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Abstract During the declining phase of the longest solar minimum in a century, the ar-
rival of the MESSENGER spacecraft at superior conjunction allowed the measurement of
magnetohydrodynamic (MHD) waves in the solar corona with its 8 GHz radio frequency sig-
nal. MHD waves crossing the line of sight were measured via Faraday rotation fluctuations
(FRFs) in the plane of polarization (PP) of MESSENGER'’s signal. FRFs in previous ob-
servations of the solar corona (at greater offset distances) consisted of a turbulent spectrum
that decreased in power with increasing frequency and distance from the Sun. Occasionally
a spectral line, a distinct peak in the power spectral density spectrum around 4 to 8 mHz,
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was also observed in these early data sets at offset distances of about 5 to 10 solar radii.
The MESSENGER FRF data set shows a spectral line at an offset distance between 1.55
to 1.85 solar radii with a frequency of 0.6 & 0.2 mHz. Other possible spectral lines may be
at 1.2, 1.7, and 4.5 mHz; MHD waves with these same frequencies have been observed in
X-ray data traveling along closed coronal loops at lower offset distances. An initial analysis
of the MESSENGER spectral line(s) shows behavior similar to turbulent spectra: decreasing
power with increasing frequency and distance from the Sun. Here we detail the steps taken
to process the MESSENGER change in PP data set for the MHD wave investigation.

Keywords Solar cycle - Spacecraft - Magnetohydrodynamic waves - Solar corona - Radio
frequency - Polarization - Faraday rotation - Faraday rotation fluctuations - Turbulence -
Spectral lines - Alfvén waves - Magnetic field

1. Introduction

The solar wind drives Earth’s space weather through a variety of mechanisms, including
ram pressure when it interacts with the stationary geomagnetic field at supersonic, super-
Alfvénic speeds and mixing (via reconnection) as a function of magnetic field strength and
direction. The resulting geomagnetic storms can degrade communications, reduce spacecraft
lifetimes, and have other significant negative effects including irradiating aircraft personnel.
Understanding the generation and “evolution” of the solar wind with regard to its velocity,
density, and magnetic field are critical in improving predictions of Earth’s space weather.

The solar wind is generated in the solar corona, where it is heated and accelerated. Within
the region of solar wind initiation between 1.05 and 15 solar radii, magnetohydrodynamic
(MHD) waves play an important role in the transfer of energy and may act as the mechanism
for coronal heating (Hollweg, 1986; Esser et al., 1986). MHD modeling of coronal heating
through the mechanism of turbulent heating has shown that periods of an hour (0.28 mHz)
are capable of providing sufficient energy. While active regions (ARs) on the Sun radiating
energy that can be observed with X-ray spectrometers have shown MHD waves propagating
toward and away from the Sun (Van Doorsselaere, Birtill, and Evans, 2009), the majority of
the Sun’s magnetic field lines within the distances of interest (1.05 to 15 solar radii) are not
visible through this technique. Only the phenomenon of Faraday rotation (FR) can measure
the magnetic field within the region of solar wind generation outside of active regions (Bird,
1982).

A unique opportunity to investigate the mechanisms of solar wind generation occurred
during the longest solar minimum in a century (the end of Solar Cycle 23). While Earth
experienced few geomagnetic storms as a result of the minimum, the solar conditions gener-
ating the solar wind were sufficiently different that obtaining these observations provide an
important measurement for temporal comparisons between solar cycles. In 2009, around the
end of the minimum, the MErcury Surface, Space ENvironment, GEochemistry, and Rang-
ing (MESSENGER) spacecraft entered superior conjunction, a situation that allowed the
measurement of magnetohydrodynamic (MHD) waves in the solar corona using the Faraday
rotation of MESSENGER’s 8 GHz radio frequency signal (see Figure 4 in Jensen et al.,
2012, this issue). This Faraday rotation data set was taken in conjunction with a worldwide
observing campaign of the heliosphere by the Interplanetary Scintillation (IPS) community
(see, e.g., Hewish, Scott, and Wills, 1964; Armstrong and Coles, 1972; Bisi et al., 2010;
and references therein). During the observation period, the Pushchino Radio Astronomy
Observatory showed that the heliosphere between 0.5 and 1 AU was in a quiet state.
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Table 1 Wave types within the

solar coronal plasma that affect Wave type Magnet.ic field Electror.l density
Faraday rotation fluctuations. fluctuations fluctuations
Hydrodynamic No Yes
Alfvén (MHD) Yes No
Magnetosonic (MHD) Yes Yes

2. Background

The analysis of MHD waves in the solar corona with Faraday rotation began with the ob-
servation of Faraday rotation fluctuations (FRFs) through multiple superior conjunctions of
the Helios spacecraft (Hollweg et al., 1982). FRFs can be generated through several mecha-
nisms (Table 1), including magnetic field variations alone (Alfvénic), hydrodynamic effects
(no magnetic field fluctuation), or magnetosonic effects (both magnetic field and hydrody-
namic fluctuations). Hollweg et al. analyzed the magnitude of the Helios FRFs to determine
the strength of the background magnetic field required if the fluctuations were purely hy-
drodynamic, using the group velocity of the signal to measure the total electron content
fluctuations. The magnetic field solution was then compared to the extrapolated magnetic
field from the Helios spacecraft (within 1 AU) and showed that 96 % of the fluctuations in
the Faraday rotation observations were due to the fluctuations in the magnetic field. This
result indicated that the observed FRFs (between 2 and 15 solar radii) were dominated by
Alfvén waves.

The Alfvén waves observed in FRFs are undetectable beyond 15 solar radii; however,
in situ Alfvénic fluctuations have been measured by magnetometers on spacecraft from the
minimum perigee of the Helios spacecraft (60 Rs) out to Earth orbit (Belcher and Davis,
1971). Chashei et al. (1999) periodically observed a spectral line within the Helios FRF
spectra at about 3.5 mHz (4.8 min) at offsets of around four solar radii. Taken at offsets
between 1.55 and 3.22 solar radii, closer to the Sun than any previous FRF experiment, the
MESSENGER data set contains a clear spectral line at 0.6 mHz. This paper focuses on the
measurement of FRF spectral lines and an initial comparison to turbulent FRF observations.

2.1. Faraday Rotation

Faraday rotation, the rotation in the plane of polarization (PP) of an electromagnetic (EM)
wave as it traverses a circularly birefringent medium, is the line-of-sight integral of the
component of the magnetic field parallel to the line of sight weighted by the electron density
when observed in the solar corona:

A b
FR = - NB-ds [radians],
S Jsce
3 2 d
A= T _ _o3ea8x 10t | RO 1
8m2e,m2c s2T

The frequency of the signal (f) is in hertz, SC is the spacecraft, @ is Earth, N is the electron
density in [m™3], s is the path of the signal in [m], g is the electron charge in [C], m, is the
mass of an electron in [kg], and c is the speed of light in a vacuum in [ms~!]. A positive FR
means that the signal is rotated in a right-handed sense about the wave vector, the direction
of travel of the electromagnetic wave.
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In measuring Faraday rotation, one uses the calibrated change in the PP, where the PP is
measured from the phase of the right and left circularly polarized components of MESSEN-
GER’s radio frequency signal:

_ ¢rcp + ¢1cp
2
Here ¢ is the phase angle of the right and left circularly polarized waves (rcp and lcp),
PP is the plane of polarization, and [M] is the Mueller matrix used to calibrate the PP
measurement to give the Faraday rotation FR; note that the effects of [M] are slow varying
over a period of hours and do not exceed 180°. For PP rotations with higher frequency and
over a range greater than 180°, APP = AFR. As we will discuss below, the change in the
uncalibrated PP is approximately the same as the change in the Faraday rotation through a
limited range of wave frequencies. This paper is focused on measuring the FRFs manifested
in the change in the PP observations.

The signal from the MESSENGER spacecraft (8 GHz carrier frequency) traveled from
the opposite side of the Sun to Earth through the solar plasma. Figures 2 and 3 in Jensen et al.
(2012, this issue) illustrate the modeled Faraday rotation expected during ingress (8 Novem-
ber 2009) and egress (10 November 2009) of the MESSENGER superior conjunction time
period. The measurement of Faraday rotation begins with observing the PP of the radio
frequency signal. Whereas the information on the total amount of rotation requires continu-
ous observation from large solar offsets (or multiple frequencies emitted by the source), the
change in the Faraday rotation is the same as the change in the calibrated PP with time.

PP [radians], FR=[M]PP [radians]. 2)

2.2. MHD Waves in Faraday Rotation

The plane of polarization (PP) measured at Earth changes when the plasma along the line
of sight changes. For example, as shown in Figure 1, when an Alfvén wave crosses the
line of sight, the component of the fluctuation along the line of sight introduces a similar
fluctuation in the PP. If the line of sight is along the direction of the fluctuations (shown in
Figure 1 as the y-direction), an Alfvén wave traversing in an orthogonal direction causes
the PP to fluctuate with the changing component of the magnetic field along the line of
sight. Because the component of the steady-state magnetic field is perpendicular to the line
of sight in this orientation, the average Faraday rotation is zero (Figure 1, right panel). In
contrast, if the line of sight is along the z-axis, parallel to the steady-state magnetic field, no
fluctuation occurs in the 150° Faraday rotation (in this example), because the magnetic field
fluctuations are perpendicular to the line of sight (Figure 1, top). Jensen and Russell (2009)
discussed this point in further detail.

3. MESSENGER Plane-of-Polarization Measurements

The change in the PP in the MESSENGER data set is shown in Figure 2 (Jensen et al., 2012).
During each time period, the PP fluctuated about a mean slope. For the PP measurements on
8 November (blue), the size of the error bars through much of the time period were unde-
termined (red = determined, green = unknown); consequently, the steady-state background
rotation could not be unwrapped. The 10 November time series was unwrapped as it rotated
throughout the observation time period, and there was negligible steady-state background
rotation on the 11 November time series.

System calibration errors occur over timescales of several hours and over the range of
the expected parallactic rotation. The parallactic rotation is the expected apparent rotation
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Figure 1 Effects of observer orientation on the observation of MHD wave propagation by Faraday rotation.
FRFs are shown from two extremes in orientation: parallel and perpendicular to the direction of magnetic
field fluctuations in an Alfvén wave propagating along the magnetic field line (shown here as the z-direction).
The line of sight is perpendicular to the magnetic field fluctuations for the panel on top, and parallel to the
fluctuations for the panel on the right (Jensen and Russell, 2009).

of a fixed polarization source as it is observed from a rotating reference frame (i.e., Earth).
Figure 3 shows the expected parallactic rotation during the MESSENGER experiment at
the Green Bank Telescope (GBT), West Virginia. Over the 5.5 hours on 10 November from
12:00 UT to 17:30 UT, the expected rotation is positive 55°; this observing system rotation is
markedly less than the rotation imposed by the solar corona. Approximately 10° of positive
rotation is expected on 11 November over the 1.5 hours from 13:00 UT to 14:30 UT; this
angle is visible in the data set. Finally, the expected rotation on 8 November is 60° over the
4.5 hours from 14:30 UT to 19:00 UT.

Jensen et al. (2012, this issue) reporting on the processing of the MESSENGER data set,
shows that the coronal structural contribution to the Faraday rotation varies over a period of
several hours, similar to the timescale for the parallactic rotation. Therefore, subtracting out
the slowly varying background from the MESSENGER data set yields FRFs of solar origin
with frequencies between 0.5 mHz and 5 mHz. Note that at MESSENGER’s radio frequency
of 8 GHz, the electron density of the Earth’s ionosphere contributes almost no Faraday
rotation to the observations. However, the Earth’s ionosphere could play a significant role
for Faraday rotation observations made using the new-generation radio telescope systems
such as the LOw Frequency ARray (LOFAR) (Bisi et al., 2011) based across Europe and the
Murchison Widefield Array (MWA) based in Western Australia (e.g., Salah et al., 2005).

4. Removing Background Plane of Polarization

The identification of spectral lines occurs in two steps; these are summarized here and dis-
cussed further below. First, the best fit to the background slope is obtained using a highpass
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Figure 2 Change in the PP (blue) on 8 November (top), 10 November (middle), and 11 November (bottom)
2009, along with known error bars (red) and unknown error bars (green). The change in the PP on 10 Novem-
ber is strongly negative as predicted by the Faraday rotation model. The PP on 11 November has a negligible
average slope, similar to the prediction. There are not enough 8 November observations to unwrap the change
in the PP (Jensen et al., 2012).

filter. Figures 4 and 5 (left) show the component of the data set that is removed by high-
pass filtering. The spectrum from the filtered data set exhibits potential spectral lines whose
ranges are defined as +0.2 mHz. The original data set has known error bars for each PP
measurement. The reliability of the potential spectral line is measured by creating 1000
similar data sets within these error bars and measuring how consistently the spectral line
occurs (Figures 6 and 7). Only the spectral line at 0.6 = 0.2 mHz showed a good reliability
(greater than two standard deviations).

By means of a method similar to that of Sakurai and Spangler (1994), the 10 and 11
November Faraday rotation data sets shown in Figure 2 were highpass filtered to remove
the slowly varying background heliospheric field and system error contributions. Any data
collected prior to a data gap were eliminated from the analysis.
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Figure 3 The parallactic angle MESSENGER Parallactic Rotation
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Figure 4 (left) illustrates the method used to determine the ideal bandpass for 10 Novem-
ber 2009. The 0.125 and 0.25 mHz bandpasses were unable to fully block the slowly varying
trend in the plane of polarization data: they taper off at the end. The 0.5 mHz and higher
bandpasses were able to block the full trend. Note that the bandpass method used a Butter-
worth filter; this filter has an equal response across frequencies and gradually tapers off out-
side the bandpass. As shown in Figure 4 (right), the 0.6 mHz potential spectral line (pending
further testing) persists even though the highpass filter had been set at 1 mHz. As expected
with the tapering falloff in response outside the bandpass, the magnitude of the 0.6 mHz line
is less; however, its continued presence indicates that it should be studied further.

Figure 5 (left) demonstrated that the highpass method for fitting the slowly varying trend
in the PP on 11 November 2009 was not nearly as good as the linear fit. Note that whether the
fit was linear or highpassed at 0.25, 0.5, and 1 mHz, the potential spectral line at 1.17 mHz
persisted.

As shown, the other potential FRF spectral lines were unaffected by the frequency of
the bandpass. However, these frequency ranges of interest in the FRF spectra must pass a
reliability test in order to be considered a real spectral line. Note that the power spectral
density (PSD) spectra were smoothed using Welch’s method (Welch, 1967).

The reliability of the FRF spectral lines in the spectra for 10 and 11 November was
determined using the PP error bars. Monte Carlo simulations created 1000 valid time series
within the PP errors bars for each spectra. The PSD was calculated for each time series
(Figures 6A and 7A), and the frequency of any lines within the bandpass was measured.
The line frequencies were analyzed for the percentage that remained within £ 0.2 mHz of
the data set line frequency. This percentage provided a measure of the reliability of the
spectral line.

Results of the reliability analysis are given in Table 2. Figures 6B—F and 7B-D
show the histograms of the distribution in the Monte Carlo spectra for the range of
apparent spectral lines on 10 and 11 November. For example, the counts from the
Monte Carlo spectra (Figure 6B) produced a central-frequency spectral line within
+0.2 mHz frequency for 99.6 % of the 1000 runs. Similarly, the second, third, fourth,
and fifth solutions (Figure 6C—F) had a central-frequency spectral line for 94.2 %,
44.8 % (clearly not a line), 61.9 %, and 74.7 % of the runs. The frequency range
around 2.93 mHz with no Gaussian-like distribution is clearly not a spectral line;
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Figure 4 Fitting the background change in PP for removing it. The plot on the left shows the change in the
PP on 10 November along with highpass fits plotted for varying bandpasses. The plot on the right shows the
PSD spectrum of the residual FRFs from the different bandpasses.
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Figure 5 Fitting the background change in PP for removing it. The plot on the left shows the change in the
PP on 11 November along with highpass fits plotted for varying bandpasses. The plot on the right shows the
PSD spectrum of the residual FRFs from the different bandpasses.
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Figure 6 (Panel A) Monte Carlo
simulated FRF spectra for 10
November 2009 (black).
Spectrum from Figure 4 (right,
0.5 mHz highpass) is shown in
blue; there are five possible
spectral lines present. (Panels

B —F) For each spectral range
shown, the frequency of the local
maximum is counted from the
Monte Carlo simulation and
plotted in a histogram.
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Figure 7 (Panel A) Monte Carlo
simulated FRF spectra for 11
November 2009 (black).
Spectrum from Figure 5 (right,
linear) is shown in blue; there are
three possible spectral lines
present. (Panels B —D) For each
spectral range shown, the

frequency of the local maximum )
is counted from the Monte Carlo N§
simulation and plotted in a g
histogram. g
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5. Results

Two trends are apparent in the data set summarized by Table 2: wave power decreases with
increasing frequency and with increasing distance from the Sun. A falloff in power with
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Table 2 Characteristics of the FRF spectral lines and ranges in offset distance during the observation time
periods. Note: The spectral line in bold is reliable to two standard deviations (SDs), and the rest are reliable
to one SD.

Date Offset (Solar Radii)  Line frequency (mHz)  Reliability (%)  Power (deg2 mHz_l)
10 November  1.55-1.85 0.625 99.6 134.0

1.68 94.2 69.8

4.49 74.7 22.5
11 November  3.11-3.22 1.17 69.4 51.9

increasing frequency in FRFs across the frequency range 0.5 to 5 mHz has been observed
in all previous (turbulence) experiments. Similarly, investigations into the change in FRF
spectral index (the change in spectral density power with frequency) with distance from the
Sun all show a similar behavior (see, e.g., Andreev et al., 1997a; Chashei et al., 2000; Bird,
2007).

Waves with periods similar to those in Table 2 have been observed closer to the solar sur-
face by the Transition Region and Coronal Explorer (TRACE) spacecraft. Van Doorsselaere,
Birtill, and Evans (2009) described observations of closed coronal-loop fluctuations with fre-
quencies of 1.12 mHz (similar to 11 November). Longer-wavelength fluctuations in coronal
loops have been documented by De Moortel and Brady (2007) with frequencies ranging
between 0.4 and 1 mHz, including 0.625 mHz. Finally, spectral lines around 4.49 mHz in
frequency were discovered in FRF observations by Andreev ef al. (1997a, 1997b).

6. Conclusions

The plasma of the solar corona is strongly influenced by the magnetic field. However, it is
challenging to observe the magnetic field outside of active regions to investigate its role in
transferring energy throughout the corona and solar wind. Only the phenomenon of Faraday
rotation can make remote sensing observations of this “invisible” magnetic field. In the so-
lar corona, Faraday rotation fluctuations are dominated by Alfvén waves. Occasionally these
MHD waves will generate spectral lines in the general turbulent Faraday rotation fluctua-
tion spectrum, allowing closer investigation into the corona’s magnetic wave efflux energy
(Jensen and Russell, 2009).

In November 2009, toward the end of the longest solar minimum in a century, the MES-
SENGER spacecraft was in superior conjunction, a geometry that allowed the measurement
of the solar magnetic field using Faraday rotation. We show that on 10 November 2009 a
reliable Faraday rotation fluctuation spectral line was observed at 0.6 mHz around a solar
offset distance of 1.7 solar radii. Previous spectral lines have been observed between 4 and
8 mHz at offset distances around 5 to 10 solar radii. Alfvén waves of the same frequency as
the MESSENGER spectral line have been observed traveling along coronal loops nearer to
the solar surface.

The solar corona evolves both structurally and energetically as it expands. Faraday rota-
tion fluctuation observations of the MHD waves present under varying solar activity, struc-
ture, and offset distances provide valuable information into the dynamics of the solar wind,
the main driver of Earth’s “space weather.”
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