This article was downloaded by:[Bochkarev, N.]

On: 14 December 2007

Access Details: [subscription number 746126554]

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

ASTROPHYSICAL

r=

I RANSACTIONS

Transactions
The Journal of the Eurasian Astronomical
Society

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453505

Coronal Faraday rotation of occulted radio signals

M. K. Bird 2

& Argelander-Institut fiir Astronomie, Universitat Bonn, Bonn, Germany

Online Publication Date: 01 December 2007

To cite this Article: Bird, M. K. (2007) 'Coronal Faraday rotation of occulted radio
signals’, Astronomical & Astrophysical Transactions, 26:6, 441 - 453

To link to this article: DOI: 10.1080/10556790701595236

URL: http://dx.doi.org/10.1080/10556790701595236

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article maybe used for research, teaching and private study purposes. Any substantial or systematic reproduction,
re-distribution, re-selling, loan or sub-licensing, systematic supply or distribution in any form to anyone is expressly
forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents will be
complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses should be
independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand or costs or damages whatsoever or howsoever caused arising directly or indirectly in connection with or
arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713453505
http://dx.doi.org/10.1080/10556790701595236
http://www.informaworld.com/terms-and-conditions-of-access.pdf

Downloaded By: [Bochkarev, N.] At: 09:50 14 December 2007

Taylor & Francis
Taylor & Francis Group

Astronomical and Astrophysical Transactions
Vol. 26, No. 6, December 2007, 441453

Coronal Faraday rotation of occulted radio signals
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Faraday rotation (FR) observations of radio sources near solar conjunction yield information on the
coronal magnetic field at heliospheric distances not reached by in situ exploration. Measurements
of FR yield the rotation measure (RM), a wavelength independent quantity defined as the integral
along the raypath of the product of the electron density times the raypath-parallel component of the
magnetic field. Independent observations or models of the coronal electron density are required in order
to extract information about the magnetic field. The radio sounding sources can be either artificial
(spacecraft) or natural, but they must be at least partially linearly polarized. The most extensive
campaign of coronal radio sounding polarization measurements using a spacecraft was the Helios
Faraday Rotation Experiment, which was conducted over the duration of the Helios 1 (1974-1984)
and Helios 2 (1976-1980) missions. Other coronal FR experiments have been carried out using natural
continuum sources recently at the VLA and even as early as 1962 at the Pulkovo Radio Telescope.
Pulsars were exploited to measure coronal RM at the MPIfR Effelsberg 100-m Telescope. Extending
these single raypath observations, an ambitious project has been proposed to use the future LOFAR
facility for constructing a coronal RM ‘image’. Different time scales of FR variations are related to
different physical phenomena. Among the observed effects are: (a) slow variations associated with the
changing geometry and rotation of the corona; (b) random oscillations probably arising from a rich
spectrum of coronal Alfvén waves; (c) rapid changes in RM caused by transient events such as coronal
mass ejections (CMEs).

Keywords: Solar corona; Solar wind; Radio sounding; Faraday rotation

1. Introduction

Linear polarized electromagnetic waves propagating through a magnetized plasma undergo
‘Faraday rotation’ (FR) of their plane of polarization, which can be used to deduce the magnetic
structure of the propagation medium. In particular, FR measurements of polarized radio signals
passing near the Sun can be used to estimate the direction and strength of the magnetic field
in the solar corona. Coronal FR has been measured over the rather narrow range of solar
elongations defined by 2Ry < R < 15Rg (Rg = solar radius), where R is the ‘solar offset’,
the heliocentric distance of the solar proximate point along the radio ray path from the source
to the observer on Earth. The lower bound is of instrumental nature, roughly defined by the
onset of excessive solar sidelobe noise interference and rapidly changing FR. The outer bound
is the distance at which the contribution from the solar corona typically exceeds that from the
terrestrial ionosphere. Radio sounding FR measurements are thus the only proven means for

*Email: mbird @astro.uni-bonn.de

Astronomical and Astrophysical Transactions
ISSN 1055-6796 print/ISSN 1476-3540 online © 2007 Taylor & Francis
http://www.tandf.co.uk /journals
DOI: 10.1080/10556790701595236



Downloaded By: [Bochkarev, N.] At: 09:50 14 December 2007

442 M. K. Bird

studying the coronal magnetic field in the region of the solar wind transition to supersonic
velocities.

2. Coronal Faraday rotation

The Faraday rotation FR (in the ‘quasi-longitudinal’ approximation) is defined as:
K 2]
FR = F / N.(s)B;(s)ds radians (D)
s

where K = 2.36 x 10%in both ST and cgs units, f is the radio frequency, Bi is the longitudinal
component of the magnetic field along the ray path (B; = B- 5), N, is the electron density,
and the integral in (1) is taken along the radio ray path from the source (S) to the ground station
on Earth ().

The FR measurement technique can be described using the example of the Helios spacecraft,
which underwent many solar conjunctions during the years 1974-1984. Measurements of
coronal FR = Q(t) — 2y were obtained by tracking the received signal polarization angle g,
referenced to the local horizon. Since the electric vector of the transmitted linearly polarized
carrier signal from Helios was oriented perpendicular to the ecliptic, the polarization angle
without the corona was thus defined to be 2o = 0. Transforming back to the ecliptic frame
from the easily calculated angle p then yields FR = Q(¢) = p + ¢, as shown schematically
in figure 1. The FR measurement for natural radio sources is only slightly different. In this
case the angle p is now the usual parallactic angle between local zenith and celestial north.
One measures the interstellar value of the polarization angle €2y when the source is at a large
solar elongation and then obtains the coronal contribution as FR = Q(t) — 2 for the times ¢
near superior conjunction.

The Faraday rotation FR is inversely proportional to the square of the radio frequency. For
FR observations at any frequency, it is convenient to introduce another quantity, the Rotation
Measure (RM):

FR = RM -)* radians ()
where (in SI units):
[S>)
RM =2.63-10"1 / N,(s)By(s)ds radm~2 (3)
s
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Figure 1. Helios Faraday rotation measurement. Left: Polarization angle measurement without (above) and with
(below) the intervening solar corona; Right: reference in local and ecliptic systems, as viewed from an observer
looking toward the spacecraft.
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The values of FR produced from a medium with a rotation measure of RM = 1 rad m~2 are:

FR=0.97° at2.3GHz (A = 0.13m)
FR = 57.3° at 300MHz (A = 1.0m)
FR = 1432° at 60 MHz (A = 5.0m)

Some properties of FR and RM include the following:

e FR is a signed quantity, either plus or minus depending on the orientation of the magnetic
field along the ray path.

e The direction of rotation is called positive (counterclockwise) when the magnetic field
points toward the observer, as sketched in figure 1, and negative (clockwise) when directed
away from the observer.

e The value of coronal FR can become ambiguous, i.e. FR may in fact be FR + nx180°, if
the measurements cannot be made continuously.

e Contributions from N, and B; contribute equally to the integrated FR and RM and cannot
be separated without independent measurements.

o Correction for the terrestrial ionosphere can become important if the solar offset R 2 10R.

3. Radio sources for coronal Faraday rotation

3.1 Extended continuum sources

The most popular natural source for coronal FR experiments has been the Crab Nebula, the
strongest source of linearly polarized emission in the sky, which approaches to within SR
during its superior conjunction in June of each year. The first attempt to measure coronal FR
was made by Golnev et al. [1], who could set only an upper bound on the coronal contribution of
|FR| < 8° (£35rad m~2 at A = 6.3 cm). Later observations on the same source were reported
by Sofue et al. [2], Berlin et al. [3], and Soboleva and Timofeeva [4].

Results of more recent dual-frequency coronal FR experiments using continuum sources
at the Very Large Array (VLA) have been reported by Sakurai and Spangler [5, 6] and by
Mancuso and Spangler [7, 8]. A more extensive campaign was conducted at the same facility
in 2005 and the measurements compared with models of the coronal structure by Ingleby
etal. [9]. An example from Spangler [10] using the source 3C228 is reproduced here in figure 2.

Plot the verson 4 creaied OSVUN-2004 16:3417 3C228: Aug!§
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Figure 2. Coronal FR at the VLA. Left: Radio map of 3C228 showing the components A,B,C. Right: FR
measurements on 16 August 2003 (7.1Rg — 6.2Rg) of the components A (circles), B (squares) and C (triangles).
Solid symbols are for 1465 MHz; open symbols for 1665 MHz (scaled to FR at 1465 MHz).
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The temporal variation of all components (A,B,C) is the same, showing that changes in coronal
RM over the projected separation distances of roughly 35,000 km are small. A relatively large
increase in coronal rotation measure AFR >~ 150° = ARM =~ 62.5 rad m~? was recorded on
this particular day.

3.2 Pulsars

Strongly linearly polarized emission from pulsars has also been used for coronal FR measure-
ments [11, 12]. Pulsars, although they are generally much weaker than the stronger continuum
sources, have the remarkable attribute of turning themselves off for a large fraction of their
pulse period so that the background emission can be conveniently calibrated. The background
flux density at small solar elongation can exceed that of the source and is a sensitive function
of the antenna orientation with respect to the Sun.

Figure 3 demonstrates the measurement technique, which is custom designed for each
individual source, depending on the emission profile across the pulse window. The particular
geometry and FR measurements for two pulsars located on either side of the Sun as shown in
figure 4. The complex solar magnetic field, dominantly radial at these solar distances, but with
sectors of both away and toward polarity, is responsible for the opposite polarities of coronal
RM implied by figure 4.

3.3 Spacecraft signals

The spacecraft Pioneer 6 and 9 were the first to be used for successful measurements of
coronal FR [13, 14]. By far the largest volume of spacecraft FR data was recorded within
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Figure 3. Pulsar pulse profiles. Left: PSR 05254-21; Right: PSR 0540+23. The duration of the pulse window is
different for each pulsar. The upper curves show the total flux density and linearly polarized flux density for the
‘master profile’ (long integration, far from the Sun). The middle curves show the same quantities for the ‘test profile’
(short integrations near the Sun). The bottom curves show the polarization angle of the master (solid line) and the test
(points, only when strong linear component available) profiles. The polarization angle difference (test-master) is the
coronal Faraday rotation.
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Figure 4. Coronal FR with pulsars, 1978-79. Left: Occultation geometry; Right: Measurements on 15 June 1979
when the coronal RM was positive on the east solar limb (PSR 0540) and negative on the west solar limb (PSR 0525).

the framework of the Helios Faraday Rotation experiment [15—17]. The unexpectedly long
lifetime of the Helios probes enabled studies to extend from deepest solar activity minimum
into the following maximum and beyond. Helios FR data have now been made available in an
online archive.

Only the large Goldstone station of the NASA Deep Space Network (DSN) and the 100 m
Effelsberg Radio Telescope of the Max-Planck-Institut fiir Radioastronomie (MPIfR) were
used during the first two Helios mission years. Starting in 1977, after the DSN added automatic
tracking polarimeters at the large stations in Canberra and Madrid, some of the coronal FR
experiments could be conducted on a continuous (global) basis.

Figure 5 shows an ecliptic plane view of the Helios orbits in a Sun/Earth fixed system. Since
the Helios spacecraft were in the ecliptic plane, all solar occultations proceeded diametrically
along a solar radial, either of short duration from west to east limb near perihelion, or a
more lengthy occultation phase in the reverse direction near aphelion. The short-period, zero-
inclination, heliocentric orbits of the two identical Helios spacecraft were ideal for conducting
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Figure 5. Helios orbits in a Sun/Earth fixed system. Dots are placed at 10 day intervals along the trajectory. The
shaded region of space bounded by a solar elongation £3° is roughly the region where coronal FR was recorded.
Left: Helios 1 during its first year; Right: Helios 2 during its operational lifetime 1976—1980.
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coronal radio science investigations during the recurring solar occultations. Helios 1, with an
original design lifetime of 18 months, was launched 10 December 1974 and underwent a total
of 10 solar conjunctions before it failed in 1985. Helios 2 was tracked regularly from its launch
on 15 January 1976 until it ceased operating on 3 March 1980. The perihelion for Helios 2
was 0.29 AU, compared to the 0.31 AU of Helios 1.

The following section provides a brief overview of the Helios coronal FR measurements on
various time scales and their implications for the spatial structure and temporal variability of
the coronal plasma and magnetic field.

4. FR variations over different time scales

The time scales of FR variations, observed during virtually all occultations, provide informa-
tion on various physical phenomena in the solar corona:

4.1 Slowly-varying background

The gradual rise and fall in FR results from the superposition of effects from the changing ray
path offset and the rotation of the quasi-static corona. Figure 6 shows such slow FR variations
observed during the Helios 1 solar conjunction in December 1981. Complete global coverage
without data gaps between ground stations was achieved during the the 1981 solar conjunction.
Slight differences in the FR measured at two ground stations, seen during the overlap intervals,
may be attributed to the different ionospheric contributions at each individual ground station.

Pitzold et al. [18] utilized FR measurements from 1975-76 for a determination of the mean
coronal magnetic field during solar minimum. Figure 7 shows the model for their analysis,

Solar Offset [Ry]

167 1.4 6.0 0.6 4.8 10.0 15.2

o - =
o £ ! ]
T ~100F i =
c : it |
o = 1) ]
= a0k 2 u 3
O = { 3 & =
_6 E & 7 = ]
N L :
C i 1

> _ = i =
- 300: i ]
o E i .
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\© —400 - HELIOS 1: A Cangrm:(Dss 43)€
E DEC 1981 | > Madrid (DSS 63) :
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Figure 6. Coronal FR observed with Helios 1 during the solar occultation in December 1981. Observations
conducted at each 70-m ground station of the NASA Deep Space Network (DSN) are marked with different symbols.
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Figure 7. Helios FR measurements. Left: Coronal magnetic field model used for analysis; Right: Typical tracking
pass for R >~ 6.4Rg ({(FR) = 35.4°, opg = 2.1°).

together with an example of a typical tracking pass at the MPIfR 100-m Radio Telescope in
1976. The radial magnetic field of the solar corona is assumed to have sectors of either toward
or away polarity. Figure 7 shows an example where only one sector boundary on the solar
limb is intersected by the radio ray path from Helios to Earth. The ray path integration close
to the proximate point, with equal length segments of positive and negative magnetic field
along the ray path, will yield net zero FR because of symmetry. Maximum FR (negative or
positive, depending on the polarity) will be measured when the sector boundary is exactly at
the limb. This particular constellation for |FR,,,, | will be achieved only by coincidence during
a single given occultation. However, if one plots data from many occultations, a maximum
FR envelope will begin to make itself apparent.

Figure 8 shows the data |[FR(R)| and the magnetic field model derived from the data. The
slope of the maximum envelope in figure 8 (left panel) was found to be —4.15. Combining this
with an assumption about the spherical distribution of coronal electron density, one is able to
derive the radial dependence of the coronal magnetic field. If both B, and N, can be taken as
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Figure 8. Mean coronal magnetic field strength at solar minimum. Left: Measurements of |FR| with maximum
envelope; Right: Derived radial dependence of the coronal magnetic field.
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simple power laws:

R B R B2
B, = By [—O} ; N.=No [—G] )
r r
then it is found that:
Ro Br+pa—1
|FRmax| = |FR0| |:T] (5)

so that 8; ~ 2.65 when the electron density exponent 8, =~ 2.5. The empirical formula shown
in figure 8 (right panel) was actually obtained from a fit to a two-term expression

Ro 7T Ro7?
B, =6 [—Q} +1.8 [—Q} gauss (6)
r r

which implies that the coronal magnetic field in the range from 3—10 R, is essentially a hybrid
between the strongest multipole of the Sun’s internal field (dipole — falloff exponent 3) and
the interplanetary magnetic field (pure radial — falloff exponent 2).

4.2 Random oscillations

Fluctuations are seen in all of the Helios FR data and tend to decrease with distance from the
Sun. The primary causal agent is suspected to be coronal Alfvén waves [19-29].

The fluctuations are conveniently quantified in terms of FR spectra, with a given amplitude
and spectral index (i.e. the falloff exponent with fluctuation frequency). Figure 9 shows a
series of FR temporal spectra at various solar offset distances.

The FR power spectra are usually simple power laws over the observed range of temporal
frequencies from 1 to 200 mHz. The integral over the spectra of figure 9 (left panel), a measure
of the FR fluctuation variance, decreases with solar distance. Hollweg ez al. [19] concluded that
more than 90% of the FR variance can be attributed to fluctuations of the magnetic field rather
than the electron density. The spectral index (figure 9, right panel) also displays a decrease
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Figure 9. Faraday rotation fluctuations. Left: FR power spectra at four different solar offset distances with indicated
fits to smoothed spectra for the spectral index over the interval from 1 to 50 mHz; Right: FR spectral index as a function
of solar offset.
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Figure 10. Estimation of characteristic coronal velocity from two-station correlation analysis. Left: Sketch showing
observation geometry; Right: Measurements recorded simultaneously at the DSN Goldstone and Canberra ground
stations. Knowing the coronal separation (A R) of the two ray paths, the observed time delay (z =~ 10s) can be used
to derive a characteristic radial velocity V.

(flatter spectra) with solar distance. Both of these trends were found to be largely independent
of the level of solar activity.

The FR fluctuations can be used to determine characteristic coronal velocities if simulta-
neous observations are available from widely-separated ground stations. Figure 10 shows a
typical example where the fluctuations at Goldstone replicate the same signature at Canberra,
but with a certain time lag t.
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Figure 11. Coronal velocities derived from correlation time lag observations at widely-separated ground stations.
The velocities reported from the studies denoted in the inset are all positive outward and tend to lie close to the profile
expected for the solar wind velocity. The FR data are displayed as circles that generally lie higher the other estimates
and are either open (radially outward directed velocity) or solid (radially inward directed velocity).



Downloaded By: [Bochkarev, N.] At: 09:50 14 December 2007

450 M. K. Bird

Helios FRF Spectra
e T

SE
i I 04:48
9 Jan 1983 ..absent
21:23-21:57 L oaEs
4
— 4 410 Ry | | |
1 E
E L 05}6\ M

4
05:05
..peak

o~

g ] Goldstone 05¢m
o § - :
= 1
? | 05:14
e 05:18
O 2: Canberra B

4
i

3 A

2

1

Yq

1 o

Log Power Spectral Density G(v) [deg?® Hz™']

el PR S| P W b+
-3 -2 L -3 -2 —
Log Frequency v [Hz] Log Frequency v [Hz]

Figure 12. Faraday rotation power spectra with a quasi-harmonic component. Left: Power spectra with obvious
peak near 4 mHz (period: 4.2 minutes), recorded simultaneously at the DSN Goldstone and Canberra ground stations
during an interval of station overlap; Right: A time series of FR fluctuation spectra showing the build-up and decay
of the quasi-harmonic component.

The radial velocities inferred from all available FR data are compared with velocities derived
from other radio sounding data in figure 11.

A study by Bird et al. [30] reported that 30% of the velocities determined from two-
station cross correlations were directed radially inward toward the Sun. It was concluded
that the characteristic velocities derived from the FR fluctuations are associated with the
Alfvén velocity V, rather than the solar wind velocity V;,,. In the region applicable to these
observations, where |V,| > |V, |, it is entirely possible that negative velocities could be
occasionally detected.

Another serendipitous discovery from the Helios FR data set is shown in figure 12. Whereas
the FR temporal spectra are generally power laws, a distinct maximum in the spectrum is
sometimes observed at temporal frequencies near v; >~ 4mHz (periodicies near 4-5 minutes)
that has been called the ‘quasi-harmonic component’ or QHC [23, 31]. Although the sporadic
QHC is ephemeral (e.g. figure 12, right panel), seldom lasting longer than 30 minutes, the QHC
frequency remains essentially the same regardless of solar distance. The amplitude of the QHC
line can be 3—4 times stronger than the background FR spectrum at the same frequency and
falls off with R at the same rate as the background. The constant value of the frequency v;
and the radial falloff with the background imply that the QHC are caused by isolated Alfvén
wave trains that occasionally occupy a significant segment of the radio ray path.

4.3 FR discontinuities

Occasional abrupt jumps are observed in the FR observations. These signatures are assumed
to be caused by transient events such as coronal mass ejections (CMEs). In fact, such ‘FR
transients’ were observed [13] even before their optical manifestations were widely recognised
from the orbiting coronagraph observations on Skylab. Five distinct FR events observed during
the 1979 Helios solar conjunctions were associated with the passage of white-light CMEs
through the signal ray path [32]. One example from this study is presented in figure 13. Bird
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Figure 13. Simultaneous white-light and FR observations of a CME on 24 October 1979. Left: Time-height diagram
showing the solar distance of the Helios 2 ray path and the radial position of the CME leading edge and bright core;
Right: White-light images from the Solwind coronagraph compared with FR measurements recorded during the CME
passage through the Helios/Earth line-of-sight.

et al. [32] concluded that a one-to-one correspondence existed between the white-light CMEs
and the FR transients observed with Helios and earlier with Pioneer 9. Although it has been
speculated that the FR transients can be associated with interplanetary sector boundaries [33],
numerical calculations by Pétzold and Bird [34] have shown that the time scales corresponding
to sector boundary passage are much too slow to reproduce the abrupt large deviations observed
in the FR records.

5. Coronal FR mapping - outlook

A significant disadvantage of the FR observational technique described in the preceding sec-
tions is its restriction to only a single line of sight. If an abundance of polarized sources were
available and if the ground-based observing network were capable of observing these sources
in a near simultaneous mode, one could conceivably even generate a ‘Faraday rotation map’
of the corona. How such an FR map might look is shown in figure 14.
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Figure 14. Faraday rotation map of the solar corona. Left: Sketch of the geometry showing the radio ray path from
a given source through a modelled region of the solar corona to the observer on earth; Right: FR map (60 MHz) on
the plane of the sky [Courtesy of J. Kasper, private communication].
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Figure 14 shows a simulation of the expected FR observed on Earth at f = 60 MHz from
many radio rays passing through a specified coronal distribution of electron density and mag-
netic field. Only the magnitude of the Faraday rotation (|FR]) is plotted. The contours of
constant FR in figure 14 extend out to solar elongations of 30° and beyond. Of course, mea-
surements of coronal FR at these distances require precise corrections for ionospheric FR,
which can reach thousands of degrees at a radio frequency of 60 MHz. Ongoing feasibility
studies performed in association with future low frequency arrays (LOFAR, MWA) address
the possibility of using such multi-source FR observations to predict the magnetic polarity
(and thus the geoeffectivity) of CMEs directed at Earth.

6. Summary

The time scales of FR variations provide information on various physical phenomena: (a)
slowly-varying rise and fall associated with the changing ray path offset, combined with the
rotation of the quasi-static corona; (b) ubiquitous random oscillations with higher fluctuation
amplitude at smaller solar offset distances, probably caused by coronal Alfvén waves; (c)
occasional nearly discontinuous jumps in the polarization angle, most likely caused by transient
events such as coronal mass ejections (CME:s).

Coronal Faraday rotation observations have provided valuable clues about the quiet and
disturbed magnetic structure of the solar corona in the critical radial range 2R < R < 15Rg.
Among these important new results are an empirical model for the background coronal
magnetic field and the convincing evidence for coronal Alfvén waves.

An extension of these observations to FR sky maps, which would greatly enhance the
diagnostic capability of the FR measurements, is being investigated. The technical constraints
associated with this effort are formidable but not prohibitive. It will be interesting to monitor
the continuing developments in this area of research over the next few years.
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