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Abstract Images of coronal mass ejections (CMEs) from the Heliospheric Imager instruments on
board the Solar Terrestrial Relations Observatory (STEREO) spacecraft frequently contain rich structure.
Here, we present analysis of the Earth-directed CME launched on 12 December 2008 in which we interpret
the revealed structure as projections of separate discrete sections of the physical boundary of the CME. By
comparing the relative position of the outer and inner “ghost” fronts seen in the STEREO Heliospheric
Imager 1 cameras with the positions of features determined from three CME models, we show that the two
fronts seen in the images correspond to the expected position of the flank and nose of the CME where the
background solar wind is uniform. In contrast, the flank of the CME observed expanding into a structured
background solar wind results in the elongation between the two fronts being greater than expected. This
is consistent with the CME flank distorting in the presence of a high-speed solar wind stream. Further
work is required to consolidate these results. The presence of a shock for this event was ruled out by
consideration of the low CME speed and by studying in situ spacecraft data. The CME flank crossing the
Thomson sphere was also ruled out as a cause of the ghost fronts. Ghost fronts could provide information
about the longitudinal shape of the CME independent of geometric models. This technique could
subsequently be used to improve space weather forecast models through techniques such as data
assimilation.

1. Introduction
The Heliospheric Imagers (HIs; Eyles et al., 2009) on board the twin Solar Terrestrial Relations Observatory
(STEREO) spacecraft (Kaiser, 2005) have returned remarkable images of interplanetary coronal mass ejec-
tions (CMEs) revealing detailed and often intricate structures within each eruption. During the first 4 years
of the mission, the spacecraft were in a geometry that enabled the HI instruments to image Earth-directed
transients from outside the Sun-Earth line. In principle, this view point enables the radial speed of CMEs to
be estimated directly from the images rather than inferred from the expansion rate of a CME as viewed along
the Sun-Earth line. Techniques developed for estimating the speed, v, and direction of transients relative to
the observer, 𝜙 (Sheeley et al., 1999) were extended to the HIs (Rouillard et al., 2011; Sheeley & Rouillard,
2010). These “fixed phi” techniques use the assumption that a CME is traveling at a constant speed and use
the apparent acceleration within a sequence of images to infer a constant direction of CME propagation
relative to the observer. This technique, which treats the transient as a single point, was soon extended to
account for the three-dimensional geometry of a CME. The Harmonic Mean method (Lugaz et al., 2009)
treats a CME as an expanding sphere with one limb anchored to the Sun (known as the Harmonic Mean fit-
ting technique), while the Self-Similar-Expansion technique (Davies et al., 2012) assumes a spherical CME
whose radius changes as it expands from the Sun in such a way that it has a constant angular width. The
Harmonic Mean and fixed phi models are examples of the self-similar expansion model with the half width
of the CME set to 90◦ and 0◦, respectively. In all these techniques, the apparent elongation angle of the CME
from the Sun is estimated by taking slices through the HI images (most often along the ecliptic) and stack-
ing these to form a “J-map”—a plot of image brightness as a function of elongation and time. On a J-map,
a transient appears as a bright feature with a positive gradient. These features are then (usually manually)
scaled and a two-parameter fit in speed and direction is carried out. All these techniques make assumptions
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Figure 1. Three cartoons demonstrating the difference in elongation angle for the nose (𝜀AN ) and tangent point (𝜀AT)
of a circular (left), elliptical (center), and kinematically distorted (right) CME. In each case, the CME is assumed to
expand with a constant longitudinal half width, 𝜆. STEREO = Solar Terrestrial Relations Observatory; CME = coronal
mass ejection.

about the extent of a three-dimensional structure from two-dimensional images. Recent work (Barnard et al.,
2017) on a subset of Earth-directed CMEs, for which arrival times at Earth were available from in situ obser-
vations at the L1 point, took initial values of CME speed, angular extent and propagation direction from
coronagraph data and, using these, investigated the efficacy of these geometrical models in predicting the
speed and time of a CME's arrival at Earth. Their work showed that, despite minimizing the uncertainties
in all known variables, none of these techniques were able to generate physically realistic and consistent
predictions from both spacecraft within the expected uncertainties. They concluded that the assumptions
about a symmetric CME geometry did not adequately describe the evolution of a CME. This is unsurprising.
An interplanetary CME should not be considered as a coherent structure since the longitudinal expansion
rate of a CME quickly exceeds the Alfvén speed of the solar wind plasma, preventing information to be
transmitted across a CME front (Owens et al., 2017). A more realistic physically constrained model of CME
evolution (Owens et al., 2006) follows an initially circular flux rope CME as it becomes distorted in a con-
stant solar wind flow. This kinematically distorting flux rope (KDFR) model was subsequently extended to
consider CME distortions generated by a CME expanding into a non-uniform solar wind (Owens, 2006).

2. Multiple Fronts in HI Images
One characteristic that seems to be extremely common among CMEs observed by the HI-1 cameras is the
presence of a secondary “ghost” front that is similar in shape to the observed outer edge of the event but
separated by a few degrees in elongation. The intensities seen in each pixel of an HI image result from Thom-
son scattering of sunlight by electrons integrated along the line of sight. A bright feature within an image
can therefore be interpreted as a discrete, relatively dense region of solar wind plasma, contributions from
an extended region of plasma distributed along the line of sight, or a combination of the two. In any given
line of sight, the weight given to a particular solar wind structure depends on its density and its distance
from the Thomson sphere. In a spherically symmetrical solar wind plasma whose density decreases with
distance from the Sun, this will correspond to the point closest to the Sun. For an observer at a distance from
the Sun, this region of enhanced weighting describes a sphere whose diameter lies between the observer
and the Sun—known as the Thomson sphere. It is conceivable therefore that multiple enhanced returns
may result from the same extended feature, both where the plasma density is enhanced at the front of the
CME and where that structure crosses the Thomson sphere. Modeling work by Manchester IV et al. (2008)
demonstrated such behavior for a CME in synthetic HI-2 images. The Thomson sphere is better called the
Thomson Plateau, a broad region centered on the Thomson sphere that is about 50–60◦ wide, where the
scattered white light has approximately equal intensity (Howard, 2011; Howard & DeForest, 2012). Alterna-
tively, multiple fronts may result from the same extended feature corresponding to both the dense region of
plasma accumulating at the leading edge, or “nose,” of a CME and the extended region of plasma along the
flank of the CME corresponding to the tangent of the structure with respect to the observer (Figure 1). Some
authors have interpreted the multiple fronts as a pileup of material corresponding to the position of a shock
ahead of the material being swept up by the magnetic cloud within the CME (Pant et al., 2016). Lugaz et al.
(2012) discuss the complexity of confidently associating features in HI images with different components of
CME structure.
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Figure 2. The CME of 12 December 2008 (here represented in white as a kinematically distorting flux rope) overlaid
on the modeled background solar wind field. The nose and eastern flank of the CME (as observed from STEREO-A) is
expanding into a uniform region of slow solar wind. In contrast, the western flank of the CME (as observed from
STEREO-B) is expanding into a region which includes a fast solar wind stream. Lines of sight from the spacecraft to the
CME nose are represented as a white solid line while lines of sight from the spacecraft to the CME flanks (tangent to
the front) are represented as dotted lines. The CME direction of propagation (as determined from coronagraph
observations) is represented by a white dashed line and the Sun-Earth line is represented by a solid black line. STEREO
= Solar Terrestrial Relations Observatory; CME = coronal mass ejection.

3. The CME of 12 December 2008
STEREO was launched into one of the deepest solar minima for a century (see, e.g., the sunspot data at http://
sidc.be/silso/), and so there were few Earth-directed events occurring during the early phase of the mis-
sion. In December 2008, the spacecraft were separated from the Earth by an Earth-Sun-Spacecraft angle of
approximately 42◦. We note that this is similar to potential new operational space weather missions situated
near the L5 point.

In the current paper, we consider the multiple ghost fronts observed in HI images during the CME of 12
December 2008. This was the first Earth-directed CME to be tracked to Earth with the HI instruments on
board both STEREO spacecraft and so has been the subject of much analysis (Byrne et al., 2010; Davis et al.,
2009; Liu et al., 2010). Davis et al. (2009) tracked three features observed in images from the HI instruments
on both spacecraft. Adopting the techniques developed by Sheeley et al. (1999) and Sheeley and Rouillard
(2010), they tracked these features in time/height profiles (J-maps) independently for each spacecraft and
showed that the arrival time of the first feature at Earth was consistent with a constant propagation speed of
411 ± 23 km/s for HI-A and 417 ± 15 km/s for HI-B. Subsequently, Liu et al. (2010) used J-maps to identify
transient features in both STEREO spacecraft and, assuming that both spacecraft were observing the same
isolated feature, triangulated on this point to determine the location and movement of that feature in the
equatorial plane. A CME is a three-dimensional structure, and, as the authors themselves state, However,
the imaging observations provide integrated line-of-sight information through a three-dimensional structure.
Projection and Thomson-scattering effects may affect the tracks in the time-elongation maps in ways that are
difficult to assess quantitatively without detailed modelling of the coronal brightness. Barnard et al. (2017)
discuss the limitations in feature tracking using J-maps rather than through tracking fronts in the images. A
comparison of predicted arrival of the fronts at 1 AU presented by Liu et al. (2010) is consistent with the in
situ data at L1. However, the extended region of enhanced solar wind density seen ahead of the CME allows
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Figure 3. In situ solar wind data at L1 as measured by the Advanced Composition Explorer spacecraft. From top to
bottom panels the parameters are total magnetic field, magnetic field azimuth angle, magnetic field inclination angle,
radial speed, proton concentration, and temperature.

for considerable uncertainty in the predicted arrival time of the first front and the second front coincides
with an enhancement that is barely greater than ambient solar wind. It should be noted that Davis et al.
(2009) achieved similar, if not better, agreement with the in situ data from their analysis by tracking an
entirely different third front seen in the HI images.

One consequence of assuming a line-of-sight integration of scattered light is coming from a point source (as
is done in the analysis of Liu et al., 2010) is that any asymmetric expansion of an extended 3-D structure
will manifest itself as a change in propagation direction, as was presented their analysis. Here we use an
empirical model (described by Riley et al., 2001, and available at http://www.predsci.com/mhdweb/home.
php) to examine the background solar wind for the epoch of this event (Figure 2). This model suggests that
while the background solar wind encompassing the nose and eastward flank of the CME (as observed from
HI-A) was indeed uniform and relatively slow, the westward portion of the CME was expanding into a stream
of fast solar wind and so would be expected to evolve asymmetrically compared with the eastern flank.

Lugaz et al. (2010) considered a set of four CMEs, including the event of 12 December 2008, and made
estimates of their azimuthal properties by the application of a pair of models that assumed either a spherical
CME connected to the Sun expanding into the heliosphere with a varying direction of propagation or a
spherical CME expanding along a fixed direction with a variable radius. For the 12 December 2008 CME,
they found the two brightest features to be propagating along longitudes separated by around 10◦. Both
these models assume a symmetrically expanding front. Any asymmetry in the expansion of the actual CME
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(as would be expected in the case of the 12 December 2008 CME) could explain this apparent difference in
propagation direction.

All of the analyses described above are valid attempts to model this CME given the current information
available. Assumptions need to be made in order to fill in the gaps necessary to estimate the size, shape,
speed, and propagation direction of a CME. We here present an alternative approach, in which the initial
shape and position of the CME are characterized from coronagraph data. An assumption is then made that
its half width remains constant as it propagates and the two fronts observed in the HI images from a single
spacecraft (Figure 4) are interpreted as two sections of the same front. In this way, no assumption is made
about the evolution of the CME shape other than of it expanding with a constant angular width. Instead, the
relative separation of these fronts can be used to infer information about the longitudinal properties of the
CME. By comparison with established CME propagation models, we show that our results are broadly con-
sistent with geometric models where the background solar wind is constant but deviate from these where the
background solar wind is more structured. Nevertheless, the observations are consistent with the expected
distortion of the CME front. Since we are determining the CME half-width from coronagraph data, we here
do not consider the Harmonic Mean technique as this effectively assumes a CME half width of 90◦.

While there is some range in predicted values for the speed and direction of this event, all studies conclude
that this event was Earth directed, with an average radial speed between the Sun and the Earth of approxi-
mately 400 km/s. Such a speed is usually insufficient to generate a shock ahead of the CME, although Owens
et al. (2008) and Lugaz et al. (2017) demonstrated that this can sometimes happen. Slow CMEs can still drive
shocks but they do so by either expanding (so while the average speed is low, the leading edge speed can be
relatively high) or by propagating into very slow upstream wind (300 km/s or less). For the December 2008
interplanetary CME, neither is really applicable (Figure 3). The in situ data, recorded by the ACE spacecraft
(Stone et al., 1998) as the transient swept past the L1 point upstream of the Earth, contain little evidence of
continued expansion, and the upstream solar wind is approximately 340 km/s. There is some compression
of the upstream solar wind, but there is no obvious shock at 1 AU. While the CME may have been initially
traveling faster than this average speed, it is unlikely, in this instance, that a shock traveling ahead of the
CME magnetic cloud can explain the multiple fronts observed in HI data.

4. Analysis of Coronagraph Data
Multiple, independent methods were used to reconstruct the CME in the coronagraph field of view. One of
the methods is an extension of Space Weather Prediction Center (SWPC)-CME Analysis Tool (CAT; Millward
et al., 2013), which is a tool that uses a 3-D, balloon-like shape to visually match the white light image
observed by STEREO-A, STEREO-B, and Solar and Heliospheric Observatory (SOHO) corresponding to the
outer, dense leading edge of the CME. The fitting tool we used differs from SWPC-CAT, in that the shape
used to approximate the CME can have an elliptical cross section; in addition, the curvature of the leading
edge can be changed from a flat leading edge (a cone with no ice cream) to a highly rounded leading edge
(a cone with a generous scoop of ice cream). Another method we used is a purely geometric technique,
geometric localization (de Koning et al., 2009; Pizzo & Biesecker, 2004). The third method we used is the
method of equal masses (Colaninno & Vourlidas, 2009).

The angular extent of the CME was determined using enhanced SWPC-CAT, only. The east-west half width
was estimated to be 21 ± 3◦, while the north-south half width was estimated to be 23 ± 2◦. So, initially, this
CME had a nearly circular cross section. The initial position of the CME leading edge within the coronagraph
data was estimated to be at a radial distance of 7.9 ± 0.4 solar radii at 10:37 on 12 December 2008.

The latitude of propagation was estimated using two of the above methods. Using enhanced SWPC-CAT with
two or three spacecraft, resulted in a latitude of 8 ± 1◦ in Heliocentric Earth Equatorial (HEEQ) coordinates,
slightly north of the solar equator. The estimated latitude did not strongly depend on whether two or three
spacecraft were used, or on the curvature of the leading edge. Using the purely geometric technique, the
latitude of propagation was found to be similar, 10 ± 3◦ HEEQ. The method of equal masses is not sensitive
to the latitude of propagation; therefore, that technique is not applicable. Combining these results in an
ensemble of (two) methods, results in a latitude of 9 ± 2◦ in HEEQ coordinates. The longitude of propagation
was estimated using all three methods. Using enhanced SWPC-CAT with two or three spacecraft and balloon
shapes with various leading-edge curvature, resulted in a longitude of 10 ± 2◦ HEEQ, slightly west of the
Sun-Earth line. Using geometric localization, the longitude was estimated to be 8 ± 1◦ HEEQ. The method
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Figure 4. An example Heliospheric Imager A image from 22:49 UT on 12 December 2008 showing (a) background
subtracted image, (b) running difference image, (c) the same image with the two fronts identified from the kernel
density analysis, and (d) the fitted fronts alone. We argue that, for this event, the outer and inner fronts correspond to
the tangent and nose respectively, of a single coronal mass ejection front. The dotted lines represent the standard error
in elongation derived from multiple identifications of each front. The ecliptic is marked with a blue line.

of equal masses generated a value of 17 ± 3◦ HEEQ. Combining all analyses in an ensemble of techniques
(in which approximately equal weight is given to each method), results in a longitude of 10 ± 4◦ in HEEQ
coordinates.

The CME speed within the coronagraph field of view was estimated using two different methods. Using
enhanced SWPC-CAT, the speed was dependent on the leading-edge curvature. The flatter the leading edge,
the lower the speed. For a highly flattened leading edge, the speed was estimated to be 350 ± 10 km/s; for
a rounder cone, the speed was estimated to be 410 ± 20 km/s. Using geometric localization, the speed was
estimated to be 390 ± 40 km/s. Combining all results in an ensemble of techniques (in this case, no attempt
was made to give equal weight to each shape and method) results in a radial speed of 380 ± 30 km/s.

Analysis of coronagraph data (following the method of Colaninno & Vourlidas, 2009) determined that the
CME had a deprojected mass of 2.6 · 1012 kg. Epistemic uncertainty due to a lack of knowledge about the
CME's morphology and mass distribution (see de Koning, 2017) suggests that the CME's true mass may
be 30% higher than the deprojected mass. While Webb and Howard (2012) have carried out a more recent
survey of CME masses, our analysis is more directly comparable with Burkepile et al. (2004) who looked at
limb-event CMEs only as observed by the Solar Maximum Mission, in order to eliminate projection effects.
They found an average mass for limb CMEs of 4.5 ± 0.5 · 1012 kg. Thus, this CME is lighter than the average
limb CME, even accounting for uncertainty.

Combined with low speed, this was not an energetic CME, which may make it susceptible to distortion. The
kinetic energy for this event was 2.0 ·1023 J (2.0 ·1030 erg). However, according to Burkepile et al. (2004),
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Figure 5. Radial distance versus time for the front corresponding to the
leading edge of the coronal mass ejection. Times start on 12 December
2008. Time is in UT. Coronagraph data were used to estimate the direction
of propagation (10◦ west of the Sun-Earth line).

the average kinetic energy for a limb CME was 2.4 ·1024 J (2.4 · 1031 erg),
which is an order of magnitude higher than this event. In fact, the CME
parameters detailed above best describe the CME in the outer corona-
graph field of view, but do poorly in the inner coronagraph field of view,
suggesting that the CME underwent some distortion as it propagated
through the STEREO/COR2 field of view.

5. Analysis of HI Data
For the purposes of this analysis, images from only the inner HI1 cam-
eras were used. The main reasons for this was that the plasma density
within a CME is greater closer to the Sun and so CMEs appear brighter
in HI images since the amount of sunlight scattered through Thomson
scattering increases with plasma density. Though the ghost fronts are
visible in images from which the background F-corona signal has been
subtracted (Figure 4a), running differenced images, in which two con-
secutive images are aligned and the difference taken, are used for this
analysis since this improves the contrast of the features of interest. As
a result, static features within the images are removed while any tran-
sient features increase the signal in pixels gaining plasma and decrease
the signal in pixels in which plasma has been lost. When imaged in
monochrome, a transient moving away from the Sun therefore shows as
a feature with a bright leading edge followed by a darker trailing edge.

A sequence of images from each HI1 instrument was examined independently by multiple researchers using
tools developed by the Zooniverse team, originally for classifying galaxies (Lintott et al., 2008). The leading
edge of each of the two most prominent fronts were identified multiple times in each image by marking
them with a series of points. These points were then passed through a kernel density analysis similar to
that used in previous analyses (Barnard et al., 2017), the output of which gives the location of each front,
along with uncertainties (see Figure 4d). The data are then further reduced by considering only the front at
the elevation angle corresponding to the ecliptic. In this way, the propagation of the two CME fronts can be
plotted as a function of elongation angle, 𝜖, against time for each spacecraft.

At this stage it becomes possible to estimate the radial speed of the CME in the HI data. We initially focus
on data from HI-A since the nose and flank of the CME observed from this spacecraft fit are expected to be
expanding into a uniform solar wind. For the given geometry, the second front, the ghost front, most likely
corresponds to the leading edge, or nose, of the CME and so this was used to estimate the radial speed. By
using the direction of propagation determined from the coronagraph data (10◦ west of the Sun-Earth line),
the elongations within the HI data can be converted to radial distances. Plotting these as a function of time
generated a straight line (Figure 5), indicating that the speed of the CME was constant throughout the HI
field of view. A weighted fit to this line gives a speed estimate of 500 ± 15 km/s. It should be noted that this
process is analogous to the fixed phi fitting routine for a point source introduced by Sheeley et al. (1999)
and Sheeley and Rouillard (2010) although in the current analysis the angle of propagation is determined
from the coronagraph data and the subsequent radial speed only calculated after inspection of the resulting
distances showed they followed a linear relationship with time. While the radial CME speed measured in
HI is greater than the speed estimated from the coronagraph data, it is not inconceivable that the CME
underwent further acceleration before reaching radial distances visible within the HI1 field of view. As a
sanity check, the CME speed was also estimated from the time taken to propagate from the initial observation
within the COR field of view to the first point within the HI field of view that was used in the analysis
(34.2 ± 3.3 solar radii at 20:49 on 12 December 2008, assuming a propagation direction of 10◦ west of the
Sun-Earth line). This was found to be 497 ± 63 km/s, consistent with the radial speed estimated from the
HI data alone.

It should be noted that the two fronts identified by Liu et al. (2010), from their scaling of features in the
J-map presented in their Figure 3, approximate to the outer (tangent) front of our analysis and some other
feature that seems to sit at lower elongations than the second front we have identified as the ghost front (see
their Figure 2). The speed profiles of the features presented in their Figure 4 show that they estimated the
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Figure 6. Elongation versus time for modeled elongations of the nose (𝜀AN , dashed black line) and tangent (𝜀AT , black
solid line) compared with the elongations of the two fronts scaled from Solar Terrestrial Relations Observatory
Heliospheric Imager 1-A data. Times start on 12 December 2008. The results in panel (a) assume a circular self-similar
expansion model CME, the results in panel (b) assume an elliptically expanding CME, and panel (c) assumes the front
evolves like a kinematically distorting flux rope. In all cases, the models assume the CME is moving at a radial speed of
500 km/s. It should be noted that in all the above models, the evolution of the CME nose (dotted line) is the same.
CME = coronal mass ejection.
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speed of their outer front to reach speeds in excess of 600 km/s, while their inner front reached speeds of
around 400 km/s. Despite the difference in methods (direction of propagation was a free parameter in their
analysis while ours was fixed from the coronagraph observations), it is not unreasonable that the speed we
find for our nose front lies between these extremes. Ours is also an average speed derived from HI-1 data
only whereas the speeds derived by Liu et al. (2010) correspond to individual times manually scaled from
J-maps.

In order to model how the nose, tangent point and Thomson sphere crossings would appear in HI images,
elongation angles were calculated for the nose (𝜀AN ), tangent (𝜀AT), and Thomson sphere crossings (𝜀ATS) in
three CME models; self-similar expansion of a circular CME front (SSE-C; Davies et al., 2012), self-similar
expansion of an elliptical CME front (SSE-E; Rollett et al., 2016), and a KDFR (Owens et al., 2006). These
models took their initial conditions (half width, 𝜆=21, and direction of CME propagation with respect to the
observer, 𝜙 = 32.3◦) from the analysis of coronagraph data.

The elliptical CME was arbitrarily assumed to have a ratio of 3 ∶ 2 between the major and minor axes. While
the elongation angle of the tangent to a circle and ellipse can be derived analytically, for the KDFR model a
numerical solution was adopted. For this approach, the nose of the CME was identified, and its elongation
(𝜀AN ) calculated geometrically. This angle was then incremented until the resulting spacecraft-CME line did
not intercept any points defining the outer boundary of the CME. By adopting this approach, the elongation
of the tangent point can be determined to within the increment used (in this case 0.1◦). For the KDFR
model, a nominal expansion ratio, A = 0.15, was used, as assumed by Owens et al. (2006). The intersections
between the CME and the Thomson sphere were also identified, and the elongation of these points (𝜀ATS)
then calculated geometrically. Since the modeled radial speed of the CME sets the gradient of the elongation
versus time plot, an initial value of 500 km/s was used, as determined from the fit to the HI data. The observer
is assumed to be at the location of STEREO-A for the purposes of the initial analysis, since the CME flank
expanding into slow, unstructured solar wind will be visible from this viewpoint where the CME expansion is
expected to result in the least distortion of the CME front. For this date, the longitudinal separation (STEREO
A-Sun-Earth angle) was 42.3◦ with the spacecraft at a distance of 0.967 AU. An estimate of the quality of
the fit is obtained by calculating R for each front, where R is the root-mean-square difference between the
model and data (in degrees). The KDFR model used assumed that the CME was expanding into a solar wind
flowing at a constant speed which, for the flank viewed by STEREO-A, is consistent with the solar wind
model for this epoch (Figure 2).

6. Results
The results for the three models for HI-A observations are presented in Figure 6. In all three models, the outer
boundary of the CME does not intercept the Thomson sphere until the CME has propagated sufficiently
far into the heliosphere that the resulting elongations (𝜀ATS) are in excess of 20◦. Such intersections cannot
account for the multiple fronts seen at much lower elongations in HI-1 images (though they may be apparent
at larger elongations in the outer HI2 cameras) and so are discounted as a cause for the ghost fronts. When
considering the elongations of the nose (𝜀AN ) and the tangent point (𝜀AT) in the SSE-C model (that assumes
a circular front; Figure 6a), it can be seen that the two modeled fronts are consistently closer in elongation
than the two fronts scaled from the HI data. The residual between model and data for the leading edge of
this fit, RLE = 0.092◦, while the residual between model and data for the tangent front, RT = 0.168◦. The
same two fronts in the SSE-E model (which assumes an elliptical front; Figure 6b) diverge in elongation
and matched the offset predicted by the model well (RLE = 0.092◦, RT = 0.079◦). While the ratio assumed
between the major and minor axes of this elliptical CME is arbitrary, it appears, in this case, to closely
model the observations. The results for the KDFR model are presented in Figure 6c. Unlike the previous two
examples, in this physically constrained model, the CME front evolves in shape as it moves outward and
this too closely models the observations (RLE = 0.092◦, RT = 0.079◦).

Having established that the two observed fronts are consistent with enhanced returns from the nose and
tangent of a CME propagating into a region of uniform solar wind, and that the SSE-E and KDFR models
best represented the shape of the CME in this case, the KDFR model was rerun, allowing the fit parameters
to vary within the uncertainties of the observations used to constrain the model.

Since the estimate of radial speed relies on an assumed direction of CME propagation, this calculation was
repeated for the range of possible values indicated by the coronagraph data. The best fit was achieved for
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Figure 7. Elongation versus time plot of the same form as Figure 6 for HI-A (left) and HI-B(right) both assuming half
width, 𝜆 = 23◦ and a direction of 9◦ west of the Sun-Earth line. These values generated the optimum fit to HI-A data.
The assumed propagation direction results in a fitted speed for the nose of the coronal mass ejection of 496 ± 15 km/s
in HI-A data and 403 ± 28 km/s in HI-B data. These are consistent within 2 standard errors. Times start on 12
December 2008. HI = Heliospheric Imager.

a CME propagating 9◦ west of the Sun-Earth line, giving an estimated speed of 496 ± 15 km/s. Having
ascertained the optimum propagation direction by minimizing the residual in fit to the inner front, the
optimum half width of the CME was determined by optimizing the fit of the leading front (corresponding to
the flank of the CME). This produced a minimum root-mean-square residual of 0.072◦ for 𝜆 = 23◦ (Figure 7,
left). These values lie within the uncertainties of the coronagraph data from which the initial estimates
were made.

That the modeled elongations matched the observations while assuming a CME transit speed of 496 ±
15 km/s between the COR and HI-1 fields of view is further corroboration that the transit speed of the CME
was likely higher than that estimated from the coronagraph data alone.

Having established that the ghost fronts conformed to the expected separation and evolution in elongation
between the nose and the tangent to a single CME front for conditions in which the CME is propagating into
a constant background solar wind, the same analysis was conducted for the HI images taken from STEREO-B
assuming the same half-width and propagation direction. As can be seen from Figure 2 the direction of
travel of the CME is such that from this viewpoint the elongation of the nose (𝜀BN ) and the elongation of
the tangent (𝜀BT) are expected to be more closely aligned than for the view from STEREO-A. The results are
presented in Figure 7 (right). The fit to CME nose (dotted line, blue data points) in HI-B data is significantly
poorer, with an estimated radial speed of 403 ± 28 km/s and a root-mean-square residual of 0.246◦. This is
likely due to the difference between the two instruments with HI-B having a wider point-spread function
than HI-A and undergoing greater pointing offsets which reduce the efficiency of background removal in
differenced images (Eyles et al., 2009; Tappin, 2017). This makes identifying faint features in HI-B more
challenging. Despite these challenges it is apparent that the match to the flank of the CME is poor for the
assumed propagation direction and half-width. While the speed fitted to the HI-B data is lower than the
estimate obtained from the HI-A data, the two speeds match within two standard errors. Further analysis of
the HI-B data revealed that if it were considered independently of the HI-A data, the best fit to the inner front
in these images was obtained for a propagation direction of 6◦ west of the Sun-Earth line, corresponding to a
radial speed of 409 ± 28 km/s although the root-mean-square residual of 0.244◦ is not significantly different
from the minima obtained when using the parameters determined from the HI-A data. Such a difference
could also be interpreted as the plasma build-up at the nose of the CME being extended across a few degrees
of solar longitude. It is apparent that the western flank of the CME observed from HI-B is not consistent with
a symmetrically expanding front. No realistic value of the CME half width, 𝜆, can reproduce the observed
difference in elongation between these fronts as observed from HI-B while assuming a non-distorted front.
Given that the background solar wind is not uniform to the west of the Sun-Earth line, we suggest that this
flank of the CME would evolve differently from the eastern flank observed by HI-A. This is discussed further
in the next section.
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Figure 8. Cartoon illustrating how the presence of a fast solar wind stream on the western flank of the CME could
have distorted the CME front, leading to a larger apparent separation in elongation that expected between the CME
nose (solid white line) and the flank (dotted white line) as viewed from the position of the STEREO-B spacecraft.
STEREO = Solar Terrestrial Relations Observatory; CME = coronal mass ejection.

7. Discussion and Conclusions
The analysis of this event has demonstrated that the ghost fronts seen in HI-A data, for which the CME is
expanding into a region of uniform background solar wind, are consistent in elongation with the locations
of the CME nose and tangent point. In the geometry of the current example, the second, or ghost front in
the HI images appears to correspond to the nose of the CME where a pileup of plasma ahead of the CME
leads to enhanced signal due to Thomson scattering in that region. The speed of the CME outer boundary
relative to the ambient solar wind is expected to peak at the leading edge; therefore, ambient solar wind
compression is expected to peak there too (Owens et al., 2008; Siscoe & Odstrcil, 2008). The outer front seen
in the HI images is consistent with the line of sight along the tangent of the outer boundary of the CME.
While the concentration of solar wind plasma along the extended boundary is likely to be lower than at
the CME leading edge, nevertheless, there is a sufficient increase in plasma density along this boundary for
enhanced signal from Thomson scattering to occur when integrated along the line of sight.

When compared with a range of CME propagation models, for this CME, the best fit to the data came by
considering the shape of the CME as an ellipse with a 3:2 ratio between major and minor axes or a KDFR.
The circular self-similar expanding CME front, while broadly reproducing the observations, did not match
the data as well as the other two models. It appears therefore that the separation in elongation between
the two fronts provides information about the longitudinal shape of the CME front. Both the elliptical and
KDFR models require an additional free parameter to be set (the ratio of major to minor axes and the expan-
sion factor respectively), but since all additional parameters can be estimated from the coronagraph and HI
data, this can be iterated to optimize the fit to the observations. The KDFR model has the advantage that it
more accurately reproduces the expected distortion of a CME as it propagates in the solar wind and can be
extended to account for solar wind structure (Owens, 2006).

The cartoon in Figure 2 shows that for a CME with the properties estimated from the coronagraph data,
expanding symmetrically into the heliosphere would result in the nose and flank of the CME appearing at
similar elongations as viewed from STEREO-B. However, it can be seen that this flank was expanding into a
region in which the background solar wind was not uniform. We suggest that presence of a fast solar wind
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stream at the western flank of the CME has resulted in this portion of the front moving faster, distorting
the shape of the CME as indicated by the cartoon shown in Figure 8, generating the observed separation in
elongation between the nose and flank of the CME, which is larger than expected for a CME expanding into
a uniform solar wind.

Current forecasts (Pizzo et al., 2011) characterize a CME in coronagraph data and propagate this using a
solar wind model such as Enlil (Odstrcil et al., 2004). It is envisaged that data from the HI cameras could
ultimately be used in operational space weather forecasting to refine such a model, either by creating an
ensemble of artificial J-maps (as has been demonstrated by Lugaz et al., 2009 and Xiong et al., 2013) from
the model to compare with the data or through data assimilation of other information gleaned from the HI
images.

Information about the longitudinal structure obtained through such analysis of the ghost fronts could poten-
tially be helpful in constraining solar wind forecast models through data assimilation methods (Lang &
Owens, 2019) to ensure that the shape of the CME front remained consistent with the observations. This is
particularly important when tracking an Earth-impacting CME whose direction of propagation is slightly off
the Sun-Earth line. In such circumstances, information about the longitudinal shape of a CME will improve
estimates of the arrival time and radial speed of the portion of the CME front at Earth.

The separation in elongation of the two fronts is a function of CME width, shape, speed, and direction. The
elongation at which the two fronts eventually converge occurs when the observer line of sight to the front is
perpendicular to the CME propagation direction. For this event, where the CME is propagating around 10◦

west of the Sun-Earth line, this occurs at elongation angles of 58◦ and 38◦ for STEREO-A and STEREO-B,
respectively. Such elongations lie well outside the HI-1 field of view in this instance. For an Earth-directed
CME observed from the L5 Lagrange point this convergence would occur at an elongation angle of 30◦,
corresponding to a distance of 0.5 AU.

This study demonstrates that ghost fronts seen in the HI data are consistent with enhanced returns from
the nose and tangent of a CME expanding into a uniform solar wind and suggests that solar wind structure
can cause deviations from this simple model. It is, nonetheless, a single case study and many more events
will need to be analyzed in this way before the technique is proven. There is no evidence for a shock in in
situ data for this event and so a shock cannot explain the multiple fronts seen in the HI data. Further work,
studying CMEs with a range of speeds and geometries, is needed to determine whether the existence of a
shock would complicate the interpretation of multiple fronts seen in HI data. It may also prove valuable to
look for ghost fronts in coronagraph data to see whether these too are consistent with enhanced scattering
from multiple regions of the same CME front.

To date there have been multiple analyses of the 12 December 2008 CME using a variety of techniques and
assumptions to estimate the evolution of this event. Determining which interpretation best represents the
CME is a complex question that depends on the criteria by which their individual merits are judged and on
the constraints imposed by the available data. Additional analysis considering multiple events will now be
carried out to investigate the efficacy of using ghost fronts to infer information on the evolution of CMEs
in the inner heliosphere. The KDFR model can be further extended to consider a nonuniform background
solar wind (Isavnin, 2016; Owens, 2006), and it will be the subject of further work to see if accounting for
the presence of solar wind structure in a time-varying model can reproduce the results presented here.
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