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ABSTRACT

We report on the structure of the solar atmosphere above active region (AR) 10923, observed on 2006 November 10,
as deduced from multi-wavelength studies including combined microwave observations from the Very Large Array
(VLA) and the Owens Valley Solar Array (OVSA). The VLA observations provide excellent image quality at
a few widely spaced frequencies, while the OVSA data provide information at many intermediate frequencies
to fill in the spectral coverage. Images at 25 distinct frequencies are used to provide spatially resolved spectra
along many lines of sight in the AR, from which microwave spectral diagnostics are obtained for deducing maps
of temperature, magnetic field, and column density. The derived quantities are compared with multiwavelength
observations from the Solar and Heliospheric Observatory and Hinode spacecraft, and with a current-free magnetic
field extrapolation. We find that a two-component temperature model is required to fit the data, in which a hot
(>2 MK) lower corona above the strong-field plage and sunspot regions (emitting via the gyroresonance process) is
overlaid with somewhat cooler (∼1 MK) coronal loops that partially absorb the gyroresonance emission through the
free–free (Bremsstrahlung) process. We also find that the extrapolated potential magnetic fields can quantitatively
account for the observed gyroresonance emission over most of the AR, but in a few areas a higher field strength is
required. The results are used to explore the coronal configuration needed to explain the observations. These results
show that the bulk of free–free emission in both radio and X-rays emanates from two loop systems, distinguished
by the location of their loop footpoints. We discuss the implications of such comparisons for studies of AR structure
when better microwave spectral imaging becomes available in the future.
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1. INTRODUCTION

The magnetic pressure dominates over the plasma pressure
in the corona, so that the magnetic field controls the distribu-
tion of the density and temperature. In addition, the release of
magnetic energy is proposed to be the chief mechanism for
energy deposition from sub-surface processes into the million-
degree corona (Aschwanden 2004, chap. 1). Great effort has
been expended toward determining the three-dimensional dis-
tribution of the magnetic field, temperature, and density of the
corona above solar active regions (ARs) in order to understand
magnetic energy storage and subsequent release. Radio obser-
vations of the Sun provide a powerful diagnostic of the coronal
plasma since they offer a direct measure of the electron tem-
perature (Te), column emission measure (EM), and, depending
on the responsible emission mechanism, the total magnetic field
strength (Btot) or its component (Bl) along the line of sight
(Gary & Hurford 2004). There are two radiation mechanisms
that dominate the radio emission of the corona from 1 to 20 GHz:
free–free (bremsstrahlung) and gyroresonance emission (White
& Kundu 1997). The two mechanisms exhibit easily identifiable
spectral behavior if sufficient frequency coverage is available,
and the aforementioned physical quantities can be directly ob-
tained from spatially resolved spectra, as will be discussed in
Section 3.1.

Zheleznyakov (1962) and Kakinuma & Swarup (1962)
independently established, on theoretical grounds, that gyrores-
onance emission must be responsible for the sunspot-associated
emission at centimetric wavelengths. Studies at single or a
few widely spaced frequencies confirmed this picture (e.g.,

Lang & Willson 1980, 1982; Alissandrakis & Kundu 1982;
Chiuderi-Drago et al. 1982; Shevgaonkar & Kundu 1985;
Gopalswamy et al. 1991; Zlotnik et al. 1996, 1998), while
optically thin free–free emission was found to be responsible
for the plage associated component at these same wavelengths
(Felli et al. 1981; Gary & Hurford 1987). Studies at decimet-
ric wavelengths verified that optically thick free–free emission
is responsible for the radiation at these longer wavelengths
(Chiuderi Drago et al. 1977; Dulk & Gary 1983; Lang &
Willson 1982; Lang et al. 1983), although gyroemission may
still contribute somewhat in this regime (Lang et al. 1987a,
1987b; White et al. 1992; Vourlidas et al. 1996). The transition
between the dominance of the two mechanisms occurs around
10 cm (Gary & Hurford 1987). At very short centimetric wave-
lengths (�2 cm) the emission is again due to free–free emis-
sion but emanates from the chromosphere or transition region
(Shevgaonkar & Kundu 1985; Hurford 1986; Gary & Hurford
1987). These single-frequency studies determined that, in gen-
eral, free–free emission dominates at lower frequencies while
gyroresonance emission does so at higher ones. This has impli-
cations for the distribution of plasma in height above the AR,
since emission observed at higher frequencies emanates from
deeper in the corona (lower heights above the photosphere) than
the radiation at longer wavelengths.

The two mechanisms exhibit distinct spectral shapes (Gary &
Hurford 2004) and spectroscopic analysis of spatially resolved
radio data returns model-independent physical parameters. The
difficulty in carrying out such studies stems from the lack of
instruments able to obtain high-fidelity maps at many closely
spaced frequencies. Analysis by Gary & Hurford (1987) with a
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Figure 1. AR 10923 at the photospheric level on 2006 November 10: (a) MDI continuum map and (b) MDI magnetogram with the SOT-SP FOV outlined in black.

potential field extrapolation suggested that the free–free emis-
sion at 1.45 GHz originated from the tops of loops connecting the
sunspots in the AR. Spectral analysis of source-averaged Owens
Valley Solar Array (OVSA) data allowed Lee et al. (1993) to
detect a free–free component previously dominated by the gy-
roresonance signature at higher temperature when their target
AR crossed over the limb. Implicit in the geometry of the ob-
servations is that the AR had a mega-Kelvin (MK) free–free
component overlying a hotter gyroresonance component, which
was obscured by the limb when the AR crossed beyond. Gary
& Hurford (1994) fit OVSA data with model spectra representa-
tive of free–free or gyroemission. In this manner, they produced
two-dimensional maps of the Te, EM, and Btot distributions
above their AR as projected onto the sky plane. While most
of their averaged spectra conformed to a homogeneous corona
model, several spectra were found to have positive slopes in
the optically thick part corresponding to low frequencies. In a
study using spectra from the sparse frequencies available from
the Very Large Array (VLA), Vourlidas et al. (1997) showed
that these were best fit by a multi-thermal free–free emission
model. However, they too had some spectra that suggested a
high positive slope in the optically thick, low-frequency portion
which could not be explained by their free–free only models. For
those spectra, they concluded that gyroresonance emission was
responsible for the radiation at 4.8 GHz and above. In a prior
study, Vourlidas & Bastian (1996) found that the soft X-ray and
1.5 GHz VLA observations came from similar structures at the
tops of the longest loops connecting the two sunspots in the re-
gion, similar to the findings of Gary & Hurford (1987). In their
schematic representation of the morphology of the atmosphere
as suggested by the analysis, the free–free emission at longer
wavelengths comes from greater heights than the sources of the
4.7 and 8.4 GHz emission.

In the present study, we describe the results of combin-
ing high-fidelity brightness temperature maps from the VLA
with maps providing the high-spectral-resolution capabilities of
OVSA. Stacking the maps in frequency allows us to explore the
spectra at various lines of sight. The advantage of this approach
is that the VLA provides additional spectral points as well as
consistency checks for the OVSA data. The latter allows us to
study the variations in frequency in greater detail.

We proceed with a description of the observations and
supporting data in Section 2. Section 3 reviews the theory,
which allows us to obtain physical parameters directly from the
spectra. In Section 4, we briefly describe the results of fitting
the radio spectra with a single-component model and discuss

the shortcomings of such a scheme. We then discuss a two-
component model approach that best fits the radio data and use
those results in an analysis with the potential field extrapolation.
Finally, in Section 5 we discuss the implications of our results
for the structure of the corona above the AR.

2. OBSERVATIONS

2.1. Active Region NOAA 10923

Our observations of NOAA active region (AR) 10923 were
carried out on 2006 November 10. On this day it was a
mature, stable region of alpha configuration located at about
S11, E49. The MDI magnetogram shows that at this time the
AR consisted of a large, fairly undisturbed negative-polarity
sunspot surrounded by a scattered plage of opposite polarity
fields, some of them extending to distances ∼100 Mm east of
the sunspot (Figure 1). A minor B1 flare event occurred on this
day starting at 22:40 UT, but it did not appear to change the
loop structure or photospheric magnetic fields as seen in EIT
and MDI data. The region was stable until a C3 event at 21:55
on November 12 and developed a light bridge on November 13
(Katsukawa et al. 2007). For our observation day, then, the AR
is considered stable enough to perform full-day Earth-rotation
synthesis with the radio data.

2.2. Very Large Array Observations

The VLA is a 27-element astronomical interferometer which
provides excellent uv coverage at a few frequencies. On this date
the VLA observed AR 10923 from 15:18 to 22:46 UT. The data
obtained were in left- and right-circular polarizations at 1.41,
4.84, 8.48, and 14.96 GHz (L, C, X, and U bands) while the
instrument was in “C” configuration (Thompson et al. 1980).
The angular resolution was ∼23′′, 6.′′6, 3.′′7, and 2.′′2 at these
bands. The data were calibrated using 3C286 and 1543-079 as
the amplitude and phase calibrators, respectively. Calibration for
the attenuators, necessary for solar observations with the VLA,
was carried out by T. Bastian using the latest solar calibration
(SOLCAL) data. The maps were CLEANed and self-calibrated
using the standard AIPS software. After self-calibration, the rms
noise in the maps was ∼1%–3% of the peaks. For this study the
maps were combined to form the Stokes I total intensity maps in
order to make use of OVSA data, as discussed in the next section.

2.3. Owens Valley Solar Array Observations

OVSA is a seven-element solar-dedicated interferometer
which on this date observed the Sun at 39 frequencies from 1.2 to
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Figure 2. (a) OVSA 4.8 GHz map CLEANed with the revised algorithms. At this stage the Tb levels already match those of the VLA C-band map. (b) Same image
after self-calibration. The noise in the maps is reduced while maintaining the structure of the strongest source. (c) Improved spectra from (−760′′, −110′′), near the Tb
peak. The dots represent values from CLEAN maps using the previous versions of the programs, the pluses are the corresponding data points from the self-calibrated
maps, and the thick Xs are the VLA data points. Note the amplitude match between both instruments and the improvement in spectral continuity between 5 and
10 GHz.

18 GHz, providing high spectral resolution. After flagging data
affected by radio frequency interference, hardware errors, and
calibration problems, a total of 21 frequencies remain, ranging
from 1.4 to 10 GHz. Twenty minutes of data from around the
time of the small B1 flare was excluded, leaving 7 hr 25 minutes
of data. We applied the CLEAN algorithm to the OVSA images
and convolved the corresponding VLA maps to the OVSA
resolution to facilitate comparison. We also developed new
IDL-based code to implement the L1 self-calibration algorithm
(Schwab 1982; Cornwell & Fomalont 1999) in order to address
calibration problems due to atmospheric as well as instrumental
effects. The self-calibrated, co-aligned Stokes I maps yield good
agreement in brightness temperature and general structure with
the corresponding VLA maps. The resulting monochromatic
maps not only exhibit lower noise, as shown in Figure 2, but
also produce smoother spectra when stacked in frequency. While
the strong source at the center of the 4.8 GHz map is little
affected by the self-calibration, the sidelobe level in the map
is greatly reduced. This enables spectral analysis over a region
wider than the strong, sunspot-associated source. The rms noise
in the self-calibrated maps is 4%–5% of the peak values. The
verified amplitude match to the VLA, the improved continuity
in frequency, and the low rms noise level make these the best
single-frequency OVSA maps ever produced. However, the low
number of antennas gives limited uv coverage, which in turn
results in sidelobe confusion in the synthesized maps. These
artifacts are not addressed by self-calibration and persist in
the data. This degrades the fidelity of the maps to the level
where polarization spectra yield ambiguous results. For this
reason a polarization study is not supported by these data. The
uncertainties introduced due to our use of the total intensity I
instead of the R and L circular polarizations will be addressed
in Section 3, before we describe the analysis of the joint data. A
comparison with VLA maps at similar frequencies showed that
the OVSA phase center was off by about 94′′. Since the VLA’s
phase center is well known, the appropriate shift was found
by co-aligning OVSA’s 4.8 GHz map to the closest-frequency
map from VLA at 4.82 GHz. Applying this fixed shift to all
the OVSA maps yielded good spatial agreement at other nearly
shared frequencies.

2.4. Hinode SOT Observations

The target AR was observed by the suite of instruments
aboard the Hinode satellite. We obtained Level 2 Solar Op-

tical Telescope (SOT) Spectro-Polarimeter (SP; Lites et al.
2001) vector magnetogram data which had a field of view
(FOV) of 102′′ × 162′′ at 0.′′148 × 0.′′158 pixel resolution
(Figure 1(b)). These data report a maximum (negative) field
strength of about 3300 G near the sunspot center. Since the ab-
solute pointing of the SOT observations is not well determined
(HSOT-DAG 2009), data from the corresponding MDI magne-
togram, whose contours matched very well, were used to co-
align the data. The purpose of the magnetograms in our study
was to provide the boundary conditions for a nonlinear force-
free field (NLFFF) extrapolation of the magnetic field which
we could use to compare to the results from the radio data,
providing an independent test for the extrapolation. However,
after obtaining the extrapolation it was found to be inconsistent
with expectations based on EUV data and radio results. It was
determined that the small FOV of the instrument did not en-
compass enough of the positive flux surrounding the sunspot, in
particular to the east, and therefore provided inaccurate bound-
ary conditions for a proper extrapolation (see also De Rosa et al.
2009). Therefore, our use of SOT-SP data is limited to using the
Bz component to complement MDI data (described next) as a
boundary condition for a potential field extrapolation, the details
of which will be described in Section 2.6.

2.5. SoHO MDI/EIT Observations

EUV and magnetogram data were also available from the EIT
(Delaboudinière et al. 1995) and MDI (Scherrer et al. 1995)
instruments, respectively, onboard the Solar and Heliospheric
Observatory (SoHO) spacecraft. In this study, the full-disk Fe
IX/X 171Å, Fe XII 195Å, and Fe XV 284 Å EUV maps are
used qualitatively to check the validity of the extrapolation
and the radio results. The full-disk MDI magnetogram has
1.′′98 × 1.′′98 pixel resolution and provides the Bz component of
the photospheric magnetic field. In view of the shortcomings of
the aforementioned NLFFF extrapolation, we opted to perform
a potential field extrapolation, with the MDI magnetogram
providing the surface boundary condition. However, we found
that the MDI magnetogram was saturated near the peak of the
field which requires correction as discussed next.

2.6. Potential Field Extrapolation

The study of coronal magnetic fields is enhanced by the com-
bined analysis of microwave measurements with magnetic field
extrapolations. One manner in which the results of radio studies
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Figure 3. Magnetograms of AR 10923: (a) SOT-SP Bz and FOV overlaid with MDI Bz contours. The saturation in the MDI data shows up as an island of less negative
B-field inside the umbra. (b) FOV of the composite MDI/SOT-SP magnetogram used for the extrapolation. (c) Comparison of SP (solid) and MDI (light dots) Bz

levels along the dashed line in (b).

can be used is as tests of the extrapolations (White 2004). In
this sense, the magnetic field strength in the corona, obtained
from radio observations, is compared to the extrapolated field
strength. Field extrapolation models can also be used to val-
idate the physical results of the radio analysis. In particular,
extrapolations can provide the magnetic field strength B(h) as
a function of height h above the photosphere while radio ob-
servations provide the electron temperature Te(B) as a function
of magnetic field strength. As a result, combined analysis can
potentially provide information on Te(h).

The choice of appropriate extrapolation technique is open to
debate. A general, fairly realistic, but non-unique choice may
be the NLFFF extrapolation method that (1) provides an equi-
librium solution while relaxing the unrealistic uniform-twist
requirement of a linear force-free field (LFFF) extrapolation,
and (2) does not preclude very weak electric currents, in the
sense that it can asymptotically converge to a current-free, po-
tential solution. NLFFF extrapolations, however, are still an
open research topic with different methods applied to the same
boundary giving notably different results (Schrijver et al. 2006,
2008; Metcalf et al. 2008). De Rosa et al. (2009), in particu-
lar, showed that NLFFF extrapolations applied to data from the
SP instrument may provide unreliable estimates of the coronal
magnetic field if based on incomplete boundary conditions. One
of the proposed treatments in this case was to use vector magne-
togram data with a much larger FOV to account for more of the
electric currents associated with a given AR. Unfortunately we
did not have high-resolution vector magnetograms over wide
fields of view available at the time of these observations. Be-
cause of the relative simplicity of AR 10923, we expect that
the field is approximately potential. For the above reasons, we
deliberately choose to use a current-free extrapolation applied
to the normal photospheric field component over wide fields of
view as the preferred extrapolation method for this study. The
comparison of the Btot values inferred by radio observations to
the well-known, unique potential-field solution will reveal the
areas where strong electric currents persist, thus forcing the ob-
servational and extrapolated Btot to disagree, while also showing
the areas where weak or absent electric currents allow observed
and extrapolated magnetic field values to reasonably agree with
each other.

2.6.1. Boundary Conditions

For our potential-field extrapolation, we require a sizable
patch of the solar photospheric line-of-sight magnetic field from

the SoHO/MDI magnetogram enclosing AR 10923. For the ex-
trapolation we (1) calculate the heliographic plane correspond-
ing to our FOV (Gary & Hagyard 1990), and (2) interpolate
the cosine-corrected normal magnetic field component on this
plane. Before performing the above calculations, however, we
make an effort to improve the realism of our boundary condi-
tion by treating the saturation present in the SoHO/MDI data.
Saturation in the MDI magnetogram can be seen as an island of
less negative flux within the umbra in the MDI contours overlaid
on the SOT-SP Bz map in Figure 3(a). The SP magnetogram,
derived from spectral polarimetry, is less saturated but as men-
tioned above its FOV only covers the central region of the AR.
After verifying that both instruments measured nearly equiva-
lent magnetic flux levels in locations away from the saturation
area (Figure 3(c)), which justifies combining the data sets, we
construct a composite MDI-SP magnetogram by embedding the
spatially rescaled SP Bz map into the corresponding field of
view in the MDI magnetogram. We then use a section of the
combined magnetogram large enough to encompass all of the
prominent magnetic flux of the AR (Figure 3(b)). We note that
De Rosa et al. (2009) used a similar approach to improve the
boundary conditions for their extrapolations.

2.6.2. Extrapolation Method

To implement our potential extrapolation, we use the Green’s
functions method as implemented by Schmidt (1964) on
Cartesian geometry (see also Georgoulis & LaBonte 2007).
Schmidt’s (1964) method gives an exact solution, providing po-
tential fields and subsequent zero electric currents up to machine
accuracy. The method is much more accurate than the potential
(or LFFF) extrapolation techniques relying on fast Fourier trans-
forms (Alissandrakis 1981) but, in return, it is much more com-
putationally intensive. We took this expense, nevertheless, as we
need the accuracy to precisely pinpoint possible discrepancies
between the function B(h) as estimated by radio observations
and the extrapolated B(h), without concern for numerical uncer-
tainties in the extrapolation. Our extrapolation explicitly ignores
electric currents, so observed discrepancies should indicate ei-
ther uncertainties in the observationally inferred B(h) or areas
where the potential approximation breaks down, meaning that
magnetic field lines are notably distorted by the existence and
action of local electric currents. Figure 4 displays sample field
lines from the resulting extrapolation overlaid on the EIT 171 Å
and XRT Al-med maps to demonstrate general agreement be-
tween the model and the location of sources from observations.
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Figure 4. Selected field lines from the potential field extrapolation overlaid on (a) EIT 171 Å and (b) XRT Al-med maps. The location of the field lines generally
agrees with the location and shape of the EUV and soft X-ray sources observed. The umbral and penumbral boundaries are outlined in black.

3. RADIO SPECTRAL DIAGNOSTICS AND
THE USE OF STOKES I DATA

3.1. Radio Spectral Diagnostics

We now briefly review how the physical parameters of
electron temperature (Te), column emission measure (EM), and
total magnetic field strength (Btot) are obtained from analysis of
radio spectra. We discuss the general results relevant to this work
and refer the interested reader to the review by Gary & Hurford
(2004) and references therein for greater details. Free–free radio
emission arises from distant Coulomb interactions between
free electrons and ions in the coronal plasma. Gyroresonance
emission is a plasma resonance mechanism due to the gyration
of electrons around magnetic fields. Because the mechanisms
differ in the manner in which they emit, their spectra are different
and easily identifiable.

Irrespective of emission mechanism, the solution to the
radiative transfer equation for an isolated, homogeneous source
(Dulk 1985) is

Tb ≈ Te(1 − e−τ ), (1)

where, Tb is the brightness temperature, essentially the surface
brightness of an equivalently hot black body, in units of
temperature. The optical depth τ is a measure of the absorption
and includes most of the physics in the equation. When τ � 1,
Tb � Te and the source is optically thick. When τ � 1, then
Tb � τTe and the source is optically thin. The two regions for a
typical spectrum are marked in Figure 5(a), which is a modified
version of Figure 4 from Gary & Hurford (1994). It is clear that
Te can be read directly from the optically thick (flat) portion of
the spectrum. The two regimes are separated by the condition
τ = 1 and it is at this circumstance that we can obtain the other
physical parameters.

The optical depth for free–free emission from plasma under
typical coronal conditions is given by Dulk (1985):

τ ≈ 0.21ν−2T −3/2
e

∫
n2

edl, (2)

where ne is the electron density, ν is the observing frequency,
and the integral is taken along the line of sight. The optical
depth is proportional to ν−2, which makes the optically thin Tb
slope easily identifiable. When τ = 1 the above equation can

Figure 5. Expected Tb spectra for a homogeneous corona: (a) free–free spectrum
with the optically thick and thin regimes labeled, and (b) gyroresonance
spectrum with a representative high-frequency slope of ν−5, which may
theoretically be as steep as ν−10 (adapted from Gary & Hurford 1994).

be rearranged to give

∫
n2

edl = 4.8ν2
τ=1T

3/2
e cm−5 = EM, (3)

where EM is the column emission measure. The value of ντ=1
is also read directly from the spectrum.

Gyroresonance emission is a plasma resonance phenomenon
whose optical depth depends on ne, Te, ν, the magnetic field
strength, gradient, and orientation. While the optical depth along
the line of sight is rather sensitive to the angle between the
magnetic field and the line of sight, the main condition for the
resonance is that ν ≈ sνB , where νB = 2.8 × 106Btot. Here,
νB is the electron gyrofrequency and s is the harmonic number,
an integer. The variance of Btot along the line of sight produces
a spectrum like the one shown in Figure 5(b). At sufficiently
high frequencies, the magnetic fields required to match the
resonance condition are no longer in the corona and the
brightness temperature begins to drop rapidly to chromospheric
temperatures. The frequency at which the spectrum begins to
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Figure 6. Tb spectra for R (solid) and L (dashed) circular polarizations along two different lines of sight in an AR coronal model (Mok et al. 2005). The model was
sampled with an FASR-like instrument with excellent sky sampling at 100 frequencies from 1 to 24 GHz, resulting in exceptional detail. The spectra become optically
thin at different harmonics, and the ratios between the drops are used to identify the harmonic number. (Source: Gary & Hurford 2004. With kind permission from
Springer Science + Business Media: Solar and Space Weather Radiophysics, Chapter 4, Radio Spectral Diagnostics, 2004, page 81, Dale E. Gary & G. J. Hurford,
Figure 4.5.)

fall comes from the last optically thick harmonic layer still
at coronal temperatures. Because of the similarity in shape
of the spectra in Figures 5(a) and (b), we can describe the
spectrum by Equation (1), although the turnover in Figure 5(b)
is not due to an optical depth effect, but rather reflects the
inhomogeneity of temperature with height as the optically thick
layer descends from corona to chromosphere. In this case,
τ should be understood as merely a model parameter and
should not be interpreted as optical depth. For mathematical
definiteness, we choose the point where Equation (1) becomes
Tb = Te(1 − e−1) as defining the turnover frequency ντ=1, just
above the break, to define the magnetic field at the base of the
corona as

Btot = ντ=1

2.8 × 106s
. (4)

As with the free–free spectrum, this ντ=1 can be read directly
from the spectrum. In magnetized plasma, the emission is broken
down into two plasma wave modes, which can be observed as
opposite circular polarizations. A discussion of the modes and
the expected harmonics will be presented in the next section,
but in general s = 2 for ordinary mode and s = 2 or 3 for
extraordinary mode. The high frequency slope has a dependence
of ν−5 to ν−10, but variations in temperature and density will
keep the slope shallower than the maximum (Gary & Hurford
1994).

3.2. Inversion of Total Intensity Spectra

Radio emission from both the free–free and gyroresonance
mechanisms leaves the corona in one of two magnetoionic
modes, the ordinary mode (o mode) and the extraordinary mode
(x mode). They are completely circularly polarized when they
leave the source, and they correspond generally to the right (R)
and left (L) circular polarizations (Gelfreikh 2004). Polarization
observations of free–free emission may be used to determine
the longitudinal component of the magnetic field but the degree

of polarization from free–free emission is low (�15%). The
sidelobe confusion in OVSA images brings the uncertainties up
to or above the polarization signal and such a study cannot be
carried out with these data. While the VLA samples the sky
much more accurately, the reduced number of frequency points
limits its use for spectral studies. Furthermore, analysis of the
joint polarization spectra reveals that even at higher frequencies,
where gyroemission dominates, the polarized signal’s root-2
increase in uncertainty relative to I yields results that, while
consistent with respect to the expected outcome, do not usefully
constrain it. We therefore carry out our analysis with total
intensity (Stokes I) spectra, where I = (R + L)/2. Since the
physical information is embedded in the polarized signal and
I is an observational construct, we must first validate such an
approach.

As was mentioned earlier, the different modes may become
optically thin at different harmonics. This means that spectra in
individual polarizations may turn over at different frequencies.
Zheleznyakov (1970) found that the x-mode harmonic is an
order of magnitude higher than that for the o mode except when
the angle between the magnetic field and the line of sight is close
to 0 or 90 deg. Figure 6 shows simulated spectra of a coronal
model presented by Mok et al. (2005). The simulation is from
a study for the proposed Frequency-Agile Solar Radiotelescope
(FASR) which would have many elements sampling the sky with
a high spectral resolution. For this reason the sample spectra in
the figure reflect the direct model’s spectra quite well and small
details are visible. For our purposes here it is sufficient to note
the difference in turnover frequencies between the R and L
spectra and that their ratio would allow the harmonic number to
be determined.

A number of studies have shown that only the lowest
harmonics can play a role in the solar corona (Alissandrakis
et al. 1980; Felli et al. 1981; Alissandrakis & Kundu 1982;
Zlotnik et al. 1996; White & Kundu 1997; Vourlidas et al.
1997). In general, s = 2 for o mode and s = 2 or 3 for x
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Figure 7. Sample steps in the determination of errors in Btot from the use of I spectra: (a) ideal R and L spectra from the model, sampled at the same frequencies of
the VLA-OVSA observations and the I spectrum (dotted), (b) same spectra after 10% noise has been added and the new I (dotted), and (c) the noisy R and L spectra
with the fit to the I spectrum (dashed). This last panel shows how closely the fit to the I spectrum follows the spectrum from the lower harmonic, in this case s = 2.
For this spectra Btot from the fit for s = 2 is 1445 G while the value from the model is 1378 G, off by ≈5%.

mode. Only under very special circumstances may the s = 4,
x-mode layer become optically thick (Holt & Ramaty 1969;
Zheleznyakov 1970; Takakura 1972; Ramaty & Petrosian 1972;
Vourlidas et al. 1997). The s = 1 x-mode emission does not
propagate out into the corona because that gyroresonance layer
lies beneath its own reflecting point (Zlotnik et al. 1996). The
o-mode from this harmonic may propagate but experiments find
that even when the s = 2 layer above it is optically thin and
would allow the emission to go through, the s = 1 o-mode is
optically thin as well (White 2004).

Since the turnover frequency is used to determine Btot at the
base of the corona, we now use the same model from Mok
et al. (2005) to determine the error in magnetic field strength as
derived from total I spectra instead of R and L. We take the ideal
model R and L spectra and sample them only at the frequencies
available in our joint VLA-OVSA data. We add random noise
at a level that mimics the errors introduced by the incomplete
sky sampling, here 10% of the value at each frequency. The I
spectrum is formed and fitted with a representative spectrum
that has a slope of ν−5. The value of Btot is calculated from ντ=1,
obtained directly from the model fit, considering s = 2 and 3.
The actual value of Btot and the correct harmonic are obtained
from the uncorrupted spectra and the values are compared.
Figure 7 shows an example spectrum illustrating the steps in
this process. We find that for differences between the second
and third or between the third and fourth harmonics, the errors
for Btot from the noisy I spectra and the actual value for the
polarization spectrum that corresponds to the lower harmonic
are 5%–15%. The I spectrum follows the fall in Tb at the lower
harmonic and becomes steeper once the higher harmonic turns
over. We conclude that the analysis on I spectra will give Btot
values that match those from the lower harmonic within 15%.
The problem of determining the proper harmonic from the actual
data will be addressed via optical depth calculations using the
magnetic field extrapolation.

4. SPECTRAL ANALYSIS AND RESULTS

The joint VLA-OVSA observations sample AR 10923 at 25
frequencies from 1.4 to 14.96 GHz. The maps were resampled
to the resolution of the 10 GHz map of 2.′′3 × 2.′′3 pixels for
co-alignment and selection of the FOV. This pixel resolution
under-samples only the VLA’s U-band map, which has a pixel
resolution of 0.′′5, and over-samples all the other maps. These
maps were averaged over 4 × 4 pixel areas to further reduce

noise. The final maps in the data cube consisted of 64×64 pixel
arrays where each pixel covers a 9.′′2 × 9.′′2 area.

4.1. Two-component Model

With the OVSA data set improved by the VLA’s additional
points, and the frequency range doubled, we automated the
spectral-fitting method employed by Gary & Hurford (2004), fit-
ting individual spectra with models representing either free–free
or gyroresonance emission. The distribution of Te covers most
of the AR and it displays two peaks, one over the region south-
east of the sunspot and other one directly over it. While many
spectra are fit well with such models, we note that most of the
spectra near the sunspot have a positive slope in the optically
thick portion, of the same type as Gary & Hurford (2004) found
in some of their spectra. For these spectra, an example of which
is shown in Figure 8(a), it is obvious that the homogeneous,
single-component corona model (dashed line) does not fit the
data well.

Gary & Hurford (2004) proposed three possible explanations
for their observed positive-slope spectra: (1) a non-thermal
electron population, (2) low resolution at low frequencies not
being able to resolve all the structure, or (3) a cooler (1 MK)
medium overlying a hotter (3 MK) source. On the first point,
we reiterate that the radio maps are produced from all day
integration of the radio data. In order for the signature of a
non-thermal population to appear in such maps, the brightness
temperatures reached should be quite high, such as with flares
or peculiar, neutral-line sources (Alissandrakis et al. 1993),
or the population should be sustained for a large portion of
the observation time. As mentioned before, the data around
the single, small flare have been excluded from the Earth-
rotation synthesis maps and no other significant brightness
fluctuations appear in the data. That all the spectra over the
strongest photospheric fields, covering an area slightly larger
than the sunspot, exhibit the positive-slope feature at varying
levels further brings into question the sustainability of such a
spatially wide-spread population over a long period of time. The
second possibility also seems unlikely to apply to our data set,
since our AR is spatially much simpler than the one studied
by Gary & Hurford (2004). We find below that the peak in
temperature of the free–free component is spatially smooth and
occurs well to the east of the region of positive-slope spectra. If
the high coronal temperature observed over the sunspot at high
frequencies extended to higher heights, it should be reflected
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Figure 8. Examples of the fitting algorithm on OVSA (thin + symbols) and VLA (thick + symbols) spectra with error bars: (a) a two-component model best follows
this spectrum. The total Tb from Equation (5) is shown in dash-dot-dot line, the gyroresonance component dashed, and the free–free component dotted, (b) a spectrum
that was best fit by a homogeneous free–free emission model, and (c) one fit best by a homogeneous gyroresonance emission model.

in a separate, if reduced, free–free (low-frequency) temperature
peak at that location. Such a feature is not seen. While these
arguments are qualitative, they cast doubt on the viability of
the first two solutions for explaining the distribution of positive-
slope spectra.

The third possibility, a cooler component overlying a hotter
one, seems to be supported by the results of the spectral studies
mentioned in the introduction. In accordance with the results of
the single or sparse frequency studies discussed there, free–free
emission must dominate at low frequencies while gyroemission
takes over at higher ones. To explore this possibility, we fit the
positive-sloped spectra with a two-component model where a
hot gyroresonance component underlies a cooler, but still of MK
order, free–free component. The model is of the form

Tb = Te,gyro(1 − e−τgyro )e−τff + Te,ff (1 − e−τff ), (5)

where τff = α/ν2 and τgyro = β/ν5, giving the model’s free–free
component’s optically thin portion a frequency dependence of
ν−2 and the gyroresonance factor one of ν−5. The observing
frequencies when the τ parameters become unity are obtained
directly from the model fit since then νff,τ=1 = α1/2, and
νgyro,τ=1 = β1/5. The values of Te,ff and Te,gyro are also obtained
directly from the fits. We chose this frequency dependence
for the gyroresonance component because, as mentioned in
Section 3.1, actual observed spectra will have a frequency slope
at the shallower end of the expected range. This is because of
temperature and density inhomogeneities within the resolution
element or along the line of sight (Gary & Hurford 1994).
The slope is further reduced by combining the polarization
information into the Stokes I parameter. In any case, we found
that every gyroresonance slope in our data can be adequately fit
with such a model.

An example of how well these spectra are fit with such a
model is shown in Figure 8(a). The free–free component is
optically thick at low frequencies, dominating the Tb spectrum.
As the frequency increases the free–free spectrum becomes
optically thin (τff < 1) and the gyroresonance component begins
to dominate, raising Tb since Te,gyro > Te,ff . While single-
frequency studies have shown that both emission mechanisms
have roles in different regions in monochromatic Tb maps, the
variation here is along a given line of sight. If a spectrum is
best fit by a single component model, the algorithm is allowed
to prefer that (Figures 8(b) and (c)). As we will see in the
analysis, this reproduces the known results where free–free

emission dominates over the plage areas of the AR and that
gyroemission is the chief mechanism over the sunspot area.
This yields a stratified coronal model.

4.2. Physical Maps

The temperature distributions of the two components plotted
over the SP-MDI magnetogram are displayed in Figure 9(a),
with the gyroresonance Te contours in red and the free–free
ones in yellow. The gyroresonance component reaches a peak
temperature of 2.5 MK while the maximum in the free–free
distribution is 1.6 MK. The gyroresonance electron temperatures
exhibit a two-peak structure with one peak directly over the
Bz peak and the other, higher Te peak aligned north–south
over the region of scattered positive photospheric magnetic flux
directly adjacent to the southeast of the sunspot. The free–free
Te distribution has its single peak over a region about 130′′
southeast of the sunspot while the entire distribution covers a
large area encompassing the photospheric plage region. The
spatial arrangement of the two components is in agreement with
the well-established influence of free–free emission over the
plage areas and of the dominance of gyroresonance emission
near the sunspot. We want to emphasize that these distributions
were obtained through model fits to spectra corresponding to
individual pixels, each fit independent from all others.

Figure 9(b) displays the same elements as in Figure 9(a),
now overlaid with a sample of field lines from the potential field
extrapolation. In this view, the peak of the free–free temperature
distribution is co-located with the tops of loops connecting the
central portion of the extended plage to the sunspot. Long field
lines reconnect to the negative-polarity sunspot and the legs of
these loops are co-located with the distribution of gyroresonance
temperatures. These inferences agree with the conclusions
of previous studies where the free–free dominated emission
from VLA’s L-band maps comes from loop tops reconnecting
sunspots within ARs (Gary & Hurford 1987; Vourlidas et al.
1996) and that gyroresonance dominates when the magnetic
field is strongest, near the base of the corona over sunspots. The
tops of the loops extending to the N of the sunspot do not have
a significant radio-derived temperature co-located with them.

The values for the column EM were obtained only for the
pixels containing a free–free component, since the equation is
valid only for this mechanism. Further constraints were imposed
on the pixel selection for this quantity, since the resulting
turnover frequency from the model fit is used. The contours
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Figure 9. Temperature distributions on the combined SOT-SP/MDI magnetogram: (a) Te,gyro (off-white) and Te,ff (dark gray) with levels = [0.3,0.5,0.7,0.8,0.9] × Tmax,
where Tmax = 1.6 MK for free–free and Tmax = 2.5 MK for gyroemission and (b) the same contours with representative field lines from the extrapolation (white).

(A color version of this figure is available in the online journal.)

Figure 10. Emission measure levels 20, 60, and 120 × 1027 cm−5 (gray to black) on (a) EIT’s 195 Å map and (b) XRT’s C-poly filter map.

(A color version of this figure is available in the online journal.)

for levels 20, 60, and 130 × 1027 cm−5 are shown on the EIT
195 Å and XRT’s C-poly maps in Figure 10. These values are
within an order of magnitude of those found by Gary & Hurford
(2004). The peak of the EM is outlined in black and overlies what
appear to be loop footpoints in EUV and the bottom edge of the
brightest emission in X-rays. A comparison with Figure 9 shows
that the greatest EM values occur away from the Te,ff peak. The
shape and location of these higher EM values does not appear to
match the overall features in the displayed maps, which sample
the corona above the AR. We will present a plausible explanation
for this distribution in Section 5.1.

Finally, the contours for Btot, of the last optically thick layer
along each line of sight for a single harmonic, in this case s =
3, are overlaid on the combined SOT-SP/MDI magnetogram in
Figure 11(a). The radio spectra turn over due to the rapid drop
in temperature from coronal to chromospheric values, so these
contours delineate the total magnetic field at the base of the
corona. Since the base of the corona is only about 2000 km
above the photosphere we expect some correlation between
these contours and the photospheric field. Indeed, the radio-
derived contours cover the region of strongest photospheric
flux of both polarities. The locations of the peaks of the
photospheric Bz (white plus sign) and the coronal-base Btot are
displaced by ∼28′′. The Btot peak lies over the neutral line. Such
displacements of coronal to photospheric magnetic field peaks

have been encountered in previous studies (Gary & Hurford
1994; Nindos et al. 2000). Figure 11(b) shows the same contours
over the MDI continuum map. The location of the coronal-base
Btot peak is directly over the umbra/penumbra border.

Since the temperature of the last optically thick layer can be
read directly from the spectral fit, we explore the temperature
and magnetic field distribution at the base of the corona
concurrently. Figure 12(a) outlines Btot(s = 3) in blue over
the Te distribution scaled in red. The negative-polarity sunspot
is outlined by the contours in black while the positive 500 G
contour is outlined in light gray. There is a temperature peak
over the contours of positive photospheric field, while both hot
and cooler temperatures are found within the negative, umbral
region. As noted earlier, the peak of the Btot contours lies in
between the region of strong negative-polarity and the weaker
positive-polarity flux. The letter labels in the map denote regions
whose spectra are displayed in Figures 12(b)–(d).

Figure 12(b) shows the spectrum corresponding to the lo-
cation directly above the absolute Te peak (location “b”). We
see that the high temperature is a consequence of the homo-
geneous Te assumption for each component forced to fit to the
low-frequency temperatures. However, the value of ντ=1, and
therefore of Btot, is not affected by this assumption and it is
clear that there is an MK signature at the turnover frequency.
Figure 12(c) corresponds to location “c,” which lies over the
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Figure 11. Btot(s = 3) levels 0.3, 0.6, 0.8, 1.0, 1.3, and 1.5 kG on (a) SP/MDI magnetogram with the peak in Bz denoted by the white + and (b) on the MDI continuum
map. The Btot peak lies over the neutral line, directly over the umbra–penumbra border.

(A color version of this figure is available in the online journal.)

Figure 12. Radio-derived Te,gyro and Btot distribution and sample spectra: (a) Btot 0.7, 0.8, 0.9, 1.0, 1.4, and 1.6 kG contours over Te (gray scale in color bar), with
MDI Bz contours for reference, (b) radio spectrum from the location labeled “(b)” in panel (a), corresponding to the Te,gyro peak, (c) spectrum corresponding to the
Btot peak at location “(c),” and (d) spectrum corresponding to location “(d),” at the photospheric Bz peak.

neutral line and corresponds to the peak of the radio-derived
Btot distribution. The turnover frequency obtained from the gy-
roresonance component corresponds to Btot = 2.43, 1.62 kG
for s = 2 and 3. We quote both the s = 2 and 3 values since we
do not yet claim to know the appropriate harmonic. Figure 12(d)

shows the spectrum over the peak of the photospheric Bz (loca-
tion “d”). The optically thick temperature of the gyroresonance
component is higher than that at location “c,” yet the turnover
occurs at a lower frequency, resulting in Btot = 1.33, 0.89 kG
for s = 2 and 3. The two-component model reliably fits these
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spectra, and demonstrates how the displayed distributions are
derived.

4.3. Determination of Harmonic Number

As was just mentioned, we do not know the harmonic number
for the last optically thick layers. Only high-quality polarization
observations, such as those derived from the Mok et al. (2005)
model, would exhibit sufficient precision to determine the
responsible harmonics directly from the radio spectra by taking
the ratio of turnover frequency from both polarization spectra as
described in Section 3.2. The available data do not permit this
level of separation along any line of sight. This is one of the
ambiguities that led us to perform our analysis on I instead of R
and L. As was described in that section, the Stokes I spectrum
turns over at the same frequency as that of the polarization with
the lowest optically thick harmonic, with a small margin of
error. The fitting algorithm returns a turnover frequency ντ=1
for each line of sight that is adequately fit with a gyroresonance
component, from which Btot can be calculated if s is known.
The possible values of Btot are limited to harmonics s of the
fundamental gyrofrequency, i.e., s = 2 and 3, and possibly 4
under coronal conditions. Thus, for a given line of sight, we
have only three possible values of Btot corresponding to the three
possible harmonic numbers. Since the polarization signature in
our data is of insufficient quality to obtain the correct harmonic
independently, we turn to the potential field extrapolation to
calculate which of these harmonics are optically thick. The
extrapolation provides θ , the angle between the magnetic field
vector and the line of sight.

The current-free extrapolation was de-rotated from the heli-
ographic plane back into the image plane corresponding to the
day’s observations. The rotated extrapolation is resampled to
the resolution of the radio observations so that there is a direct
pixel-to-pixel correspondence in x, y, where each pixel repre-
sents a line of sight along z. At each pixel with a gyroresonance
component and therefore with three possible values of Btot, the
extrapolation is searched for the location in z where the val-
ues are matched, and the optical depth is calculated at these
locations. Since these values correspond to a single turnover
frequency, the optically thick layer closest to the observer is
the one responsible for the observed emission. By resolving the
issue of appropriate harmonic, we are determining the magnetic
field strength of the last gyroresonance layer in the corona for
each line of sight. The method is applied to all lines of sight
independently.

For the calculations of optical depth we require the exact
equations since the various approximations often used have
been shown to have various problems (Vourlidas et al. 1997).
We obtained the full equations for optical depth of the two wave
modes from Vourlidas (1996) as derived from the corrected
formulae of Melrose & McPhedran (1991). The values of Te
and B are observables obtained directly from the spectrum. The
value of θ , the angle between the magnetic field and the line
of sight, is obtained from the extrapolation at the matching
location for each of the possible values of B. For the electron
density ne an array of values of [8.5, 9, 9.5, 10] × 109 cm−3,
which covers the range values found from previous studies (i.e.,
Shevgaonkar & Kundu 1985; Gary & Hurford 1987; Lee et al.
1993), was employed. The studies quoted obtained the higher
values for high frequency observations, up to 15 GHz, while the
lowest value is from a turnover frequency of 4 GHz. In addition,
several workers report that τgyro is not as greatly affected by
the choice of ne as by the choice of θ (Vourlidas et al. 1997),

so that we are confident that this range of values encompasses
realistic values. In our analysis, the differences from using the
various densities are minimal, confirming that the results are not
very dependent on density. A pixel is set to be optically thick if
τ > 0.9 in our calculations.

We first display the results of the optical depth calculations
in terms of area coverage. Figure 13 displays the optically
thick pixels (white) for both o and x modes for s = 2 and
3. The s = 4 layer is nowhere optically thick so it is not
displayed. The 400 G contour from the radio derived s = 3
map is displayed as it outlines the edge of the gyroresonance
source. Some MDI contours are also included as a reference.
The calculations show the expected structure (White 2004) as
follows: there is a window above the sunspot center where only
the s = 2 x-mode layer is optically thick, the s = 3 layer covers
a larger area than the s = 2 layer because it comes from lower
magnetic fields at higher altitude, and the s = 3 o-mode layer
is optically thick only at particularly inclined angles and so it
has a wider window of optically thin pixels over the sunspot
center. Figure 14(a) shows the total area covered by optically
thick pixels with the same reference contours. The areas where
the radio spectral fitting returns a gyroresonance signature, but
the calculations do not yield optically thick pixels, are labeled
A–D, and can be considered regions where the extrapolation
is not consistent with the radio observations. It is interesting
that these regions are also the locations of temperature peaks
in the gyroresonance Te distribution, as seen in Figure 14(b).
Figure 15 displays spectra from each of the labeled locations
A–D. These spectra display a clear gyroresonance signature.
Further inspection reveals that the discrepancy occurs because
the extrapolation does not contain high enough magnetic field
strengths along these lines of sight to match those derived from
the radio spectra. While the method shows that the extrapolation
is able to match observations along many lines of sight, we now
use the Te distribution to further explore the areas where there
is a discrepancy.

4.4. Location of Inferred Coronal Currents and Departure
from Potentiality

A comparison of the gyroresonance component’s Te distri-
bution with X-ray data from XRT shows that the peaks in
temperature correspond to the footpoints of X-ray loops. In
turn, these X-ray loop footpoints lie directly over the penumbra
(Figure 16(a)). When considering the map overlays in these
figures it is important to keep in mind that the AR is at ∼49E
longitude and projection effects will make the forward loop com-
ponent appear to overlie the leading part of the umbra. Other
workers have reported this effect (i.e., Vourlidas et al. 1997 and
references therein). The existence of very hot, X-ray emitting
plasma, coinciding with the peaks of the gyroresonance temper-
ature at the base of the corona, in regions where the observed
magnetic field strength is higher than that in the extrapolation,
imply that these are regions with an increased heating function
where coronal currents raise the magnetic field above potential
state values.

5. IMPLICATIONS FOR THE ATMOSPHERIC
STRUCTURE ABOVE AR10923

There are two main results from the model fitting: (1) that
the corona, as seen through radio observations, can be modeled
as two stratified layers, the lower one of which is dominated
by gyroresonance emission while the higher one emits via
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Figure 13. Optically thick lines of sight (gray) for the various gyroresonance layers, as determined from calculations with radio data. The 400 G contour from the
radio-derived s = 3 Btot (thick black) and the (−600, 500) Bz contours are included for reference (thin black): (a) s = 2, o-mode, (b) s = 2, x-mode, (c) s = 3, o-mode,
and (d) s = 3, x-mode.

Figure 14. (a) Total area covered by optically thick lines of sight—a combination of pixels in Figure 13, (gray), with other contours as in Figure 14. The areas labeled
A–D are regions where the extrapolated B field is too low to match that derived from the radio spectra. (b) Gyroresonance-derived Te distribution in the same FOV.
The locations of the Te peaks coincide with (A, C, and D) or straddle (B) the regions of discrepancy.

free–free emission, and (2) that the base of the corona is
not uniform in temperature nor magnetic field strength. These
results can be used in conjunction with other data to explore the
three-dimensional configuration of the corona. In the following
discussion, we demonstrate the use of our results in obtaining
such information.

5.1. Thermal Free–Free Emission in the Corona

While it is not expected that the transition from the gyrores-
onance to free–free dominated regime is abrupt or co-planar,

it provides restrictions on the temperature and density distribu-
tions along coronal loops. As we see in Figure 9(b), the free–free
emission dominates at the tops of certain loops, and gyroemis-
sion appears to take over at the legs or footpoints (Figure 16).
Since the free–free emitting loops do not appear different in
length or shape from some non-emitting loops in the extrapo-
lation, they must differ in the location of their footpoints. This
has consequences for the configuration of the heating function
at the base of the corona throughout the entire AR.

Rosner et al. (1978) found that for loops in hydrostatic
equilibrium, the temperature maximum is near the loop apex.
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Figure 15. OVSA (+) and VLA (bold +) spectra corresponding to the labeled points in Figure 15(a) along with the fit’s two-component model (dashed) and
corresponding rms error bars: (a) spectra for location A, (b) location B, (c) location C, and (d) location D.

Figure 16. XRT’s Al-med filter data overlaid with (a) the white-light umbral and penumbral boundaries (gray) and the gyroresonance Te (white) and (b) the same Te
(now gray) with matching field lines (white). Field line matching is discussed in Section 5.

Because of the stability of the region and the apparent loop
configuration throughout the observation day, we can consider
this condition to be a valid approximation for our AR. Based
on this assumption we are able to identify two distinct loop
systems corresponding to the observed radio and X-ray free–free

emission. To match the radio free–free component, we identify
and plot those loops whose tops coincide with Te > 0.9 MK
(Figure 17(a)). A comparison of these radio loops on the
XRT map (Figure 17(b)) shows that, while some of these
loops coincide with diffuse X-ray emission, the brightest X-ray
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Figure 17. Field line matching to emission source: (a) field lines whose loop tops coincide with radio free–free emission at Te > 0.9 MK (dark gray), (b) the radio
source matching field lines overlaid on X-ray data (Al-med) from XRT, (c) field lines with loop tops within the brightest X-ray free–free emission from the same filter,
and (d) the X-ray matching field lines overlaid with the same radio Te distribution as in (a). There is some diffuse cross emission between both loop systems.

Figure 18. Schematics of the distribution of the X-ray (red) and radio (blue) emitting groups of loops: (a) as seen looking S from solar N and (b) overlaid on the MDI
continuum map as observed in the image plane. Note the differences in height and footpoint locations.

signatures lie near their footpoints or legs. Similarly, we identify
X-ray emitting loops as those whose tops are co-aligned with
the brightest X-ray free–free emission from the Al-med XRT
filter (Figure 17(c)). A comparison to the radio Te distribution
(Figure 17(d)) shows that the tops of a few of the longest of
these loops lie within the 0.9 MK contour. These comparisons
demonstrate that while there is some overlap in emission from
both, as would be expected, the bulk of the emission coincides
with the loop tops from two different loop systems. Why, then,

should the two loop systems be dominated by free–free emission
at two different wavelengths?

Having found extrapolation elements with loop tops coinci-
dent with radio or X-ray free–free emission, we use the model
to create a schematic of the field-line configuration. The car-
toon displayed in Figure 18(a) shows the configuration as seen
from solar North. Here field lines matching the radio source
are in blue and the ones matching the X-ray sources are in red.
The field lines responsible for the bulk of the radio free–free
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Figure 19. Field lines correlated with free–free radio emission (white) and the
derived emission measure distribution levels 60 and 120 × 1027 cm−5 (gray) on
XRT’s Al-med filter map.

emission reach greater heights than the X-ray ones. However,
there is a multitude of field lines of equal length, not shown
here for clarity, that show neither radio nor X-ray emission. The
difference, then, must lie in the location of the footpoints and
associated heating. Figure 18(b) displays the image-plane view
of the two loop systems, showing that the radio loops converge
to a point inside the nest made by the X-ray loop footpoints.

As discussed in Section 4.4, the available observations show
that the X-ray footpoints overlie the penumbral region so the
free–free loops fall within the umbra. This means that the values
at the center of the Te,gyro and Btot distributions correspond to the
footpoints of the radio free–free loops. Within the extrapolation,
field lines emerging directly from the peak of the photospheric
Bz reconnect to the plage N of the sunspot and overlie the dark
X-ray corridor extending diagonally to the northeast from the
sunspot (see, for example, Figure 17(b)). Many workers have
reported the detection of cooler material over sunspot umbrae
than in the surrounding corona (i.e., Foukal et al. 1974; Felli et al.
1981; Kundu et al. 1981; Alissandrakis & Kundu 1982). Other
results have suggested that umbral loops may extend to higher
altitudes and are filled with cooler plasma (Gary & Hurford
1987; Vourlidas et al. 1997). Vourlidas et al. (1997) found that
observed polarization in VLA data could be accounted for only
if the umbral and penumbral loops formed two distinct systems
with different densities and temperatures, heated by varying
heating rates at their footpoints. The implication of these results
and the one presented in this paper is that the field lines reach a
peak temperature that depends on the footpoint location within
the sunspot region, with temperatures varying greatly between
very closely spaced footpoint locations, even within the umbra.
The X-ray loops may have the density required for free–free
radio emission, but may be too hot for emission to be optically
thick at such wavelengths because of the dependence of the
optical depth on T

−3/2
e (Equation (1)).

5.2. Implications for the Emission Measure Distribution

The proposed distribution of radio and free–free radio emis-
sion by loop system presents a plausible explanation for the
derived distribution of EM. The EM measurement is only valid
for optically thick free–free emission. In the previous section it

was determined that free–free emission dominates at the tops of
certain loops while gyroresonance is responsible for the emis-
sion near the footpoints. Since plasma transport across field lines
is inhibited in the low-β corona, as these loops converge the den-
sity should increase, thus increasing the EM. The increase in EM
would not be observed beyond the region along the converging
loops where gyroresonance absorption takes over. The peak of
the derived EM distribution would then outline the region of in-
creasing density along the converging radio-emitting field lines
where the dominating emission mechanism is still free–free.
Evidence for the possibility of this configuration is found in the
co-location of the converging radio loops with the EM peak,
as shown in Figure 19. If this interpretation is correct, it has
important consequences for studies attempting to reconcile EM
values obtained from radio and X-ray observations.

6. SUMMARY AND CONCLUSIONS

One of the goals of solar microwave spectral analysis is to
derive the three-dimensional arrangement of physical quantities
from their observed projection onto the sky plane. In the present
work we have modeled spatially and spectrally resolved mi-
crowave spectra with free–free emission, gyroresonance emis-
sion, or a stratified combination of both. The results thus ob-
tained are used to explore relationships with observations at
other wavelengths to pose a qualitative picture of the three-
dimensional arrangement of the plasma above the target AR.
The results of this paper are summarized as follows.

1. A revision to the algorithms implementing the CLEAN
deconvolution method and the implementation of the L1
self-calibration scheme at OVSA brought the OVSA am-
plitudes into agreement with matching VLA data and im-
proved the spectral continuity from brightness temperature
spectra constructed from single frequency maps.

2. The joint OVSA-VLA spectra were modeled with free–free
or gyroresonance emission, or a stratified combination of
both where the gyroresonance component underlies the
free–free emission. The two-component model was found
to adequately fit spectra with a low-frequency positive slope
within the uncertainties in the data. The resulting physical
maps of electron temperature in both components are in
agreement with previous results of co-location with the
plage (free–free) or with the sunspot (gyroresonance) while
imposing a vertical separation of the two layers. The derived
distribution of total magnetic field from the gyroresonance
component is in agreement with previous findings that the
Btot peak from radio observations lies at the neutral line.
Additionally, our spatially resolved spectra, along with the
identification of the gyroresonance layer responsible for the
observed emission, allows us to derive the magnetic field
and temperature distributions at the base of the corona.

3. A method is outlined for using the resulting Btot maps
to test the reliability of potential field extrapolations. A
potential field extrapolation is tested in this manner and
areas of agreement and of disagreement are identified.
The areas of discrepancy are identified as regions where
the radio derived Btot is greater than any extrapolated
magnetic field strength along those lines of sight and with
regions of increased gyroresonance Te. These regions of
heightened temperature are identified with the locations
of X-ray footpoints. The conclusion reached is that these
X-ray footpoints are associated with regions where coronal
currents raise the magnetic field strength above the potential
state.
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4. The association of the free–free radio component with the
tops of certain loops, separate from the loops co-located
with X-ray emission observed with Hinode’s XRT, indicate
that the two loop system are different in length and the
location of their footpoints. The loops associated with X-ray
emission have footpoints in the penumbra while the long,
radio-emitting loops are anchored in the leading portion of
the umbra. Length as a proxy for radio or X-ray correlation
is qualitatively ruled out because loops of similar length
to that in both loop systems emerge from the center of
the umbra and lie along regions where no emission is
observed. Because previous studies have shown that X-ray
temperatures are noticeably higher than those from radio
observations, these conclusions have implications for the
heating function at the base of the corona. That is, that loops
emanating from above the penumbra are hotter than those
from above the umbra. Previous workers have identified the
need for such a configuration to explain their observations.
The identification of the radio emission with certain loops
produces a possible explanation for the derived distribution
of EM, without which it is difficult to relate it to any other
observable.

As higher quality radio data becomes available, i.e., from
the expansion of OVSA currently underway (Gary et al. 2010),
similar models with more complex variations in temperature can
be used to fit the slight variations in those spectra. The methods
outlined here can be used to iteratively arrive at an optimal
magnetic field extrapolation and can constrain the values of
temperature and density to be used in a full radiative-transfer
calculation which would reproduce the observations if all the
parameters are correct. In this manner, the full three-dimensional
distribution of temperature, density, and magnetic field above
ARs may be obtained directly from observations.
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