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ABSTRACT

The Haselgrove equations for radio-ray propagation in an anisotropic medium are used to determine the degree of
circular polarization (dcp) of the low-frequency thermal radio emission from the outer solar corona with a magnetic
field. The variation of dcp with frequency and magnetic field strength is investigated. It is found that weak magnetic
fields can be detected by measuring the dcp at low frequencies.

Key words: Sun: activity — Sun: corona — Sun: magnetic fields — Sun: radio radiation

1. INTRODUCTION

Direct measurements of magnetic field strength in the outer
corona at heights > 0.2 Ry (Rgp = radius of the Sun
6.96 x 10° km) have not yet been obtained although magnetic
fields are believed to play an important role in the dynamics of
the corona as well as the formation of various structures there.
The magnetic field strength in the corona is generally found
from the extrapolation of optical measurements of photospheric
field, using the potential field source surface model. Lin et al.
(2000) reported measurements of field strengths from obser-
vations of the Stokes V profiles of the coronal emission line
Fe x11 A10747 resulting from the longitudinal Zeeman effect of
the coronal magnetic field. They measured field strengths of 10
and 33 G above active regions at heights of 0.12 and 0.15 Rg,
respectively. In the radio domain, high-resolution circular po-
larization observations in the frequency range 1-20 GHz are
routinely used (Gelfreikh 2004; Ryabov 2004; White 2004, and
the references therein) to measure the field strengths above ac-
tive regions at heights >~ 0.05 R since the pioneering work
of Kakinuma & Swarup (1962). The radio emission from the
“undisturbed” Sun, streamers, and holes at heights > 0.2 Rg
lies at frequencies <100 MHz. The thermal nature of this ra-
diation is recognized since the work of Smerd (1950). Surpris-
ingly, it was never pointed out that this fact can be used to
directly measure the strength of the magnetic fields, which are
known to exist in the outer corona. Also no attempt to detect
the polarization characteristics of the continuum radiation from
the “undisturbed” Sun has ever been made although polarization
measurements of the radio bursts are quite common, see for e.g.,
Sastry (1973). The primary objective of the present work is to
point out the possibility of using thermal radiation for measuring
magnetic field strength in the outer corona. The method is not
applicable at frequencies and regions where the outer corona is
optically thick for thermal radiation.

2. RAY PATHS
2.1. Application of Magnetoionic Theory

The presence of a magnetic field makes the corona anisotropic
and the initially unpolarized thermal radiation propagates in two
oppositely polarized circular modes: ordinary and extraordinary.
The difference in the total optical depth of the above two
modes depends on the prevailing magnetic field strength. The
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magnetoionic theory is used to determine the ray paths of the
two modes. Here it is assumed that the solar corona is cold for
the purpose of calculating the dispersion relations and to trace
the rays, and hot to calculate the damping. These assumptions
are justified provided the phase speeds of the waves are much
greater than the thermal speeds of electrons. The phase speeds in
the present case are all greater than the speed of light and so the
cold plasma approximation is valid (Stix 1962; Melrose 1980,
1985; Benz 2002; D. B. Melrose 2007, private communication).

2.2. Haselgrove Equations

In an inhomogeneous anisotropic medium the energy associ-
ated with electromagnetic waves does not in general travel in
the direction of the wave normal even in the case of plane waves
but in a different direction called the ray path. The ray refractive
index of the corona at a low radio frequency varies from zero
(at the level where the plasma and observing frequencies are
equal) to unity (at a large distance away from the Sun) and so
the ray paths are not straight but curved. To estimate the total
optical depth of either of the modes, the ray path along which
the energy propagates has to be found and the absorption co-
efficient is integrated along the path. The ray refractive index
is not known a priori but information on the phase refractive
index which is a function of the position and direction of the
wave normal can be derived from the Appleton—Hartree equa-
tion. Haselgrove (1955), Haselgrove & Haselgrove (1960), and
Haselgrove (1963) in three seminal papers derived a set of dif-
ferential equations to determine the rate of change of the wave
normal direction along the ray path in terms of phase refractive
index and its derivatives, in a magnetized plasma. These equa-
tions are based on Hamilton’s canonical equations of geomet-
rical optics. The Haselgrove equations in two dimensions were
used by Golap & Sastry (1994) to derive the one-dimensional
brightness distribution of the outer corona at a frequency of
30 MHz for the two circular modes.

The Haselgrove equations in the cartesian coordinates with
origin at the center of the Sun are used in the present work. The
notation adopted is same as that of Haselgrove (1963) and is as
follows:

1. x1, x2, x3: Cartesian coordinates of a point on the ray path.

2. uy, uy, u3: components of a vector u# parallel to the wave
normal at the point xy, x;, x3 and of length u equal to the
refractive index at that point and for that direction of the
wave normal.

3. X: magnetoionic parameter = f pz /f?, where Jfp is the plasma
frequency and fis the wave frequency.
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4. Y, Y,, Y3: components of a vector Y parallel to the mag-
netic field and of length equal to the magnetoionic param-
eter Y = fy/f, where fy is the gyro frequency.

5.9 = (u®> — 1)/ X: the values of ¢ for the ordinary and
extraordinary modes are obtained from the Appleton—
Hartree equation.

6. t: independent variable.

The differential equations are
dxi/dl‘Z.]Mi—KY,‘ €))

du;/dt = LoX/0x; +Z(Kuj +MY;)dY;/ox; (i =1,2,3),
j

(2
where R
J =21 - Xﬁ+ YO (g+1D)+Y?>+(Y .u)
K =-2qX( .ii)
L=01-Y>)g+1P?-20-X-YH)@g+1)-Y?
M =2gX(g+1).

Further details can be found in Haselgrove (1963). The
differential equations are integrated separately for the ordinary
and extraordinary modes using the Matlab ODE Suite which is
based on Runge—Kutta—Fehlberg methods.

3. ABSORPTION COEFFICIENT

In the magnetoionic theory, the absorptive index is the imagi-
nary part of the complex refractive index given by the Appleton—
Hartree equation. The absorption coefficient is propagation con-
stant in free space times the absorptive index. Depending on the
angle between the wave vector and the direction of the mag-
netic field, the absorption coefficient is usually separated into
longitudinal and transverse parts. At GHz frequencies, where
the ray path is straight, the longitudinal part is only used since
it is valid except for angles close to 90°. At these frequencies,
the magnetoionic parameters X and Y are both <1 and so the
expressions of the absorption are simplified. At the frequencies
of interest in the present work in the outer corona X varies from
zero to unity and Y can take values close to unity, depending on
the frequency, along the ray path. However, the magnetoionic
parameter Z = v/w (where v is the collision frequency given
by Scheuer 1960) is «1.

The angle between the wave vector and the direction of the
magnetic field varies along the ray path and goes through 90°
at the reflection level. In the present investigation both the
longitudinal and transverse parts of the absorption coefficient
are used. But it should be noted that the path length over which
the ray turns is found to be small compared to the total path
traversed by the ray and the contribution of the transverse
absorption coefficient to the total optical depth is very small,
although its magnitude is much larger than the longitudinal
absorption coefficient. The full expressions for the absorption
coefficients for the ordinary and extraordinary modes and for
the longitudinal and transverse propagation are the following:

1. Longitudinal propagation:

. k(1 — X)!/?
ST A+ITDRA - X + Y2
kn(l - X)l/z

e

T A=A =X = Y2
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2. Transverse propagation:

ko[1+Y?/(1 — X)?]
[1—v2/a-x]"[1-v2/a-x)?]"*

[TPRL]

The subscripts “0” and “e” refer to the ordinary and
extraordinary modes and “#” and “/” refer to the transverse
and longitudinal components of the magnetic field. k, is
the absorption coefficient in the absence of the magnetic

field. The dcp is defined as LTy 100, where 7, and

C AT
TF are the brightness temperatures of the ordinary and
extraordinary modes, respectively.

4. THE ELECTRON DENSITY AND MAGNETIC FIELD
MODELS

The coronal electron density model used is that of Newkirk
(1961) which is found to give a good fit to the observed
brightness distributions at low frequencies. The presence of a
coronal hole/density enhancement is included by writing the
model as

N(R) = 4.2 x 10* x D x 1043/B[1 + Ce /" |cm™3, (3)

where

1. R is the radial distance in units of R,

2. B2 = (x; — Rsinf cos p)* + (xo — Rsinf sinp)* + (x3 —
R cos6)?,

3. o is the width of streamer/hole in units of R,

4. 0, ¢ are polar and azimuthal angles of the center of the
streamer/hole, respectively,

5. D is the multiplication factor for the Newkirk density model
of the “background” corona,

6. C is the factor of density increase/decrease in coronal
streamer/hole.

The above model is adopted since it has been used with
considerable success by several authors in the past to reproduce/
interpret density enhancement/depletion in the corona (Riddle
1970; Sastry, et al. 1983; Sheridan & McLean 1985; Thejappa &
Kundu 1994; Ramesh & Sastry 2000; Kathiravan, et al. 2002).
The model is used to illustrate the polarization effects of the
magnetic field on the thermal radiation of the “undisturbed”
Sun, streamers, and holes. It is found that the above model with
D = 0.5 gives a better fit to the low frequency observations
of the “undisturbed” Sun during sunspot minimum (Thejappa
& Kundu 1992). The dcp is therefore calculated for C =
0 and values of D = 1 and 0.5 for the “undisturbed” Sun.
Values of C ranging from 2 to 10 have been used by various
workers depending on the measured brightness temperature
(Tp) of a streamer (Sastry et al. 1981; Sastry, et al. 1983).
In the present analysis a value of C = 5 is adopted as a
reasonable choice for the coronal streamer. Coronal holes
have been identified as brightness temperature depressions at
meter and decameter wavelength radio observations. Munro &
Withbroe (1972) and Perry & Altschuler (1973) deduced that
the electron density in coronal holes is 0.1-0.5 times that of the
ambient corona from whitelight observations. The metric and
decametric radio observations (Dulk & Sheridan 1974; Wang,
et al. 1987; Subramanian & Sundaram 2005) showed that the
electron density in coronal holes decreases by factors of 2—4
compared to the ambient corona and so C = —0.75 is used
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in the present study. It should be noted that coronal holes at
low frequencies are seen in emission by some authors (Dulk &
Sheridan 1974; Lantos et al. 1987). But the present calculations
apply to coronal holes seen as depressions only.

The widely used model for the variation of the strength of
the magnetic field with solar distance is due to Dulk & McLean
(1978) and is based on observations of various types of radio
bursts. It is therefore applicable for magnetic fields above active
regions. In the present investigation, the model is adopted with
a slight variation given by

o A

(12Ry < R < 10Ry), (4

where 7 is the unit vector in the radial direction. The constant
B, is adjusted to give the assumed value of the magnetic
field strength at the plasma level of the observing frequency.
The field lines pointed towards the observer are taken to be
positive. The same model is adopted for the variation of the field
strength with solar distance for both the “undisturbed” Sun and
coronal holes since the models of field strength variation in the
heliocentric distance range 5-12 R measured at various times
by Patzold et al. (1987) and Spangler (2005) are similar to the
Dulk & McLean (1978) model. The structure of the magnetic
field is believed to consist of open field connections between
the solar surface and the heliosphere. These are inferred from
observations and modeling. Observational techniques include
identification of coronal intensity features with magnetic field
lines, paths of Type III radio bursts, extrapolation of spacecraft
observations into solar surface etc. Modeling consists of outward
numerical extrapolation of photospheric fields to a source
surface with an imposed boundary condition of radial field
lines. The source surface is believed to be typically located
at a heliocentric distance of 2.5 Ry (Nitta & DeRosa 2008).
In coronal holes, Levine (1977) located it at 1.3 R, to explain
some features of coronal holes and Vrsnak et al. (2002) find
that the field becomes radial at a heliocentric distance of 2 Rg
in active regions. In a series of publications, Woo (2005) and
his associates produced direct evidence from HAO/Mauna Loa
MK III K-Coronameter observations, radio scintillation data
and spacecraft observations suggesting that the magnetic field
is radial from heliocentric distances as low as 1.15 Ry in
the “undisturbed” corona. Hu et al. (2003) presented a two-
dimensional magnetohydrodynamics (MHD) model in support
of this interpretation.

5. RESULTS

The expected magnetic field strengths in the “undisturbed”
outer corona at heliocentric distances, 1.5 R < R < 3 Rg,
are estimated from the average of the field strengths measured
by Spangler (2005). He used the Faraday rotation technique on
extragalactic radio sources at various times in the heliocentric
distance range 6 Ro < R < 10 Rg. The average field strength
standardized to a distance of 6.2 R measured by him is 40 mG.
The earlier Faraday rotation measurements using the HELIOS
spacecraft by Patzold et al. (1987) in the heliocentric distance
range 3 R < R < 10 R correspond to a field strength of
57 mG at 6.2 Rg. These authors also found that the field strength
varies as R™%, where o« = —2.7£0.2. Spangler (2005) arrives at
a value of @ = —2 from his more recent observations. The latter
value is used in the present investigation to find the reference
field strengths at heliocentric distances of 1.5 R < R < 3 Rg
and they vary from 800 to 200 mG. It is worthwhile to mention
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here that the potential field model may be used to locate the mag-
netic neutral line in the corona although the field strengths are
underestimated by that model (S. R. Spangler, 2008 private
communication). Bird & Edenhofer (1990); Ingleby, et al.
(2007) also arrived at similar conclusions by comparing mag-
netic fields from Faraday rotation measurements and poten-
tial field extrapolations. In the heliocentric distance range of
1.5 Ro < R < 3 Ry, the plasma frequencies in the corona vary
from 30 to 10 MHz according to the Newkirk (1961) model with
D =1 and so the emitted radiation lies in the same frequency
range. The distribution of the degree of polarization is calculated
at each of the three frequencies 10, 20 and 30 MHz from the
center to the limb in steps of 0.2 R, in the equatorial plane of the
“radio” Sun. The field strength at each frequency is varied from
100 mG up to 1600 mG. Note that the model of Spangler (2005)
is used to determine the reference field only and in the dcp calcu-
lations the model of Dulk & McLean (1978) is adopted. The lat-
ter is the only model available and supposedly more appropriate
for field strength variations in the low corona although the dif-
ference in « between the two models (—2 & —1.5, respectively)
is small. The maximum value of dcp at all the three frequencies
occurs in the central regions of the “radio” Sun. The dcp versus
field strength at each one of the three frequencies is plotted in
Figure 1. The dcp increases with field strength at all the frequen-
cies and for the same field strength the dcp increases with de-
creasing frequency. It is possible that field strengths of 200 mG
can be detected from low-frequency circular polarization obser-
vations of the “undisturbed” Sun.

The magnetic field strength in the corona above active
regions, estimated from radio burst observations, decreases from
1-8 G at 1.6 Ry to 0.3-0.9 G at 2.5 R according to Vrsnak
et al. (2002). This result is in good agreement with other
estimates at these heliocentric distances (Kriiger & Hildebrandt
1993; Dulk & McLean 1978). The enhanced radio radiation
emitted by coronal streamers with density larger by a factor ~5
compared to the “undisturbed” Sun at heliocentric distances of
1.5 Ry to 2.5 Rp lies in the frequency range 80-20 MHz. A
computation of the distribution of the dcp across the “radio”
Sun by uniformly increasing the density (D > 1 in the
Newkirk model) over the entire corona revealed that the dcp
variations will be significant only at distances away from the
center at frequencies around 80 MHz, for any magnetic field
strength. This frequency is chosen as one of the operational
frequencies of the Gauribidanur radioheliograph (Ramesh et al.
1998), Gauribidanur radio polarimeter (Ramesh & Sastry 2005;
Ramesh et al. 2008) and the VLLA? which is capable of measuring
circular polarization with high resolution are close to it. The
distribution of the dcp at 80 MHz across the “radio” Sun with a
streamer incorporated at the limb is, therefore computed. For the
Newkirk electron density model the distribution of dcp across
the radio Sun is found to depend on the factor by which the
density increases in the region of the streamer, orientation of
the axis of the streamer (polar and azimuthal angles defined
in Equation (3)), the strengths of the fields in the ambient and
streamer regions, and the size of the streamer. In the present
study the axis of the streamer is placed in the equatorial plane
and the dcp is calculated at various distances from the center to
the limb in steps of 0.2 R . The field strength is varied from 1 to
4 G at the 80 MHz plasma level in the streamer and a small
ambient field strength (=300 mG). The azimuth of the streamer

2 The VLA is operated by the National Radio Astronomy Observatory, which
is a facility of the National Science Foundation, operated under cooperative
agreement by associated universities, Inc.
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Figure 1. Variation of dcp with the magnetic field strength of the “undisturbed” Sun for 10, 20, and 30 MHz. The solid and dashed profiles at each frequency correspond

to 1x and 0.5x Newkirk density model, respectively.

is set at 65° (almost the solar limb) and the width of the streamer
is 10'. The distributions of the dcp across the “radio” Sun, for
field strengths of 1, 2, and 4 G, are plotted in Figure 2. The
brightness distribution of the ordinary and the extraordinary
radiations for the case of the largest magnetic field strength (4 G)
as well as the brightness distribution of the “undisturbed” Sun
without the streamer, is also plotted. The parameters used in the
computation of the dcp are given in Table 1. A comparison of
the brightness distributions with and without streamer shows
that the width of the “radio” Sun increases considerably in
the presence of the streamer. The dcp attains the maximum
value close to the half-power point, i.e., where the brightness
temperature T}, of the o and e radiations become equal to half of
their peak values, and increases with the field strength. Finally
it is found that the dcp of the streamer increases with decreasing
frequency for any magnetic field strength. From these results, it
follows that when the location of the coronal streamer is near
the limb of the “radio” Sun the effect of the magnetic field is
maximum at frequencies around 80 MHz and its strength can be
estimated by measuring the dcp of the emitted radio frequency
thermal radiation.

Magnetic field lines in coronal holes are believed to be open
from the base of the corona but there are no estimates of its
strength in the outer coronal holes. As mentioned above the field
strength is assumed to vary according to the Dulk & McLean
(1978) formula both in the ambient Sun and the hole in the
absence of any alternative model. There is no limit to the size
of the coronal holes and a hole can occupy a large fraction of
the disk. In the present study the size of the hole is taken to
be 10" and the axis is placed in the equatorial plane of the Sun
with an azimuth of 65° (again at the solar limb like the streamer
case). The field strength in the ambient corona is set to a small
value of ~300 mG and that in the hole is varied from 1 to 2 G.
The distribution of the dcp at 80 MHz is computed by taking
the value of C = —0.75 in the Newkirk density model. The
distributions of the dcp in the equatorial plane of the “radio”
Sun for field strengths in the hole of 1 and 2 G are plotted in

Figure 3. The distributions of the ordinary and extraordinary
brightness temperatures for the 2 G case and the brightness
temperature without the hole are also plotted. The values of
the dcp in the case of the hole are relatively larger than those
of the streamer for the same field strengths. As in the case of
the streamer it is found that the dcp increases with decreasing
frequency of observation. It is also clear that the strength of the
magnetic field can be estimated by measuring the dcp of the
thermal radiation from the coronal holes.

6. DISCUSSION

The dcp of the thermal radiation due to the presence of the
magnetic field in the direction of any point on the Sun and at any
frequency depends on the magnitude of absorption coefficient
k, at various points in the path of the radiation or the total
optical depth, in the absence of the magnetic field, in that
direction. The presence of the magnetic field modifies k, in
such a way that the absorption coefficients of the ordinary and
extraordinary radiations (i.e., the total optical depth) may differ
resulting in a difference of the o and e brightness temperatures
and so the emergent radiation will be circularly polarized. At
high frequencies (greater than 80 MHz), the central thermal
optical depth of the corona, in the absence of the magnetic field,
is already large (Smerd 1950; Sheridan & McLean 1985) so that
any change in the optical depth(s) due to the presence of the
magnetic field has very little or no effect on the 7}, of the o and
e radiations, resulting in negligible dcp values. However, in the
direction away from the center of the Sun, the thermal optical
depth in the absence of the magnetic field reduces considerably.
Therefore, in the presence of the magnetic field, the difference
in the optical depths of o and e radiations can become large
causing the emerging radiation to be circularly polarized. At
low frequencies (<30 MHz) the central thermal optical depth
of the corona, in the absence of the magnetic field, is small
(Bracewell & Preston 1956; Sheridan & McLean 1985). So,
circular polarization effect due to the presence of the magnetic
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Figure 2. Extraordinary (asterisk) and ordinary (pentagram) brightness distributions of the “undisturbed” Sun (+ streamer with B = 4 G) at 80 MHz. The brightness
distribution of the “undisturbed” Sun at 80 MHz without the streamer is indicated by the profile with “X” mark. The electron temperature of the corona was assumed
to be 10° K. The variation in dcp with distance from the center of the Sun at 80 MHz when a “streamer” with different magnetic field strengths is included in the

ray-tracing calculations. The field strengths used are 4 G (circle), 2 G (square), and 1 G (diamond).
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Figure 3. Extraordinary (asterisk) and ordinary (pentagram) brightness distributions of the “undisturbed” Sun (+ hole with B = 2 G) at 80 MHz. The brightness
distribution of the “undisturbed” Sun at 80 MHz without the hole is indicated by the profile with “X” mark. The electron temperature of the corona was assumed to
be 10° K. The variation in dcp with distance from the center of the Sun at 80 MHz when a “hole” with different magnetic field strengths is included in the ray tracing

calculations. The field strengths used are 2 G (square), and 1 G (diamond).

Table 1
Parameters Used in the Computation of Figures 2 & 3 at 80 MHz

Source? Density (Newkirk 1961) Radial Distance Magnetic Field
“Undisturbed” corona D=1/C=0 1.3 Rp 300 mG
Streamer (6 = 90° /¢ = 65°) D=1/C=5 1.7 R 4,2,1G
Hole (6 = 90°/¢ = 65°) D=1/C=-0.75 1.1 Rg 2,1G

Note. * 6 & ¢ = Polar and azimuthal angle, respectively.
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fields can be seen even in that direction. These are the reasons
for the occurrence of maximum dcp in the central directions at
low frequencies and also for the increase of dcp with decreasing
frequency.

The magnetic field of the “undisturbed” outer corona can be
detected at low frequencies if the extrapolation of the fields
measured in the interplanetary medium is valid. The magnetic
field strength in a coronal streamer located anywhere on the
Sun can be estimated at low frequencies. But at frequencies
around 80 MHz where high-resolution observations are possible
at present, the favorable location is the “radio limb” of the Sun
at that frequency. These remarks also apply to the case of a
coronal hole. The dcp of the latter is greater than that of a
streamer for the same magnetic field strength because of the
relatively small thermal optical depth in a coronal hole, in the
absence of magnetic field.

It should be mentioned that due to assumed radial nature
of the magnetic field the ray paths remain within the quasi-
longitudinal limits (Q L) of the magnetoionic theory over almost
the entire path length and so there is no mode coupling. The
present analysis is critically dependent on the existence of radial
field lines and the absence of polarization effects in the thermal
radiation may point to possibility of the magnetic field being
complex. The low brightness temperatures sometimes observed
at low radio frequencies are interpreted as due to the scattering
of the radiation by coronal irregularities (Thejappa & Kundu
1992; Ramesh et al. 2006). There is no known process by
which circular polarization effects will be reduced by such
scattering.
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