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that include, for example, citron kinase, MKLP1/
CHOI, and HIP1 (59-61). Ancient and common
pathways may function to establish and maintain
membrane-cytoskeletal dynamics in different
cell types and organisms. Fourteen percent of the
mammalian proteins identified in this study are
implicated in human diseases with membrane-
cytoskeletal pathologies, such as Huntington’s
disease, deafness, sclerosis, melanoma, and leu-
kemia (62—66), suggesting that functional char-
acterization of cell division proteins may help to
identify mammalian disease loci and character-
ize pathologies. The utilization of common com-
ponents in diverse dynamic membrane cytoskel-
etal events in the cleavage furrow, the germline,
and neurons indicates ancient mechanisms me-
diating cell division and complex morphogenetic
cellular processes critical in human development
and disease.
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Three-Dimensional Polarimetric
Imaging of Coronal Mass Ejections

Thomas G. Moran™?* and Joseph M. Davila’

We present three-dimensional reconstructions of coronal mass ejections (CMEs), which
were obtained through polarization analysis of single-view images recorded with the
use of the Large Angle and Spectrometric Coronagraph (LASCO) C2 coronagraph on
board the Solar and Heliospheric Observatory (SOHO) spacecraft. Analysis of a loop-
like CME shows a complex three-dimensional structure centered at 40° from the
plane of the sky, moving radially at 250 kilometers/second. Reconstruction of two
halo CMEs suggests that these events are expanding loop arcades.

Coronal mass ejections (CMEs) are one of
the most energetic and important solar phe-
nomena. These events propel magnetic

clouds with a mass of up to 10'7 (1) g to
speeds up to 2600 km/s (2) into the helio-
sphere, influencing near-Earth plasma condi-

tions (space weather), causing fluctuations in
the terrestrial magnetic field and in the iono-
spheric density, and driving auroras. These
phenomena can affect the performance of
satellites in Earth orbit (3), and the associated
particle fluxes are an important safety con-
cern for humans in space (4). During the
record-breaking solar storms of October and
November 2003, instruments on the NASA
Advanced Composition Explorer space re-
search satellite saturated because of solar par-
ticle fluxes. Radio communications were af-
fected across the globe, and large electric
currents were induced in European and
American power grids because of fluctua-
tions in the Earth’s magnetic field, causing
temporary outages in Europe. Because of
these terrestrial and geospheric effects,
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there has been an increasing interest in
studying the generation and propagation of
CMEs.

CMEs occur in conjunction with solar
flares and filament eruptions and are under-
stood to be driven by the conversion of mag-
netic energy to thermal and kinetic energy.
These events, first observed in 1972 (5), have
been studied primarily through the use of
ground- and space-based coronagraphs. The
Large Angle and Spectrometric Coronagraph
(LASCO) (6), on board the Solar and Helio-
spheric Observatory (SOHO) (7), was
launched to study these events. SOHO is
located at the Lagrangian 1 point, where the
Sun and Earth’s gravitational fields cancel.
LASCO includes two white-light imaging
coronagraphs, which have allowed extensive
studies of CME characteristics to a plane-of-
the-sky distance of 32 solar radii (R,) (plane
of the sky refers to the plane centered on the
Sun and perpendicular to the Earth-Sun line).
The major limitation of CME observations to
date has been a lack of three-dimensional
structure and trajectory measurements. Speed
and direction measurements would allow
more accurate prediction of CME impacts,
which would allow better planning of protec-
tive measures, such as attitude adjustment
and astronaut shielding. In addition, three-
dimensional measurements would yield in-
sight into CME generation and permit addi-
tional tests of CME dynamical models.

In the polarization analysis technique, the
ratio of polarized-to-unpolarized electron-
scattered emissivity (K-corona) is measured
by recording coronal images through three or
more polarizers with axes oriented at multiple
angles. A measurement of the brightness ratio
determines the line-of-sight averaged dis-
tance from the plane of the sky. In the case of
an extended source, the brightness ratio will
be a weighted average, characteristic of a
point within the structure. We used a varia-
tion of the single-view polarization analysis
technique to study the structure and position
of three CMEs observed with SOHO/
LASCO. The line-of-sight averaged distances
from the plane of the sky are computed from
measurements of the ratio of polarized-to-
unpolarized brightness, providing the first to-
pographical maps of CMEs. From these
maps, we construct a view from above the
ecliptic and a view from within the ecliptic,
perpendicular to the Earth-Sun line. These
reconstructed views yield insight into CME
structure and dynamics. In addition, we can

"National Aeronautics and Space Administration
(NASA) Goddard Space Flight Center, Code 682.3,
Greenbelt, MD 20770, USA. 2Department of Physics,
Catholic University of America, Washington, DC
20064, USA.
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determine the direction of CMEs and com-
pute their true speeds, rather than the plane-
of-the-sky speeds computed by measuring
apparent motion of features such as loop
fronts in the image frame.

The polarization of coronal electron- or
Thomson-scattered solar disk continuum
emission is well known (8). The fundamental
cause of the polarization is the variation in
scattering amplitude with the angle between
the electric field vector and the scattering
direction. Scattering is maximum perpendic-
ular to the field direction. As a result of this
angular dependence, a fraction of the scat-
tered light is polarized tangential to the limb.
The tangentially and radially polarized
brightness components, /, and 7/, have been
calculated for a disk luminosity function of
the form I = I (1 — u + u cosis), where I
is the disk center intensity, u is a wavelength-
dependent constant, and ¢ is the angle be-
tween the radial line segment connecting the
sun center and the disk source point and the
radial line segment connecting the sun center
and the scattering point. The following rela-
tions yield /, and /:

e

mwo
[(1 —u)C + uD]

1=1" )
Nmo |
I —1 = IOT sin® x[(1 — u)4 + uB]

(2)
where x is the angle between a radial inter-
secting the scattering point and the line of
sight, or Earth-Sun line; N, is the local coro-
nal density; o is the Thomson-scattering
cross section; and the constants 4, B, C, and
D are functions of (), the half-angle sub-
tended by the disk at the scattering point (9,
10). This angle Q) is a function of the helio-
centric distance, r. The polarized and unpo-
larized brightnesses, /, and /,, are given by

I=1-1, (3)
1, =21, (4)

Because [, increases with sin® x and I,
decreases with increasing sin® , IJI, in-
creases with increasing sin” x. Beyond 1.3R,,
the ratio is primarily a function of x, except
for values of x near 0° and 90°, where it
varies with 7.

We present analyses of one loop-like
CME and two Earth-directed or ‘“halo”
CMEs, so called because they appear as halos
around the occulting disks. Loop-like and
halo CME:s represent two views of a coronal
eruption; a loop-like CME provides a side
view, whereas a halo CME provides a front or
rear view, depending on the direction of prop-
agation. The loop-like CME was imaged four
times on 31 October 1998 at 1-h intervals. A
halo CME was imaged three times on 29 June
1999 at 2-h intervals, and another was imaged
17 times on 11 November 1998 for 17 h at
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1-h intervals. Both the loop and halo obser-
vations selected were preceded by polarimet-
ric observations made before CME initiation
within the previous 2 days in order to obtain
pre-CME frames for subtraction, which are
required in order to remove instrumental- and
dust-scattered light.

The LASCO C2 externally occulted, re-
fracting coronagraph images the corona be-
tween 2R, and 6R, (6). Individual polarimet-
ric exposure times were 100 s, and the total
time for the three images was 300 s. Images
were corrected for vignetting and an offset.
The charge-coupled device frame size is 6°
by 6° or 7.7 X 10° km by 7.7 X 10° km. Pixel
size in the 1024-pixel-by-1024-pixel images
is 11.4”. These images were 2 pixels by 2
pixels binned on board SOHO, yielding 512
by 512 images with a pixel size of 22.8”. In
order to measure the ratio between the polar-
ized and unpolarized Thomson-scattered
brightness component, three separate expo-
sures are recorded through polarizers oriented
horizontally and at 60° above and below the
horizontal axis. The 512 by 512 frames were
smoothed with the use of a 5-pixel-by-5-pixel
box filter to increase the signal-to-noise ratio
and to compensate for object motion between
individual polarized exposures. Two folding
mirrors in the beam path contributed to a
small instrumental elliptical polarization,
which was removed with use of the Mueller
matrix formalism.

The dust-scattered (F-corona) and instru-
ment-scattered components must be removed
from the image before computing polarized
and unpolarized brightness. This is achieved
by subtracting a pre-CME image from the
image being analyzed. The subtracted image
shows only the Thomson-scattered compo-
nent. For example, the -electron-scattered
CME brightness through the polarizer orient-
ed at —60°, 1, is

()

where 1, oo and I, ¢, are the —60° pola-
rimetric images recorded during and before
the CME, respectively. The 0° and +60°
CME components, I; and /.., are computed in
an identical manner. The polarized and unpo-
larized CME brightness components, /

p.cme

Iy = [cme,—(yo - 10,—60

and I, ... and total brightness, 7, ., are
given by (8)
4 2
[p,cme = g[(lA + IB + IL) -
3(Ualg + Indc + Ilo)]? (6)
2
]p,cmc = g(]A + IB + IC) (7)
[u,cme = It,cme - [p,cme (8)

We define a coordinate system (x, y, z)
with origin at Sun center, where x and y are
the horizontal and vertical coordinates in the
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A

Fig. 1. (A) Total brightness of the loop-like CME occurring on 31 October 1998 at 3:56 UT
(front view), (B) a reconstructed side view of the CME in the (z, y) plane, (C) a reconstructed
top view of the CME in the (x, z) plane, and (D) a topographical map of the CME displaying
distance from the (x, y) plane. The color bar indicates distance from the sky plane in R,. The

solar disk is outlined.

O —=MNWRUD

Fig. 2. (A) Total brightness of the loop-like CME occurring on 31 October 1998 at 4:56 UT
(front view), (B) a reconstructed side view of the CME in the (z, y) plane, (C) a reconstructed
top view of the CME in the (x, z) plane, and (D) a topographical map of the CME displaying
distance from the (x, y) plane. The color bar indicates distance from the sky plane in R,. The

solar disk is outlined.

O—-NWNP>POO

plane of the sky and z is the coordinate
along the line of sight. The measured ratio
of polarized-to-unpolarized electron-scattered
brightness for a scattering ppmt, T = [p.cl_'ne/
1, eme> must equal the theoretical ratio, 7,, which

can be expressed as a function of p=

Jx* + y?and 0O
m = 7i(ps |2]) 9

The values of r, are computed for a range
of p spanning the coronagraph field of view
and for an equivalent range in |z|, yielding a
two-dimensional array, 7,, with p and |z| axes.
To determine the |z| value at each CME pixel,
we computed the value of p and extracted the
corresponding column in the r, array. Then,
the |z| value along the column at which 7, =
r, is found by inspection. Because r, is a
monotonically decreasing function of |z|
for all p, the solution is unique. The resulting
|z| value is a mean distance from the plane of
the sky. If there is a single object along the
line of sight, the value will lie within the
object, and if there are two structures along
the line of sight, the value obtained will lie
between the two |z| values of the two objects.
The method yields a mean distance from the
plane of the sky but not the sign, because the
dependence of 7, on sin x is quadratic: An
object yields the same ratio for a given dis-
tance whether it is on the front or back of the
Sun. The sign of x may often be determined
with the use of other observations that record
disk flares or filament eruptions, such as the
SOHO/Extreme Ultraviolet Imaging Tele-
scope (EIT) ultraviolet imaging instrument
(11), or through measurements of bulk Dopp-
ler shifts. If there is no disk activity associ-
ated with a CME, its origin is usually on the
back side.

Only |z| values for pixels with values of 7,
and /, above 5% of the mean are computed.
This reduces artifacts in the three-dimension-
al reconstruction. The uncertainty in measur-
ing x is determined by the relative errorin 7,
which is estimated at 0.04. The change in x
corresponding to a relative change in r, of
0.04 was found by inspection for several
angles. The uncertainties in x at 20°, 45°, and
70° were found to equal 0.21°, 2.1°, and 1.6°.
Fortuitously, the uncertainty is lowest for
CMEs directed along the Earth-Sun line.

The loop CME observed on 31 October
1998 was not associated with a disk event and
therefore most likely originated on the back
side of the Sun. A filament visible in the
southwest quadrant several days before the
CME was the probable source of the eruption.
After subtracting binned pre-CME polarized
frames recorded on the same day from the
CME polarized images, the polarized, unpo-
larized, and total brightnesses were computed
from two observation sequences 1 h apart.
The total brightnesses [(x, y) plane views,
Figs. 1A and 2A] show an expanding loop-
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like structure in the southwest quadrant, with
faint ray-like structures moving from the east
limb. The blank area extending 0.5R from
the limb is in the shadow of the coronagraph
occulting disk. The CME structure is diffuse,
suggesting that it comprises multiple loops.
The tip of the structure is dim, possibly be-
cause of lower densities at the loop apex.
Topographical maps for each sequence, dis-
playing the mean distance to the plane of the
sky for each pixel in the CME (Figs. 1D and
2D), show that the bottom of the CME ex-
tends farther than the top from the plane of
the sky, demonstrating its three-dimensional
morphology. The maximum distances from
the plane increased from ~2.5R_ to =~3.5R
between observations. With the use of the
topographical map and the total brightness
image, we reconstructed views in the (z, y)
(Figs. 1B and 2B) and (x, z) (Figs. 1C and 2C)
planes. These reconstructions indicate a com-
plex structure consistent with a loop or a
group of loops expanding radially. The (x, z)
CME views show multiple filaments, which
may be shifted from their true positions be-
cause of contributions from multiple regions
along the line of sight. The (z, y) views show
the bottom segment expanding radially. The
|z| values computed correspond to a range of
20° to 45° in angle from the plane of the sky.
Other loop CMEs analyzed showed values of
X ranging from 10° to 70°.

We compute the speed of the CME by
measuring the loop front positions in the (x, )
and the (z, y) planes in both reconstructions.
The speed in the (v, y) plane, v, = v.> + v 2, is
equal to Ar/At, where Ar is the distance traveled
in the (x, y) plane and Az is the time interval
between observations. Likewise, the speed
along the Earth-Sun line (v.) is equal to Az/At,
where Az is the difference between the |z| val-
ues of the loop front in the two observations.
The total speed, v,.,, is then given by v, 2 =
v,> + v.2. We find values of v, and v, of 185
km/s and 167 km/s, respectively, corresponding
to a v, of 250 km/s.

The effect of image motion between expo-
sures was investigated by measuring the image
shift between individual polarimetric exposures
and applying a compensating shift to the indi-
vidual frames. The total observation time for a
polarimetric sequence was 500 s, with intervals
of 100 s between exposures to transmit the im-
ages. The CME fronts moved one to two pixels
between individual polarimetric exposures. It
was found that the resulting z values differed
from those resulting from analysis of unshifted
images by less than 3%. This is explained by the
fact that after binning and smoothing, the CME
features are several pixels in extent. Information
at scales of five pixels (110” or 80,000 km) or
less is lost by smoothing in order to determine
larger scale characteristics. Examination of the
|z| frame showed no discontinuities on the lead-
ing or following edges of the CMEs, where

www.sciencemag.org SCIENCE VOL 305 2 JULY 2004

errors due to image motion would be pro-
nounced, indicating that the resolution was suf-
ficient for the speeds encountered.

The halo CME observed on 29 June 1999
was associated with a front-side filament
eruption at 16°E 20°S, which was observed
with the use of SOHO/EIT (/7). Polarimetric
observations were made 2 h after the CME
began. The total brightness (Fig. 3A) shows
diffuse radially oriented structures at multiple
polar angles, giving a splatter-like appear-
ance, owing to the fact that the eruption is in
the direction of the instrument. The front or
rear view provided by halo CMEs allows an
examination of the angular structure of the
eruption not possible with limb CME obser-
vations. This particular halo CME is ideal for
studying the angular distribution of matter,
because it is composed of distinct ray-like
structures, as opposed to the solid spray of
coronal material observed in some halo erup-
tions. The front of the eruption has moved
beyond the edge of the C2 frame, indicating a
v, of at least 400 km/s.

The corresponding topographical map (Fig.
3D) shows a bilateral symmetry, with an axis
oriented along a line bisecting the disk at a polar
angle of ~135°, measured clockwise from the
north pole. The distance to the plane of the sky
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is maximum along the axis of symmetry, reach-
ing ~6R., whereas the |z| values for regions
nearly perpendicular to the axis reach maxima
of ~2.5R,. This morphology suggests that the
CME comprises a loop arcade that crosses the
magnetic neutral line. The neutral line separates
regions of opposite polarity magnetic flux.
Magnetic field maps made with the use of the
SOHO/Michelson Doppler Imager (MDI) in-
strument (/2) show that the neutral line in the
source region is approximately perpendicular to
the CME symmetry axis (Fig. 3D), and in the
EIT (/1) Extreme Ultraviolet (EUV) images of
the source region, loops spanning the line in-
crease in brightness during CME initiation.
These EUV loops are aligned with the central
loops along the topographical map symmetry
axis and may be the same structures in the early
phase of the eruption. The two radial structures
along the axis may be the legs of a loop or a
group of loops oriented toward the Earth,
whereas the structures at large angles to the axis
may be legs of loops tilted sideways, away from
the arcade center. The sideways tilt may be the
result of expansion in the loop minor radius
with heliocentric distance. The outer edges of
the loops are not visible, because the scattering
emission decreases as r~ 2 and therefore is weak
at the edge of the field. In addition, the electron

¥

TOP

(x,2)
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Fig. 3. (A) Total brightness of the halo CME occurring on 29 June 1999 (front view), (B) a
reconstructed side view of the CME in the (z, y) plane, (C) a reconstructed top view of the CME in
the (x, z) plane, and (D) a topographical map of the CME displaying distance from the (x, y) plane.
The upper lobe in the side view is ignored because it is not part of the CME. The color bar
indicates distance from the sky plane in R,. The solar disk is outlined, and the CME source
region within the disk is indicated by a @ symbol. An interrupted line segment through the ®
indicates the orientation of the magnetic neutral line. Arrows in the side and top views indicate

the CME direction.
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density may decrease with 7, contributing to the
weakening of emission.

Views in the (z, y) and (x, z) planes (Fig.
3, C and D) show that the CME comprises
linear structures oriented roughly radially. In
the topographical map (Fig. 2D), there are at
least six of these linear structures visible that
remain connected to the Sun, which may be
legs or groups of legs of the arcade loops. The
narrow, bright structure located in the north-
east quadrant was present before and after the
CME and therefore was part of a different
event. The loop legs have a total spread of
~90°, consistent with many CMEs observed
moving at oblique angles to the Earth-Sun
line (limb CMEs). The (z, y) view shows that
the legs intersect at the source region. Be-
cause the legs are distributed over most of the
polar angle range and remain connected to
the source region, the reconstruction suggests
the CME is an expanding loop arcade, rather
than a single flux rope. In the flux rope scenar-
10, the structure remains connected to the Sun at
the rope ends, rather than at multiple points
along the line perpendicular to the symmetry
axis, as found through our three-dimensional
reconstruction. Because the bottom portions of
the legs are fixed, the image motion between
individual polarimetric exposures is expected to
be negligible for the purpose of computing the
polarized brightness.

The direction of motion found by bisect-
ing the legs is consistent with radial motion
from the source region. The CME is directed
at an angle x of 22° from the line of sight.
Knowing x, we may compute the speed along
the Earth-Sun line from a measurement of the
plane of the sky speed. The speed in the plane
of the sky was measured at 472 km/s in the
eastern lobe (2). The speed along the Earth-
Sun line equals the plane-of-sky speed mul-
tiplied by the tangent of the angle between
the CME direction and the line of sight, or
1090 km/s.

The halo CME observed on 4 November
1998 originated in an active region located at
0°W 20°N. The total brightness 2 h after initi-
ation, at a time when the CME front had moved
beyond the frame edge (Fig. 4A), shows emis-
sion at all polar angles, indicating motion close-
ly aligned with the Earth-Sun line. As in the
case of the halo CME on 29 June 1999 (Fig. 3,
A to D), the corresponding topographical map
(Fig. 4D) shows a bilateral symmetry, with an
axis oriented at ~170° from the north pole,
measured in the clockwise direction. The CME
material is distributed at all polar angles, sug-
gesting that the eruption comprises many loops,
which explains its filled-in appearance. Be-
cause of this, it is difficult to determine the
direction of motion by bisecting its legs. The
reconstructed view in the (z, y) plane (Fig. 4B)
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Fig. 4. (A) Total brightness of the halo CME occurring on 4 November 1998 (front view), (B) a
reconstructed side view of the CME in the (z, y) plane, (C) a reconstructed top view of the CME in
the (x, z) plane, and (D) a topographical map of the CME displaying distance from the (x, y) plane.
The color bar indicates distance from the sky plane in R,. The solar disk is outlined, and the CME
source region within the disk is indicated by a ® symbol. An interrupted line segment through the
& symbol indicates the orientation of the magnetic neutral line.

shows a spread in the ray-like structures of
~90°, consistent with the CME observed on 29
June 1999. The reconstructed view in the (x, z)
plane (Fig. 4C) shows complex filaments.

Maximum |z| values of ~6R,, are found at
angles close to the symmetry axis, whereas
the values perpendicular to it are ~3R. The
analysis suggests that the CME is also an
expanding arcade, with an axis oriented at
~80° from the north pole, measured in a
clockwise direction. The region along the
symmetry axis may comprise loops directed
along the Earth-Sun line, whereas the regions
perpendicular to the axis may comprise loops
tilted sideways. As in the case of the CME on
29 June 1999, the topographical map symme-
try axis is perpendicular to the magnetic neu-
tral line (Fig. 4D) identified in the MDI mag-
netic field maps (/2). In addition, EIT (/1)
EUV images showed that at the time of the
eruption, loops belonging to an arcade orient-
ed along the symmetry axis also increased in
brightness, suggesting that these or others in
the same arcade expand to form the CME. If
so, it may be possible to determine the direc-
tion of the field in the CME as it propagates
to the Earth as a magnetic cloud. Five other
halo CMEs observed in polarized emission
were analyzed to determine their three-di-
mensional structures, which also displayed
bilateral symmetry consistent with a splayed
arcade morphology.
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