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ABSTRACT

With the complement of coronagraphs and imagers in the SECCHI suite, we will follow a coronal mass ejection
(CME) continuously from the Sun to Earth for the first time. The comparison, however, of the CME emission among
the various instruments is not as easy as one might think. This is because the telescopes record the Thomson-scattered
emission from the CME plasma, which has a rather sensitive dependence on the geometry between the observer and
the scattering material. Here we describe the proper treatment of the Thomson-scattered emission, compare the CME
brightness over a large range of elongation angles, and discuss the implications for existing and future white-light
coronagraph observations.
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Online material: color figures

1. INTRODUCTION

It is long been established that white-light emission of the co-
rona originates by Thomson scattering of the photospheric light
by coronal electrons (e.g., Minnaert 1930). Coronal mass ejec-
tions (CMEs) comprise a spectacular example of this process and
are regularly recorded by ground-based and space-based corona-
graphs. Thomson scattering theory is well understood and en-
ables us to use the observed brightness of a coronal structure to
estimate the number and/or the volume density of the electrons
contained therein under certain assumptions (Minnaert 1930;
van de Hulst 1950; Billings 1966).

In the analysis of coronal images, it is almost always assumed
that the lines of sight (LOSs) to each image location are parallel
to each other and to the Sun-observer (usually the Earth) line.
This approximation has been used historically in the analysis of
eclipse images, for which it is a reasonable approximation.When
the observable emission is restricted to a few solar radii above the
limb, there is very small angular divergence between LOSs through
the center of the image and those lines farther away. In that case,
the plane of maximum scattering, the plane of the sky, and the
plane of the solar limb coincide. This is commonly referred to
as the ‘‘plane-of-the-sky’’ assumption, and we retain the same
terminology here. However, this assumption fails across ex-
tended fields of view or for observations at large distances from
the Sun. On the other hand, there is no practical or computational
reason to retain this assumption. Then what are the observa-
tional implications if we decide to drop this assumption, and
what should we expect from the brightness of a structure ob-
served continuously over a significant portion of an AU?

These two scientific questions become important in the inter-
pretation of the images recorded by the Sun Earth Connection
Coronal and Heliospheric Investigation (SECCHI) coronagraphs
and heliospheric imagers (Howard et al. 2002) aboard the upcom-
ing Solar Terrestrial Relations Observatory (STEREO) mission.
As we show in this paper, the proper treatment of the white-light
emission requires a shift in our long-established ‘‘paradigm’’ of
the plane of the sky as the plane of maximum scattering. We start
in x 2 by explaining the proper Thomson scattering geometry for
solar /heliospheric observations. In x 3 we examine the range of
validity of the standard plane-of-the-sky assumption and analyze

some important implications resulting from dropping this as-
sumption. We conclude in x 4.

2. THOMSON SCATTERING GEOMETRY

The theory behind Thomson scattering is well understood
(Jackson 1997). Detailed treatments can be found in many pa-
pers in the literature (e.g., Minnaert 1930; van de Hulst 1950;
Billings 1966). Briefly, Thomson scattering is the scattering of
electromagnetic radiation (EMR) by free electrons in a plasma.
The electric field component of the incident radiation accelerates
the electron, which then moves in the direction of the oscillating
electric field. It then reemits EMR with a direction of polariza-
tion, which lies in a plane perpendicular to the incoming EMR.
The important point for our discussion is that the scattering
strength for a given electron depends on the angle � , between
the LOS and the radial through the scattering electron. The angu-
lar distance between the center of the Sun and the LOS is called
elongation, � (Fig. 1). The scattered emission has a maximum
when the LOS is at the closest approach to the Sun, namely, when
the LOS is normal to the radius through the scattering electron,
� ¼ 90�. That radius is called the impact radius (or distance), d
(Fig. 1). The plane normal to the LOS and defined by the impact
radius is commonly called the plane of the sky and corresponds
to the plane of the solar limb as seen by the observer, but only
when all lines of sight are assumed parallel to each other. From
the observer’s point of view, the polarization vector can be
separated into two components, one along the direction of the
incoming beam, called the radial component, and the other per-
pendicular to that direction, called the tangential component.
In reality, the lines of sight emanating from the observer are

not parallel, and every pixel location in a coronal image corre-
sponds to a slightly different elongation. When we trace the loci
of the points where � ¼ 90

�
as a function of elongation, we find

that the location of the maximum scattering does not lie on a
plane but on the surface of a sphere, which we call the Thomson
surface (or TS for brevity). Figure 1 summarizes the proper ge-
ometry for Thomson scattering from an electron located at P, at
a radial distance, r, from Sun center. The TS is centered half-
way between the Sun and the observer (Fig. 1) with a diameter
equal to the Sun-observer distance, R. The figure shows only a
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two-dimensional projection since the situation is rotationally
symmetric along the Sun-observer line.

The introduction of the concept of the TS as the location of
the maximum scattering (and hence of the maximum white light
emission) is the main point of our paper. The planes of the sky
and of the solar limb do not play a special role in the treatment of
coronagraph observations (although they are convenient approx-
imations close to the Sun). The brightness analysis should be
made relative to the TS. An obvious question concerns the im-
plication of this proposed change in the brightness calculations
in past CME analyses.

2.1. Comparison with Standard Approximation

The standard approximation for all CME (and streamer) bright-
ness analyses has been to assume the plane of the solar limb to be
the maximum scattering plane. We have shown that the appro-
priate surface should be the TS. To find the range of validity of
the standard approximation we calculate the brightness of a sin-
gle electron located at the limb (Blimb) and the brightness of the
same electron located on the TS (B0). In Figure 2we plot the ratio
(Blimb /B0) as a function of projected heliocentric distance. The
plot demonstrates that the ratio is close to 1 out to at least 70 R�.
It deviates significantly from unity only for distances close to the
observer (taken at 1 AU in this case). Since almost all corona-
graph analyses have been for heights below 30 R�, the results
of Figure 2 demonstrate that there is no need to reexamine past
results. They also show the need to adopt the TS formalism for
tracking and interpreting the CME brightness over large elon-
gations if we want to obtain consistent results. However, this is
not the only implication of adopting the TS.

2.2. Implications for CME Observations

A careful inspection of Figure 1 leads to two important obser-
vations: (1) The TS presents us with a changing surface of max-
imum scattering instead of the constant plane of the sky, and
(2) the scattering geometry is not symmetric with respect to the

solar limb but favors the Sun-observer side or rather the front side
of the disk. We expect therefore that the brightness of a given
CME will depend critically on the CME launch longitude rela-
tive to the position of the TS.

To get an appreciation for the magnitude of these effects we
performed some simulations. To keep them simple, we did not
address the CME structure along the LOS, which is unknown
and would involve a large number of additional assumptions. In-
stead, our simulated CMEs consist of a single electron propagat-
ing radially away from the Sun at various angular distances from
the solar limb. This simple assumption is sufficient to provide im-
portant physical insights into the CME brightness behavior and
can also be quantitatively accurate. For example, we used sim-
ilar simulations to estimate the degree of underestimation of Large
Angle and Spectrometric Coronagraph Experiment (LASCO)
mass measurements toP50% (Vourlidas et al. 2000). Our results
were subsequently confirmed by detailed three-dimensionalMHD
CME simulations (Lugaz et al. 2005). Final verification for such
predictions will hopefully be provided by future STEREO ob-
servations. Keeping the above assumptions in mind, we use,
from now on, the single electron results to investigate the CME
brightness.

First we examine those events originating from the front side
of the Sun. In Figure 3 we plot the brightness versus elongation
for a single electron propagating radially at various longitudes
(the solar limb is at 0

�
). The plot indicates the following:

1. There is a sharp brightness falloff for all launch longitudes
within the first 20–30 R�.

2. CMEs originating at and propagating along the solar limb
have a similar brightness behavior as CMEs from other longi-
tudes up to about 100R�. Then their brightness decreases sharply,
especially beyond 150 R�. The obvious implication is that limb
events that are bright and easily detectable by near-Sun coro-
nagraphs, such as Solar and Heliospheric Observatory (SOHO)
LASCO or SECCHI COR2, are unlikely to be detected by he-
liospheric imagers at large elongations.

3. CMEs originating at longitudes close to the Sun-observer
line (e.g.,k40�) reach a brightness plateau at around 50 R� or so.
This plateau is almost the same for a wide range of launch lon-
gitudes and has a very shallow gradient, even for large distances

Fig. 1.—Generalized Thomson scattering geometry. [See the electronic edition
of the Journal for a color version of this figure.]

Fig. 2.—Range of validity of the plane-of-the-sky assumption currently used
for CME brightness calculations. The ratio Blimb /B0 is the ratio of the bright-
ness calculated using the assumption over the brightness derived from the full
treatment.
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from the Sun. This is a surprising result, at least to us. We are
unaware of any discussion of it in the literature. It implies that
CMEs launched from the front disk will show very little bright-
ness decrease through their passage from the outer corona to the
heliosphere and therefore should be easily trackable with the
SECCHI heliospheric imagers as long as they carry sufficient
mass to be detectable in the first place. As we discussed above,
this is not true for CMEs launched close to the solar limb.

Second, we looked into the front-to-back asymmetry implied
by the geometry in Figure 1. In Figure 4 we plot the front-to-back
brightness ratio for single-electron CMEs for various launch lon-
gitudes and for both total and polarized brightness (pB). The
launch longitudes are relative to the solar limb. Each plot gives
the ratio for a particular launch longitude as a function of the
impact radius. We note the following:

1. Frontside CMEs are always brighter than their backside
counterparts (the brightness ratio is always �1).
2. The ratio is generally very close to 1 close to the Sun,

within the fields of view of current coronagraphs (P30R�). Given
the broad range of CME brightnesses and the uncertainties in
their electron content, the relatively small differences between
frontside and backside CMEs cannot be reliably detected. Such

Fig. 4.—Brightness ratio between CMEs launched from the front disk and behind the limb as a function of their projected distance and launch longitude (relative to
the solar limb). Both total brightness (solid lines) and pB ratios (dotted lines) are plotted.

Fig. 3.—Brightness of a single electron as a function of elongation or dis-
tance for various distances from the solar limb ( located at 0�). [See the electronic
edition of the Journal for a color version of this figure.]
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conclusions have been reached before using the plane-of-the sky
assumption (Andrews 2002).

3. There is a detectable brightness difference between front-
side and backside CMEs for launch longitudes larger than 50�.
This difference is particularly severe for longitudes >60

�
, where

a very sharp transition occurs at large elongations. This is espe-
cially apparent in the pB curves. These results imply that back-
side events originating close to the central meridian should not
be easily detectable by coronagraphs. This is contrary to the pre-
vailing assumption in the field, that front and backside halos are
undistinguishable. The brightness curves also suggest that back-
side CMEs will tend to fade faster with height than frontside
events. This phenomenonmight be a possible explanation for a num-
ber of events seen to disappear midway through the LASCO/C3
field of view (Vourlidas & Howard 2005). These effects would be
much easier to detect in pB observations. Unfortunately, LASCO
pB observations in the 20–30 R� range are infrequent and carry
considerable uncertainties (due to the F-corona polarization). No
such measurements for heliospheric imagers are available or
planned in the future.

These results may directly affect the interpretation of CME
observations from Solar Mass Ejection Imager (SMEI; Jackson
et al. 2004), the only heliospheric imager operating currently.
Based on the above discussion, SMEI is likely to observe only
frontside CMEs, away from the solar limb, and especially Earth-
directed CMEs. The flanks of limb CMEs could also be observed
by SMEI if they extend to intermediate longitudes (say, about 40�

from the limb), but the sensitivity of the SMEI photometers is
probably too low to detect backside events. Analyses of specific
events, currently in progress, will reveal the accuracy of these
predictions.

2.3. CME Mass Underestimation

Because the white-light emission fromCMEs is optically thin,
the accuracy of measuring the total brightness of an event de-
pends mainly on the signal detection thresholds of a given co-
ronagraph. However, the derivation of the total electron content
from brightness measurements is not so straightforward. The
number of electrons in a CME or alternatively its mass is always
calculated assuming that the electrons are concentrated on the
plane of maximum scattering. This is really the best assumption
we can make since the true extent of the CME and the three-
dimensional distribution of the scattering electrons within the
ejecta are unknown. The effect of this assumption on the CME
masses has been discussed by Vourlidas et al. (2000) using the
plane of the sky as the location of maximum scattering. It was
shown that it leads to an underestimation of the total CME mass
up to a factor of 2.

We repeat the same exercise here but using the TS, which is
the proper maximum scattering surface. First, we calculate the
brightness, B0, of an electron on the TS as a function of elonga-
tion. Then we repeat the calculation for electrons along various
angles from the limb (e.g., Fig. 3) to obtain their brightness curves,
B�. The ratio B� /B0 is a measure of the expected underestimation
of the mass. In Figure 5 we show the results for a single electron
CME propagating along three representative longitudes (the limb
is at 0�). Since we know the longitude of our idealized CME, we
know its actual mass, and we can use the inverse of those curves
as mass correction factors. The curves are for frontside CMEs,
but similar curves can be plotted for backside events. A few
interesting observations arise from Figure 5:

1. As we have found earlier, the mass for CMEs propagating
close to the solar limb is well estimated even for observations

well into the heliosphere. The underestimation becomes larger
than a factor of 2 only for elongations beyond about 60�.

2. The assumption that all electrons lie on the TS provides
an excellent representation for the mass of CMEs propagating at
intermediate longitudes (around �40

�
). In fact, the underesti-

mation of mass is never off by more than 20%, even for extreme
elongations.

3. Halo CMEs have the opposite behavior to limb CMEs, as
expected. It is interesting that estimations of their masses become
more accurate at larger distances from the Sun.

3. DISCUSSION

The concept of the TS is not really new. The Thomson scat-
tering equations have been used for years to compute electron
densities from white-light brightness observations, even at large
elongations (e.g., Jackson 1985). As we have shown, the histori-
cal assumptions do not lead to any significant errors. But the
common observation of halo CMEs from LASCO has led to
thoughts on how to provide a better mass estimate. From the
analysis presented here, the paradigm of symmetry between
backsided and frontsided events is not valid. CMEs with cen-
tral angles far from the limb have very different behavior de-
pending on whether they originate from the front or back side.
Many LASCO CMEs are not observed beyond about 15 R�
(Vourlidas & Howard 2005). This observation is consistent
with our modeling but needs further analysis before reaching
any conclusions.

The CME mass should be conserved as it propagates through
the interplanetary medium. If the wrong angle is assumed for the
propagation direction, the total mass will not be constant as it
propagates. The curves in Figure 5 can be used to adjust the cen-
tral angle of the CME until the total mass is conserved. Of course,
the CME mass might increase due to material being swept up
from the ambient solar wind. This would imply that a single
angle cannot be found that would fit the observations. Instead,
equivalent sets of curves with increasing mass pickup would
need to be generated. Observing CMEs from two angles would
resolve this ambiguity and would be a direct measure of mass
pickup.

To test this idea, we set a simple simulation of what a CME
mass analysis of SECCHI observations might provide (Fig. 6).

Fig. 5.—Mass underestimation curves for single electron CMEs launched at
various angles from the limb (solar limb is at 0

�
).
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We assumed a CME of infinitesimal width, mass of 2 ; 1015 g,
which is launched along the solar limb. The total brightness of
this CMEwithin the SECCHI instruments’ field of view is shown
in the upper left panel of Figure 6. From thosemeasurements, we
calculate the mass using the default assumption that all electrons
lie on the TS (stars in the top right panel of Fig. 6). We then
consider the effect of mass pileup using two gradients with max-
imum pileup of 10% and 50% of the final mass, respectively. The
corresponding pileups are shown as error bars in Figure 6. The
10% error bars are barely discernible through the star symbols in
the figure. In a real analysis situation and faced with such a dis-
tribution of mass values, we would then seek to divide the masses
by a correction curve (such as the ones in Fig. 5) that ideallywould
bring all masses to the same value (since one cannot know a priori
whether pileup has occurred). But how can we find the correct
curve if we do not know the launch angle of the CME?

The solution is surprising simple. In the next step, we normal-
ize the measured masses (by the maximum mass for each of the
two pileup cases). The reason for the normalization is to allow
us to plot the observations directly onto mass underestimation
curves (Fig. 5), which are normalized by default. The results for
the two cases of pileup are shown in the lower panels of Figure 6.
We see that our ‘‘measured’’ masses fall on or very close to one
(or two) of those curves. In particular, the masses from the 10%
pileup case correctly identify that our CME originates at the limb
(the 0� curve), while the 50% case has a slightly higher ambi-
guity with the mass points falling between the 0� and 10� curves.
It is obvious that we can recover some information about the
launch longitude of the CME even for the high pileup case as

long as observations at large elongations are available. The lo-
calization error seems to be about 10

�
.

These results seem to suggest that the SECCHI mass mea-
surements might not be very sensitive to mass pileup. However,
the simulations are very simple and do not take into account
effects such as the three-dimensional extent of a CME and instru-
mental limitations. Accurate determination of the sensitivity to
mass pickup will have to wait until we perform more sophisti-
cated simulations. It is interesting to note that a mass pickup of
50% would skew the CME launch angle toward larger values if
measurements at larger elongations were unavailable. This ob-
servation points to the importance of the heliospheric imagers in
providing valuable constraints to the determination of the three-
dimensional structure of CMEs.
Finally, we note that the studies done here are mostly for total

brightness. Since there are no heliospheric pB measurements
available nor are any planned for the future, we decided to con-
centrate on total brightness. The analysis of polarized bright-
ness would give exactly the same behavior but would be more
strongly peaked about the TS (Fig. 4).1

STEREO will provide a direct measure of the validity of the
Thomson scattering equations. For example, there will be struc-
tures or CMEs that are observedwith backside geometry fromone
spacecraft andwith frontside geometry from the other spacecraft.

Fig. 6.—Simulation of CME observations from a single SECCHI suite. Top left: Total brightness of a 2 ; 1015 g CME launched along the solar limb at various
elongations. Top right: Mass measurements derived under the assumption that all electrons lie on the TS. The bar show the effect of 10% and 50% pileup on the mass.
Bottom left: The normalized masses, for 10% pileup, are plotted on mass underestimation curves (see also Fig. 5). Bottom right: Same as left panel, but for a 50% pileup.

1 The Thomson scattering algorithm used here is available as an IDL pro-
cedure in the solar-soft library under the SOHO LASCO directory. The name is
‘‘eltheory.pro.’’
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4. CONCLUSIONS

Our paper aims to bring to the attention of the community
a few key issues regarding the interpretation of white-light
CME observations by coronagraphs and heliospheric imagers.
Our motivation is to prepare for the upcoming observations from
the SECCHI coronagraphs and heliospheric imagers aboard the
STEREOmission. These instruments will enable us to observe a
CME continuously over a large range of elongations. The analy-
sis and interpretations of these observations require a revisit of
our standard assumptions and notions used so far in the field. In
the previous sections, we revisited some scattering issues with a
special emphasis on the proper scattering geometry. The replace-
ment of the sky plane by the Thomson surface is not only phys-
ically correct, but it also allows us to treat the CME brightness
self-consistently over arbitrary fields of view.We tried to provide
a feel for the effects on this newmethodology in CME brightness
interpretation by performing a series of simple simulations. We
recap the most important results:

1. CMEs propagating along the solar limb while bright in
near-Sun coronagraphs are unlikely to be detectable further in
the heliosphere.

2. Frontside events at intermediate angles will exhibit ap-
proximately constant levels of brightness over a wide range of
heliocentric distances. This is contrary to our intuition, which ex-
pected events to become fainter as they travel away from the Sun.
This result implies that Earth-directed CMEs are not necessarily

brighter than limb CMEs, contrary to what has been previously
claimed (Andrews 2002).

3. The historical sky plane assumption holds well for obser-
vations within about 100 R� from Sun center.

4. The adoption of the TS concept reveals an asymmetry in
the scattering efficiency relative to the solar limb. It has not been
noted before and suggests that coronagraph observations alone
could be capable of discriminating between front and backsided
events under certain conditions.

5. CME observations over a large range of elongations might
allow us to estimate the CME launch angle under the assump-
tion of mass conservation. The combined observations from
both SECCHI instruments suites might allow us to determine
both the launch angle and the amount of pileup during the CME
propagation.

This work is concernedwith the very basic effects of Thomson
scattering on simple one-dimensional CMEs. An exploration of
the effects of this methodology on more complex CME shapes is
necessary, and we will be carrying on such an effort in the near
future.

We thank the referee for the careful reading of the manuscript.
This research was carried out under funding from NASA on
SOHO LASCO MO&DA and on STEREO SECCHI.
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