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ABSTRACT

Polarized natural radio sources passing behind the Sun experience Faraday rotation as a consequence of the electron
density and magnetic field strength in coronal plasma. Since Faraday rotation is proportional to the product of the
density and the component of the magnetic field along the line of sight of the observer, a model is required to interpret
the observations and infer coronal structures. Faraday rotation observations have been compared with relatively
ad hoc models of the corona. Here for the first time we compare these observations with magnetohydrodynamic
(MHD) models of the solar corona driven by measurements of the photospheric magnetic field. We use observations
made with the NRAO Very Large Array of 34 polarized radio sources occulted by the solar corona between 5 and 14
solar radii. The measurements were made during 1997 May, and 2005 March and April. We compare the observed
Faraday rotation values with values extracted from MHD steady-state simulations of the solar corona. We find that
(1) using a synoptic map of the solar magnetic field just one Carrington rotation off produces poorer agreements,
meaning that the outer corona changes in the course of one month, even in solar minimum; (2) global MHD models
of the solar corona driven by photospheric magnetic field measurements are generally able to reproduce Faraday
rotation observations; and (3) some sources show significant disagreement between the model and the observations,
which appears to be a function of the proximity of the line of sight to the large-scale heliospheric current sheet.
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1. INTRODUCTION

Magnetic field plays a fundamental role in shaping and heat-
ing the solar corona and the solar wind, but due to its weak-
ness and the tenuous nature of coronal plasma, the magnetic
field is hard to measure in the outer corona through techniques
used closer to the solar surface such as the Zeeman effect.
Semi-empirical coronal magnetic field models using the po-
tential field hypothesis (Schatten et al. 1969) can be used to
overcome this limitation and determine the magnetic field con-
figuration in the corona and the solar wind. When coupled with
a plasma model, such as a magnetohydrodynamic (MHD) sim-
ulation, they provide insight on the state of the solar corona
and the solar wind, and can investigate the physics of transient
phenomena like coronal mass ejections (CME). The ability of
such models to simulate the heliosphere up to distances where
in situ measurements are available allows direct comparison and
validation of the model to a certain extent.

Global models of the solar corona and solar wind have pre-
viously been compared with measurements at the photosphere,
chromosphere and low corona and in situ at one astronomical
unit (e.g., Gibson et al. 1999; Linker et al. 1999; Cohen et al.
2007; Riley et al. 2011). For the first time in this study, compar-
isons with Faraday rotation measurements have been made to
test these models between 5 and 15 R . Faraday rotation mea-
surements come from the effect of a magnetized plasma which
rotates the plane of polarization of a linearly polarized radio
wave propagating through it. The induced rotation is given by
Ax = MA*RM, where Ay is the change in the polarization
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position angle, A is the wavelength of the radio signal and
RM is the rotation measure. The rotation measure is given by
(in SI units):

&3
RM = ————~ [ n.B.ds
8m2eomic’ J,

=2.63 x 10_13/neB.ds, (D)
L

where 7, is the electron density, B is the magnetic field, ds
is the incremental path length vector along the line of sight
L, e and m, are the charge and mass of the electron, ¢ is the
permittivity of vacuum, and c is the speed of light. Ax and RM
are signed quantities depending on the direction of the magnetic
field along the line of sight: by convention, they are positive
when the magnetic field points toward the observer and negative
otherwise. Ay values can become ambiguous (i.e., Ax may be
Ay £n x mrad), therefore the need for multiple frequencies
of observation. The density and the magnetic field along the
line of sight contribute equally to the value of RM and Ay,
consequently they cannot be distinguished by Ay measurements
alone.

Coronal Ay measurements have been made using background
radio sources ranging from spacecraft beacons (Levy et al. 1969;
Stelzried et al. 1970; Volland et al. 1977; Levy et al. 1980;
Bird et al. 1985; Bird & Edenhofer 1990), extended natural
radio sources (Golnev et al. 1964; Sofue et al. 1976; Sakurai
& Spangler 1994a, 1994b; Mancuso & Spangler 1999, 2000;
Spangler 2005; Ingleby et al. 2007) and pulsars (Bird et al. 1980;
Bird 1981; You et al. 2012). Bird (2007) provides an extended
review of the coronal Ay measurements. Ay measurements have
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Figure 1. Comparisons of SOHO/LASCO C3 images (left) with the model
(right) for Carrington rotation numbers 1922 (top) and 1923 (bottom).

also been used to study other space and astrophysical plasmas
as summarized in a review by Oberoi & Lonsdale (2012).

In this study, we used an existing semi-empirical MHD model
to simulate the coronal Ay (Section 2) and compare the resulting
RM to observations previously made at the NRAO Very Large
Array (VLA, Section 3). In Section 4, we show results of
the comparison and insights into the ability of the model to
reproduce the solar corona between 5 and 14 R. We also
compare what we can learn from Faraday rotation observations
with information from white light coronagraph images collected
over the same period.

2. SIMULATIONS

We used the semi-empirical solar corona model developed
at the University of Michigan (Roussev et al. 2003; Cohen
et al. 2007, 2008). The model is based on the global MHD
BATS-R-US code (Powell et al. 1999) and is part of the
Space Weather Modeling Framework (T6th et al. 2005, SWMF).
Evaluation of the long-term accuracy of the model and its ability
to reproduce coronal and in situ observations was performed by
Cohen et al. (2008).

In this model, the additional heating responsible for the
high temperature of the corona and the expansion of the solar
wind is parameterized by an adjustable value of the ratio
of specific heats, y. The simulation procedure is composed
of four steps. First, a potential magnetic field is calculated
from magnetogram synoptic maps obtained by the Solar and
Heliospheric Observatory (SOHO)/Michelson Doppler Imager
(MDI; Scherrer et al. 1995). This potential field is then used
to calculate the distribution of the terminal solar wind speed
as a function of the flux tube expansion factor, based on
the Wang—Sheeley—Arge model (Wang & Sheeley 1990; Arge
& Pizzo 2000). Third, the photospheric boundary conditions
for y and the terminal speed are related by tracing the total
energy (Bernoulli Integral) along the flux tubes. Finally, the
spatial distribution of y is specified as a radial function of
the photospheric values, and the MHD equations are solved
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Figure 2. Map of the Faraday rotation obtained from the simulations of
Carrington rotation numbers 1922, 1923, 2027, and 2028 for a remote observer
in the Sun’s equatorial plane. Colors from blue to black correspond to negative
RM while colors from yellow to brown correspond to positive RM values.

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

self-consistently until a steady-state with a wind solution is
obtained. The density boundary condition used in this model is
ng = 1.8 x 10" m™3 and the temperature is 3.5 x 10° K in
the low corona. The source surface for the magnetic field is at
2.5 Ry as commonly defined, and the magnetic field strength
is multiplied everywhere by a scaling factor of two, based on
comparisons between the model and in situ observations at 1 AU
(Cohen et al. 2007).

Figure 1 illustrates how well the model is able to reproduce
the observed solar corona and wind by comparing white light
images made by the SOHO/LASCO C3 coronograph with
the model (Lugaz et al. 2005) for Carrington rotation (CR)
numbers 1922 and 1923. The model reproduces the streamer
belt structures observed in the solar corona, i.e., same number
of streams at the same positions and with the same orientations.

Figure 2 shows the Faraday rotation maps obtained from
the simulation for CR 1922, 1923, 2027, and 2028, for which
observations were made at the VLA (see Section 3). Each map
is obtained from the same point of view: a remote observer on
the equatorial plane (along the X-axis in the Heliocentric Aries
Ecliptic coordinates). Comparisons of Ay maps for adjacent
CR illustrate the 27 day evolution of the solar corona and the
capability of Ay measurements to measure it. It also shows one
of the limitations of the model based on magnetogram synoptic
maps, which use a mean map of the surface field obtained over
an entire solar rotation. Consequently, our steady state model
assumes that the magnetic field below the source surface doesn’t
evolve during this period, not taking into account flux emergence
or disappearance.

3. OBSERVATIONS

In this study, we use natural continuum radio sources, radio
galaxies, and quasars, for measuring the coronal Faraday rota-
tion and comparing it to the model predictions. All observations
were made using the NRAO VLA at frequencies of 1465 and
1665 MHz during 1997 May by Mancuso & Spangler (2000)
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Figure 3. Comparison of observed rotation measures by Mancuso & Spangler (2000) with model rotation measure. The model rotation measure errors are obtained
from the variation of the RM values close to the source line of sight. The solid lines regresent a perfect agreement between the two. The right panel shows the inner
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Figure 4. Comparison of observed rotation measures by Ingleby et al. (2007) with model rotation measure. The model rotation measure errors are obtained from the
variation of the RM values close to the source line of sight. The solid lines represent a perfect agreement between the two. The right panel shows the inner part of the

diagram, containing most of the measurements, for which |RM| < 20rad m
to the two sources with large time-variability (see Table 1).

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

and 2005 March and April by Ingleby et al. (2007). The fre-
quencies chosen have sufficient separation in A* to allow for
an accurate determination of the rotation measure, and also to
clearly demonstrate the presence of Faraday rotation through its
characteristic A2 dependence. In both data sets, the radio sources
were also observed far from the Sun at the same frequencies.
These reference observations gave a polarization position an-
gle, or polarization position angle distributions for extended
sources, without the rotation due to the solar corona. These in-
trinsic, corona-free polarization position angles are determined
by the source radiation process (synchrotron radiation), Faraday
rotation within the radio source and a surrounding, extragalactic
medium, as well as Faraday rotation in the Galactic interstellar
medium. Illustrations of data used to obtain the coronal Fara-
day rotation can be seen in Mancuso & Spangler (2000, Figure
8) and Ingleby et al. (2007, Figure 3). The closest heliocentric
distances of the lines of sight analyzed in Mancuso & Spangler
(2000) and Ingleby et al. (2007) studies ranged from 5 to 14 R,.
The position of the observed sources with respect to the Sun can
be seen in Mancuso & Spangler (2000, Figure 1) and in Ingleby
et al. (2007, Figure 2). Figure 6 shows that the lines of sight
come across both fast and slow wind.

The observations and data reduction are described in Mancuso
& Spangler (2000) and Ingleby et al. (2007). Table 1 summarizes
the observations made in these two previous studies. The total
data set consists of 33 observations between 5 and 14 solar
radii, with RM values between —27.4 and +61.1 rad m~2. The
first 13 observations were made during 1997 May corresponding
to CR 1922 and 1923 (Mancuso & Spangler 2000), and the other

. The red dashed line corresponds to a linear fit to the data. The square zones correspond

twenty were made in March and 2005 April during CR 2027
and 2028 (Ingleby et al. 2007). The highest absolute value of
RM was made during this second observation period.

4. ROTATION MEASURE COMPARISONS
4.1. Mean Rotation Measure Comparisons

Figures 3 and 4 compare the observed RM values with the
ones obtained by the model, for the observations made by
Mancuso & Spangler (2000) and by Ingleby et al. (2007), respec-
tively. The solid lines correspond to perfect agreement between
the two (i.e., RMops = RMjede1)- The general agreement be-
tween the observations and the model are good, although there
are atypical sources for which the model and the observations
significantly disagree.

Our first significant finding is that if we used a synoptic
map of the photosphere just one CR off from when the
VLA observations were performed, we obtained significantly
poorer agreement between the observations and the model.
For example, in the 1997 period, the deviation between the
observation and the model increased by up to a factor of 10
when the adjacent CR was used as input to the MHD model. This
means that the outer solar corona changes in the course of one
CR, even in solar minimum, and Faraday rotation observations
in the outer corona are sensitive to these changes.

Figure 3 shows good agreement with the observations of
Mancuso & Spangler (2000), with a root-mean-square deviation
(RMSD) of 5.4 rad m~2. A linear regression of the sources with
[RM| < 6radm~2 gives a slope of 0.90 £ 0.03. Nevertheless,
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Table 1
Coronal Rotation Measures

Date Source Carrington  Distance RM Ref
(UTC) Rotation (Ro) (rad m~2)

1997 May 6 3C79 1922 13.84 —1.0+0.1 1
1997 May 6 3C76.1 1922 7.37 —-034+0.3 1
1997 May 6 4C+15.09 1922 4.95 +1.3+0.2 1
1997 May 6 4C+20.11 1922 13.41 —-0.3+0.1 1
1997 May 11 3C79 1922 5.96 —10.6 £0.3 1
1997 May 11 3C76.1 1922 12.73 —0.8 £ 0.1 1
1997 May 11 4C+17.15 1922 7.09 +0.3+0.2 1
1997 May 22 4C+18.11 1923 5.79 —144+03 1
1997 May 22 4C+20.13 1923 8.09 —28+19 1
1997 May 22 4C+22.06 1923 8.77 —1.14+03 1
1997 May 26 3C114 1923 13.82 +0.7 £0.2 1
1997 May 26 4C+20.13 1923 7.76 +3.2+0.7 1
1997 May 26 4C+22.08 1923 7.26 —2.0£0.2 1
2005 March 12 2323-033 2027 7.3 +61.1 £ 1.0 2
2005 March 12 2325-049 2027 8.9 +6.0 £0.7 2
2005 March 12 2326-020 2027 5.7 -21+1.0 2
2005 March 12 2328-049 2027 7.4 —37+0.5 2
2005 March 12 2331-015 2027 6.0 —74+1.6 2
2005 March 12 2335-015 2027 7.0 —13.7+0.3 2
2005 March 12 2337-025 2027 6.6 —1254+05 2
2005 March 12 2338-042 2027 8.3 -52+0.2 2
2005 March 19 2351-012 2027 5.6 —274t0 —4.6 2
2005 March 19 2352-016 2027 6.1 —245+0.6 2
2005 March 19 2357-024 2027 7.9 +3.1+0.2 2
2005 March 19 0006-001 2027 9.0 +2.7+0.2 2
2005 March 28 0023+045 2028 7.6 +5.2+0.1 2
2005 March 28 0029+052 2028 7.4 —25+0.2 2
2005 March 28 0030+058 2028 9.7 +0.2 £ 0.4 2
2005 March 28  0034+013 2028 8.3 +1.6 £0.6 2
2005 March 28 0039+033 2028 9.0 +2.6 + 0.6 2
2005 April 1 0039+033 2028 7.0 —14+0.8 2
2005 April 1 0041+070 2028 8.7 —-0.2+0.6 2
2005 April 1 0046+062 2028 5.8 —19t0 —133 2

References. (1) Mancuso & Spangler 2000; (2) Ingleby et al. 2007.

there are two notable exceptions: (1) source 4C+20.13 observed
on May 26, for which the model gives a negative RM while
the observation shows a positive one; and (2) source 3C
79, when it was observed on May 11 with a RM value
of —10.6 & 0.3radm™2, the model gives a positive rotation.
Without these two sources, the RMSD drops significantly to
0.7 rad m~2. Our result can be compared to the one obtained by
Mancuso & Spangler (2000) in which they used a simple model
dedicated to Faraday rotation comparison. Their best model for
all these observations gives a RMSD of 1.2, which is better
that ours since the source 3C 79 is correctly reproduced by
their model. However, for the sources with lower absolute RM
values, the RMSD of their comparison becomes 1.3, slightly
higher than what we obtained using the MHD simulation.
Figure 4 shows the agreement between the model and the
observations made by Ingleby et al. (2007). The RMSD is
of 22.3. For this data set, three measured RM values differ
drastically from the model predictions: (1) source 2323-033 for
which the model does not reproduce the large positive RM; (2)
source 2351-012 with the large and variable negative RM; and
(3) source 2352-016 with a large negative RM value. Without
these sources, the RMSD is down to 3.4 radm~2. A linear
regression of the observed RM as a function of the model RM for
the sources with |RM| < 20 rad.m~2 gives a slope of 0.6040.05.
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Figure 5. Comparison of observed rotation measures by Ingleby et al. (2007) for
which |[RM| < 20rad m~2, with model rotation measure scaled by a constant
factor based on in situ measurements by Issautier et al. (2008) and Smith &
Balogh (2008). The solid lines represent a perfect agreement between the two.

It appears that on average the simulation overestimates coronal
density and field strength for CR 2027 and 2028.

In situ measurements made during the last solar minimum
(Issautier et al. 2008; Smith & Balogh 2008) have shown that
both the magnetic field strength and the solar wind density
have decreased during the last minimum of activity. In order
to reproduce this observed decrease in coronal and solar wind
magnetic field strength and electron density, we investigated the
impact of reducing the plasma simulations of CR 2027 and 2028
by a constant factor. We started with the reported drop in fast
solar wind conditions observed by Ulysses, i.e., a drop of 21%
for the electron density (Issautier et al. 2008), and a drop of 15%
for the magnetic field strength (Smith & Balogh 2008), leading
to a scaling factor of the model RM of 0.67. Figure 5 shows the
agreement between the sources with |[RM| < 20radm~2 and
the model the simulated plasma density and field rescaled by
a factor of 0.79 and 0.85, respectively based on the observed
drop in these parameters (Issautier et al. 2008; Smith & Balogh
2008). Using these rescaled values from the simulations, the
RMSD becomes as low as 2.2 rad m~2. This value is similar to
the one obtained with the model used by Ingleby et al. (2007),
for which the RMSD of the sources with [RM| < 20rad.m™2 is
2.0radm™2.

Figure 6 represents the relative position of the line of sight of
the observed radio sources in maps of the solar wind velocity
for each CR. The solid lines correspond to the sources for which
the RM is well simulated by the model. One can see in Figure 6
that the model is able to reproduce the RM along lines of sight
crossing through multiple types of solar wind. The dashed and
dashed-dotted lines correspond to the exceptions, which will be
discussed in the next subsection.

4.2. Possible Explanations of Anomalous Rotation Measures

The model does not reproduce the RM values of two sources
observed by Mancuso & Spangler (2000) in 1997 May: source
4C+20.13 and source 3C 79. The lines of sight of these two
exceptions are represented by dashed lines in the two top panels
of Figure 6 (source 4C+20.13 was observed during CR 1922,
while source 3C 79 was observed during CR 1923). According
to Mancuso & Spangler (2000), the value of the rotation measure
for source 4C+20.13 had a large error due to strong solar
interference. The strong solar interference was due to its vicinity
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Figure 6. Lines of sight (black lines) of the sources observed during each Carrington rotation, within the solar wind velocity (color maps) obtained by the model of

the solar corona. The dashed lines correspond to the sources discussed in Section 4.

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

to the Sun (7-8 Rg) as well as its location close to the ecliptic,
where its line of sight followed a coronal streamer, as shown in
Figure 6. From the model point of view, it is noteworthy that the
Bernoulli Integral approach used in the third step of the model
(Section 2) is not valid in the current sheet, for which the value
of y is forced to approach 1.1 as in the source surface. This
may be the origin of the observed disagreement. For source
3C 79, Figure 6 shows also that its line of sight follows a
coronal streamer. The model used by Mancuso & Spangler
(2000) had a negative RM value for this source, in agreement
with observations, by introducing a density asymmetry along
the neutral line of the heliospheric current sheet (Mancuso
& Spangler 2000, Section 4.4). Such asymmetry may not be
reproduced by our MHD model due to the forced value of y.
From the comparison with the observations by Ingleby et al.
(2007), the model failed to reproduce the following sources:
source 2323-033, whose line of sight is the dash-dotted line
in the bottom left panel of Figure 6, and source 2351-012 and
source 2352-016 whose lines-of-sight are plotted using dashed

lines. According to Ingleby et al. (2007), whose models did
not reproduce the observed RM for these sources either, source
2323-033 is a quasar, which natural variability could be at the
origin of the large RM observed. In other words, the polarization
angle evolution of this source could have come from an intrinsic
polarization variability. It is noteworthy that source 2323-033
is the only source that the model does not reproduce for which
the line of sight does not pass through a streamer belt, as shown
in Figure 6. For sources 2351-012 and 2352-016, their lines of
sight crossed two streamers, as was the case for source 4C+20.13
observed on 1997 May.

4.3. Rotation Measure Fluctuations

In addition to the study of the mean RM of radio sources,
Mancuso & Spangler (2000) also provide a study of sources
with time-variable coronal Faraday rotation. Figure 7 presents
the comparison between the model and the observations of
sources 4C+18.11 and 4C+22.06. While the model is able to
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Figure 7. Comparison between the rotation measure time variations observed by Mancuso & Spangler (2000) in 1997 May (plotted points) and the solar corona model

(lines) for the following radio galaxies: 4C+18.11 (left) and 4C+22.06 (right).

reproduce the mean RM values, hourly variations observed for
these sources are not reproduced by the model. This could
come from either small transient events, turbulent motion or
waves in the solar corona or from magnetic flux emergence
not seen by SOHO/MDI while obtaining the synoptic map
used by the model. It is usually the case that global models
cannot reproduce the RM(7) time series, with the exceptions of
some partial successes as shown in Mancuso & Spangler (2000,
Figure 7) and in Sakurai & Spangler (1994b). A potential topic
for future investigation is the use of an MHD model to subtract
the global coronal Faraday rotation signal from observations,
permitting the amplitude of fluctuations due to turbulence or
other small-scale fluctuations could be quantified.

5. CONCLUSIONS AND PERSPECTIVES

For the first time, we compared coronal Faraday rotation
measurements with values extract from an MHD simulation of
the solar corona and solar wind driven by measurements of
the photospheric field. The measurements were made for lines
of sight between 5 and 14 solar radii from the Sun, during a
minimum of solar activity (1997 May) and during a declining
phase of the solar cycle (2005 March and April).

Our comparison between the simulated and observed mean
rotation values leads to the following major results: (1) the
coronal Faraday rotation evolves significantly between two fol-
lowing CR (Section 2 and Figure 2); (2) the simulation gener-
ally reproduces the large-scale structures of the solar corona,
and its boundary conditions may need to be updated from
one CR to another (Section 4 and Figures 3 and 4); and
(3) the simulation does not seem to be able to reproduce the
observed Faraday rotation when the line of sight follows a
coronal streamer (Section 4.2 and Figure 6). It may be due
to the boundary condition used in the model for the neutral
lines which cannot be calculated using the Bernoulli theorem.
However, since Faraday rotation is integrated along the line of
sight, we cannot pinpoint the origin of these differences. The
other possible explanations may be that the large RM values
are due to transient structures that are not represented in the
CR-averaged input data to the models, or that a small system-
atic error in the estimation of the density and/or the magnetic
field leads to a large difference. This limitation of the model is
not apparent when comparing the simulation with white-light
coronagraph images, and therefore highlights the unique con-
tribution of Faraday rotation observations for sensing magnetic
fields in the outer corona. As a result of this work we highly
recommend Faraday rotation measurements be used to validate
models of the corona and solar wind.

The results of this comparison are of prime interest for the
Solar Probe Plus (SPP) mission, which will for the first time
measure in situ the solar atmosphere as close as 9.8 solar radii
from the center of the Sun. Coronal simulations have been used
to simulate the plasma that the spacecraft and its instruments will
encounter. In particular, this model has been used to determine
the circumstances under which SPP will cross the Alfvén surface
where the solar wind speed is less than the Alfvén speed,
Ca o B/n'/?. In this work we found that our MHD simulation
overestimated the product of the density and the magnetic field
strength in the outer corona by a factor up to 35% in 2005
March and April before our correction. Since Faraday rotation
is a function of the product of density and field we cannot tell if
the overestimate is dominated by one of the variables or if it is
a combination of the two. Regardless, since the Alfvén speed is
a function of both density and magnetic field, the Alfvén speed
derived from this model may differ from the coronal value by
as much as 35% if the error comes fully from the magnetic
field strength, or 10% if the error is more evenly distributed.
We therefore caution against relying on numerical simulations
for precisely predicting plasma conditions over the orbits of
the SPP mission. On the other hand, in situ measurements
by SPP, combined with Faraday rotation observations, could
dramatically improve the accuracy of these simulations by
indicating where the physics need to be improved.

In addition to the model’s ability to simulate a steady-
state corona, it is widely used to estimate the magnetic field
configuration during CME and other coronal events, usually
with comparison of extreme ultraviolet observations of the
corona (Cohen et al. 2009). Faraday rotation measurements have
also been conducted during transient events, for instance using
the Helios spacecraft as radio sources (Bird et al. 1985), showing
an important modification of the RM as the CME crossed the line
of sight, giving important insight of the magnetic field within.
Future comparisons between the model and Ay using recent
observations made at the VLA during a CME (Spangler et al.
2013) will be particularly interesting and may give important
clues on the physical processes driving the evolution of CMEs
from the corona up to the solar wind (Liu et al. 2007).

Finally, new low frequency arrays, like the Murchison Wide-
field Array, offer the possibility of using multi-source Ay ob-
servations to map the Ay in the solar corona and may allow
prediction of the magnetic polarity (and thus the geoeffectivity)
of CMEs directed at Earth (Oberoi & Kasper 2004; Bowman
et al. 2007).

Simulation results were obtained using the Space Weather
Modeling Framework, developed by the Center for Space
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Environment Modeling, at the University of Michigan with
funding support from NASA ESS, NASA ESTO-CT, NSF KDI,
and DoD MURI. This work was supported at the University
of Towa by grants ATM09-56901 and AST09-07911 from the
National Science Foundation.
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