polarization structure required that the density at the location
of the 6 cm source be between 5 x 108 cm™2 and 2 x 10° cm™3.

The 20 cm emission did not appear to be restricted to a single harmonic.
Modeling and comparison with a potential field extrapolation of the photospheric
magnetogram led us to conclude that the 20 cm emission was a combination of
2nd and 3rd harmonic gyroresonance radiation, yielding field strengths ranging
from 160-300 Gauss in that part of the structure.

The magnetic field strengths deduced for this loop were consistent with the
potential field extrapolation of the photospheric magnetogram. This was not
the case in other parts of this active region, however (Brosius et al. 1992), or
in other active regions where field strengths higher than the extrapolated values
were required (e. g., Nitta et al. 1991, Schmelz et al. 1992).

As an example of the impact of these observations upon our understanding
of the corona, we look at the implications of these results for coronal heating
theory. The derived magnetic field strengths and emission measures give Alfven
speeds ranging from 10 Mm s™! to 40 Mm s™' for the observed active region
loop, significantly greater than the generally quoted value of 1-2 Mm s™!. The
corresponding range of values for the ratio of the electron gyrofrequency to the
plasma frequency, an important quantity for studies of plasma wave processes
in the corona, is ~1.5-6. Since in wave heating theories the heating rate is
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proportional to the Alfven speed and the square of the wave velocity amplitude,
these higher Alfven speeds allow the same heating rate to be achieved with a
smaller wave amplitude. On the other hand, for the wave to be resonant with
the loop, as in resonant absorption theories, the period of the driving wave must
be shorter. For a loop length of 100 Mm and an Alfven speed of 20 Mm s™*, the
wave period must be 10 s or less.

A spectral method for determining the magnetic field strength at the base of
the corona using gyroresonance emission is now available from the Owens Valley
Radio Observatory. Gary and Hurford (1993) use the microwave spectral shape
to distinguish gyroresonance emission from thermal bremsstrahlung. Since the
(optically thick) brightness temperature spectra follow the temperature of the
solar atmosphere, and higher frequencies generally correspond to lower heights
in the atmosphere, the spectra turn over at a frequency corresponding to the top
of the transition region (e. g., Zheleznyakov 1970). Assuming third harmonic
emission, the frequency at which this drop to lower brightness temperatures
occurs gives the magnetic field strength at the bottom of the corona (see equation
5). Gary and Hurford (1993) were able to obtain reliable spectra over an active
region with a spatial resolution of 16 arcseconds. From this they could produce a
“coronal magnetogram” of the magnetic field strength at the base of the corona
above this region.

4.2. Longitudinal Magnetic Field from Thermal Bremsstrahlung Po-
larization

A “longitudinal coronal magnetogram” for a plage region was obtained by Bro-
sius et al. (1993) using thermal bremsstrahlung polarization measurements.
The region (at N11W10) was observed by the VLA at 20 cm, and at EUV
wavelengths with the NASA /Goddard Solar EUV Rocket Telescope and Spec-
trograph (SERTS). Intensity ratios of Fe XVI to Fe XV emission lines were used
to determine the temperature (2.3-2.9 x 10° K) and emission measure through-
out the region. These temperature and emission measure maps were then used
to make a brightness temperature map of the predicted thermal bremsstrahlung
from this coronal plasma at 20 cm.

The predicted and observed 20 cm total intensity brightness temperature
maps were similar in structure. Using the revised Meyer (1991) coronal iron
abundance, they also agreed quantitatively. The revised Meyer abundances
associate hydrogen with high first ionization potential (FIP) rather than low
FIP elements. The result is that iron is a factor 3.4 times more abundant
relative to hydrogen than in the earlier Meyer (1985) abundances. The earlier
abundances give predicted brightness temperatures that exceed the observed
values. When predicted brightness temperatures significantly exceed observed
brightness temperatures, one is generally led to conclude that cooler plasma
must be present in the corona to partially absorb the emission from the hotter
plasma and bring down the brightness temperature of the escaping radiation
(e. g., Webb et al. 1987, Nitta et al. 1991, Schmelz et al. 1992, Brosius et al.
1992). The revised abundances reduce this discrepancy. For these observations
the revised abundances were sufficient to remove the discrepancy, with the result
that no cooler plasma is required. The conclusion, therefore, was that the 20
cm emission was thermal bremsstrahlung from the same plasma observed in Fe
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XV and Fe XVI.

The coronal plasma was found to be optically thin at 20 cm and, therefore,
the longitudinal magnetic field is well approximated by equation 4 (see also
equation 7 of Brosius et al. 1993). The 20 cm polarization map was used
to produce a map of the longitudinal magnetic field strength in the corona,
giving values ~ 30-60 Gauss in the microwave emitting region. This map was
compared with potential field extrapolations to heights of 5 Mm and 10 Mm of a
longitudinal magnetogram obtained with the NASA /NSO spectromagnetograph
at Kitt Peak. The extrapolated and derived longitudinal field strengths were
found to agree if the microwave polarization was generated within this height
range.

4.3. Physical Parameters from Microwave Polarization Reversal

An additional method for obtaining information about the corona makes use of
the sign of the microwave polarization. If the direction of the longitudinal com-
ponent of the magnetic field reverses along the ray path of the radiation, so that
the radiation passes through a layer where the magnetic field is transverse to
the direction of propagation, the right-hand mode of polarization will change to
left, and left to right, so that the physical modes (ordinary and extraordinary)
remain unchanged. If the frequency of the radiation is high enough, however,
the extraordinary and ordinary modes can strongly couple so that they invert
and the handedness of the observed polarization remains unchanged. The con-
dition for this coupling to occur is determined by the coupling coefficient (e. g.,
Zheleznyakov 1970)

18 féHz d0
C=475x10 B |ds |’ (7)
where |df/ds| is the rate at which the angle of the magnetic field changes along
the ray path (radians/cm), and the other parameters are defined as above (f is
in GHz). If C > 1, the observed polarization does not change. If C <« 1, the
observed polarization is reversed (right<«left).

Schmelz et al. (1992) concluded from the analysis of their active region
data that the observed polarization from part of the region must be inverted
at 20 cm, but not at 6 cm. Analysis of the potential field extrapolation of
a longitudinal magnetogram obtained with the Haleakala Stokes Polarimeter
revealed the presence of the required transverse field region. We found (using
the field extrapolation) that the peak microwave emission crossed this layer at
a height ~85 Mm. B (~ 6 Gauss) and |df/ds| could also be obtained from the
potential field extrapolation. Requiring C < 1 at 20 cm, but C > 1 at 6 cm
gave 1.8 x 10" cm™® < n, < 1.3 x 10° cm™3, or n, ~ 10® cm™? at this height
above the photosphere.

This constraint on the coronal density required the use of a field extrapo-
lation. An alternative approach would be to use a knowledge of the frequency
at which C = 1 to determine B (see Gelfreikh 1991). This has the disadvan-
tage that a model for the coronal density is required (unless an observational
constraint on n. can be obtained) and the value of |df/ds| must also be deter-
mined or assumed. On the other hand, the high power of B (B3) softens the
dependence of B on errors in these quantities.
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5. Discussion

Progress in determining the physical properties and evolution of coronal struc-
tures depends upon the availability of well-calibrated instruments with good
spatial and spectral resolution, as well as our ability to coordinate and ulti-
mately co-align observations with these instruments, and to process and analyze
large quantities of data from them. Significant progress can be made with rel-
atively modest instrumentation. Strong support for the subsequent processing,
analysis, and interpretation of these data is crucial, however. The co-analysis
of these diverse data sets is necessary for obtaining an understanding of the
complex coupling between photospheric and coronal phenomena, and provides
insight and motivation for instrumental developments in each of the participat-
ing wavelength regimes.

Another Coronal Magnetic Structures Observing Campaign, CoMStOC 92,
was held as part of the MAX 91 program. The campaign was centered around
coordinated observations with the Yohkoh Soft X-ray Telescope (SXT), the VLA
and Owens Valley Radio Observatory, and state of the art vector magnetographs,
including high-resolution photospheric observations with Lockheed’s Solar Op-
tical Universal Polarimeter (SOUP). The higher spatial resolution of the SXT,
improvements in the VLA observations, the spectral coverage of Owens Valley,
and improvements in the photospheric observations distinguish this campaign
from CoMStOC ’87. These data are now available and contain a wealth of in-
formation about active region structures. The next major observational step is
likely to be an extended campaign in coordination with SOHO (Holman 1992).
In the meantime, coordinated ground-based observations with rocket flights of
instruments that provide both spatial and spectral data for coronal structures
are extremely valuable.
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Group Discussion

Mikic: In your comment at the beginning of the talk you mentioned that “peo-
ple claim that it is not possible to measure directly the coronal magnetic field”,
which you contest on the basis that radio observations allow you to deduce the
coronal magnetic field. I think that most people will agree that radio observa-
tions give us the magnitude of the coronal magnetic field, but they do not give
us the vector nature of the field. Thus it is not possible to deduce the topology
of the coronal field and its connectivity, which is an important matter. I think
the radio observations are very useful in conjunction with the force-free field
estimation of coronal fields from vector magnetograms.

Holman: My comment was referring to blanket statements that there is no way
to directly obtain information about the strength of the coronal magnetic field.
It is true that microwave observations most directly give the scalar quantity B
or By, not the vector field. There are ways to obtain the information about the
vector field in the corona by computing the structure and polarization of the
microwave emission at different frequencies and locations, but this is somewhat
model dependent. I entirely agree that the best way to study coronal magnetic
fields is with multi-wavelength (radio and x-ray and/or EUV) observations of the
corona and photospheric vector magnetograms. It is very important to obtain
these simultaneous observations and follow them up with the necessary data
analysis, field extrapolations, and theoretical interpretation of the combined
data

Fisher: 1 get the impression that finding the harmonic number for cyclotron
radiation is a model dependent and ad-hoc procedure. Is there a systematic way
of finding the harmonic number?

Holman: The harmonic number can generally be determined from the observed
polarization of the emission and constraints on the density in the source. An
example of this is given in my paper. When there is not enough information
to determine the harmonic number, a lower limit on the field strength can be
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obtained by assuming that the emission is the 4th harmonic. This field strength
will generally be at most a factor of 2 smaller than the actual field strength.

Linker: The estimate of the field strength is linearly dependent on what you
think the harmonic is. How well do you know of this?

Holman: See response to Fisher.

Judge: Are there technical and/or physical reasons why the radio wavelengths
determination of properties of the coronal magnetic field may not be extended
to the chromosphere and transition region?

Holman: The determination of the magnetic field strength can be extended
into the transition region, usually with observations above 5 GHz. A practical
limitation to this is that if there is high brightness temperature emission from
the corona at these frequencies, the limited dynamic range of the observations
may not allow the lower brightness temperature emission from the transition
region to be observed.

Bastian: You compared the coronal magnetic field strengths inferred from 20 cm
observations with those inferred from a potential field extrapolation, showing
that they were in fairly good agreement at a height of 5 Mm. I would like
to point out that Aschwanden and Bastian (1993) have performed stereo-scopic
analysis of the 20 cm emission from solar active regions and show that the height
of 20 cm sources is much greater than 5 Mm, the average being 25 Mm with a
standard deviation of 15 Mm.

Holman: Since we did not know the height of the sources we studied, we took the
inferred field strengths to be consistent with the extrapolations if they agreed
with the extrapolated field strengths at heights between 5 Mm and 10Mm, or
higher. If the microwave polarization of the sources we studied was generated at
heights much greater that 5-10 Mm, then most of the field strengths we deduced
do not agree with the extrapolations.
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