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EXECUTIVE SUMMARY

This report presents research conducted by Hess et al. under his Karles Fellowship at NRL, work which
is ongoing. The work of this report concerns coronal mass ejections (CMEs), which are significant drivers
of space weather. Space weather impacts can cause noticeable impacts on satellites, Navy communications
systems and radar. Ultimately, understanding the physical processes which govern CME evolution in the
heliosphere can lead to better operational forecasting and improved situational awareness, allowing for the
mitigation of negative consequences. This work therefore addresses the goals of the DoD Space S&T
Strategic Plan.

We have advanced the measurement and theoretical understanding of CMEs in two ways. First, we have
developed and implemented a new image processing technique and used data from the previous solar cycle
to improve our understanding of how CME structure evolves in the heliosphere. Specifically, our focus
was on the degree to which a CME propagates as a coherent bulk structure as it interacts with the solar
wind. We have also used new data from a recently launched satellite, NASA’s Parker Solar Probe, to utilize
observations that have never before been possible to prepare for the events that will be occurring in the
upcoming cycle. The satellite, using a unique elliptical orbit to get closer to the Sun than any mission
before, has allowed us to image in great detail smaller eruptions that likely comprise a signification amount
of the solar wind. While seemingly weak and insignificant, we have learned that these blobs erupt regularly
and contribute significantly to the solar wind. As a proof of concept demonstration of the level of analysis
now capable with PSP observations, we can now begin to answer key questions on solar wind formation
and CME evolution in the heliopshere. By improving our ability to interpret prior data while still preparing
for the new data we will receive, we can maximize the science return of our missions in the upcoming solar
cycle.
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IMPACT OF SOLAR WIND VARIABILITY ON CME STRUCTURE AND
PROPAGATION

1. INTRODUCTION
1.1 Observing the Heliosphere in White-Light

White-light observations of the solar corona date back to the 1970’s, with missions such as OSO-7 [47],
Skylab [28], the Solar Maximum Mission (SMM) [29], and P78-1 (Solwind) [38].

For the last two decades, consistent imaging of the corona has been done by the Large Angle Spectrometric
Coronagraph (LASCO) [7] from near the Sun-Earth line on-board the Solar and Heliospheric Observatory
(SOHO). The Sun Earth Coronal Connection and Heliospheric Investigation (SECCHI) [20] on board the
twin STEREO spacecraft provided the first regular observations of the heliosphere from large angles away
from the Earth, though still near 1 AU. In 2018, the Wide-Field Imager for Solar Probe (WISPR [50]) on-
board the Parker Solar Probe (PSP) [13] became the first instrument to image the solar corona in white-light
within 0.3 AU, inside the orbit of Mercury [21].

As white-light instruments, WISPR, SECCHI and LASCO observe a combination of the stable, dust-based
F-corona [44] and the dynamic K-corona, consisting of photons scattered by electrons and comprised largely
of solar outflows and transients that can impact the Earth [22].

1.2 Coronal Mass Ejections

Coronal mass ejections (CMEs), originally discovered with the NRL coronagraph on OSO-7 in Dec. 1971,
are eruptions of magnetized plasma from the low corona, and are among the most notable and well studied
solar transients because of the geomagnetic impacts they can cause at the Earth ([52] and references therein).
CMEs are of significant interest to the heliophysics community. As major drivers of space weather at the
Earth, a comprehensive understanding of how CMEs propagate is vital for real time forecasting.

While well observed from the Earth perspective, multiple viewpoint observations of CMEs only became
routinely available after the launch of STEREO in 2006. These observations of the solar corona, in com-
bination with the observation from SOHO LASCO, helped solidify our current understanding of CMEs as
a coherent magnetic structure that can be well represented with the geometry of a flux rope. CMEs have a
large range of observed sizes, speeds and energies and one of the key remaining questions in heliophysics is
whether all the observed events exist within a continuum undergoing the same physical processes or if there
are discrete classifications of events based on how specifically the eruption begins and its size. Studying a
large, diverse subset of CME:s is vital for determining our ability to consistently model all events, and not
just those that are more easily observed.

Numerous models have been developed and tested to predict when a CME will impact the Earth. However,
the performance of these models has stagnated, with an average error on the order of 6-10 hours and an
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even larger standard deviation as the most common performance metrics [36]. Additionally, for events with
even a slight deviation from the Sun-Earth line, many models struggle to predict whether or a CME will
even impact the Earth at a better than 50/50 rate [53]. Without improving the underlying physics in both
theoretical and operational models, the forecasting of space weather will remain limited.

1.3 CME Structure

CME:s in the heliosphere have long been considered to be magnetic flux ropes [49, 56] consisting of helically
twisted field lines along a strong central current. Near the Sun, the internal magnetic field of the CME is
both what maintains the structure as it propagates and causes it to expand, as the ambient solar wind density
around the CME decreases with distance and creates a pressure imbalance. However, in the heliosphere, the
degree to which the magnetic structure is maintained is a new avenue of inquiry with broad implications.
A limited number of studies have been made into the overall shape of CMEs throughout the heliosphere
using remote sensing data. Those that have been performed present compelling observations that indicate
the CME undergoes pronounced morphological changes in the transport through the corona to 1 AU [12].

COR2-8
2007/12/04 16:38:

Fig. 1—SECCHI images from COR2-B and HI1-B of the same CME about a day apart, illustrating the
observed structural evolution. Out to the edge of COR2, the CME appears to have the classic flux rope
shape with a rounded front and interior cavity. In HI1, the front has flattened and the interior cavity has
lost definition. The morphological changes with height could indicate a loss of coherence in the magnetic
field but instrumental and observational effects between instruments must be mitigated.

Owens et al. [32] presented a theoretical argument that CMEs in the heliosphere cannot be coherent struc-
tures and should therefore be treated as a number of unrelated plasma blobs, travelling through the solar
wind like particles in a cloud. If this is true, any attempt to impose a geometric structure upon a CME
beyond the corona will significantly over simplify the driving physical interactions.

An example of a CME crossing from the SECCHI COR2 (~4-16 Re) FOV into HI1 (~15-80 Re) from
STEREO-B is shown in Figurel in images taken about a day apart. The CME maintains a similar shape, but
there are identifiable sub-structures (the bright feature on top of the CME and the more complex, circular
feature on the bottom) that have to some degree propagated independently of one another. It also appears as
though the front has become less rounded at larger distances. This characteristic flattening of the CME is
often observed and referred to as “pancaking” [35].

In-situ observations of CMEs show signatures indicative of flux ropes, however, this association is only
clear in about one third of all events [14]. The in-situ signatures can be complex and difficult to interpret,
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even in events where the association between the CME near the Sun and the in-sifu observations is obvious
[18]. Differences between these two types of observations is often taken as a sign that the in-situ spacecraft
is flying through the CME far from the nose [8, 23], though this cannot always be proven. Moreover, the
difficulty in generating agreement between different in-situ reconstruction codes run on the same event [1],
as well as, the differences in the few events that were observed in-situ by multiple spacecraft [27] raise
questions about whether CMEs at 1 AU maintain a flux rope structure [2].

2. CME MEASUREMENT
2.1 The Graduated Cylindrical Shell Model

To study CMEs in the heliopshere, we can use the various observations to generate spatial information of
the CME with respect to disntance and time. However, determining the physical position of a CME is not
a trivial task. Even if the same event is observed from different perspectives by different spacecraft, this
still presents limited data from which to infer the spatial extent of the CME. When all the available data is
used to locate the position of the CME, assumptions must be made to combine all the geometric information
and provide a common shape that explains all the observations. This task is commonly done by utilizing a
geometric model representing a flux-rope like shape imposed on the multiple viewpoint images. A limited
number of free parameters representing the size, shape and position of the CME are then adjusted until the
shape of the model overlaps with the signal in the imaging data.

The Graduated Cylindrical Shell (GCS) model [45, 46] uses a series of concentric circular cross sections,
connected to the Sun by two conic legs, to describe the CME geometry. The GCS shape has become one
of the most widely used tools in CME research and has been used to probe the physical forces acting on
propagating CMEs [11, 33, 34] and to generate inputs for various forecasting models, both operational and
hypothetical [3, 17, 30, 41]. While it can be used on data from a single viewpoint, multiple spacecraft are
required to uniquely constrain the observations.

The primary drawback of applying the GCS model to CME:s in the heliosphere is it assumes a constant,
self-similar expansion as the CME propagates. While this assumption is valid closer to the Sun, at larger
heights it becomes obvious that the GCS shape no longer matches the observations, as demonstrated in
figure 2. While the model can be tweaked to match the data as the CME continues to evolve, the model
parameters from frame to frame must be consistent to some degree in order to possess physical meaning.
Similar to the GCS, Wood and Howard [54] uses a more complex model of a flux-rope like shape with more
free parameters to improve the accuracy of the reconstruction.

Regardless of the extra parameters, all of these 3D reconstructions will be limited by their rigidity. These
models ignore that in the heliosphere CMEs are complex magnetic ejecta propagating into a variable solar
wind. While using a solid body approximation to determine a location and size may be accurate enough to
provide reasonable inputs for forecasters, it will not allow for the physical processes of CME evolution to
be probed in any detail.

Furthermore, if a kinematic model of CME propagation is using a single height as determined by the GCS,
CME propagation is essentially being reduced to a point mass in a 1D problem. While this may be useful
to estimate the bulk motion of the plasma, such a method will be unable to capture any inhomogenuities
in the mass distribution that can manifest during propagation of internal structures. Additionally, a single
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2010/04/03

Fig. 2—A GCS fitting along with data from a CME observed 2010-Apr-03 by SECCHI-A. The images are
projected onto a rectangular coordinate system, with a linear elongation from the Sun on the x-axis and
position angle in the instrument reference on the y-axis. This projection allows COR2 and HI1 images
to be combined into a single common field of view. The difference between the model and the data rises
sharply as the CME leaves the low corona. In addition to the deviations along the CME front caused
by the simplistic rigidity of the model (red line), there is more complicated physics going on behind the
CME, where a clear trailing edge is forming and the legs of the ejecta remain narrow.

characteristic upstream solar wind is imposed by such a method, leaving the effect of any external gradient
influencing the motion or expansion of the CME completely unresolved.

For these reasons, an ability to determine spatial information about a CME, both at different latitudes and
different heights within the CME itself, is vital for determining the structural evolution of a CME as it
propagates. This can provide crucial information and help us address the issue of CME structural coherence,
as well as improve forecasting models by studying the entire CME rather than just focusing on one specific
point along the leading edge.

2.2 Using Density to Infer Structure

Observations from the lower corona SECCHI COR2 and LASCO instruments can be used to understand the
deformation of the CME from an idealized flux rope to the complex structure seen in SECCHI HI-1. Many of
the differences observed between the corona and heliosphere could be due to viewing geometry, the effects
of Thomson scattering, or the different instrument sensitivities. Our approach focuses on converting images
from photometric intensity to mass maps. By converting the images to mass maps, we will generate a more
qualitative metric of the CME morphology and expansion, including Thomas scattering and instrumental
effects.

Using a processing technique to remove the considerable intensities of the F-corona and the stellar field
[6], we are able to isolate the brightness of the CME without resorting to a differencing technique that
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Fig. 3—An image of the 2010-Apr-03 CME from 20:49 UT in HII-A based on our preliminary
background removal techniques. The Helioprojective Coordinate System is overplotted on the data.

could compromise photometry and remove our ability to separate the flux rope structure from the sheath of
upstream solar wind material than can be behind a CME driven shock [16].

2010-04-03T20:49

HPLT (Deg)
Mass (g)
T

20 -15 -10 5 0
Elongation (Deg)

Fig. 4—Contour plot of the mass calculated based on the image from Figure 3. The extra mass in the
outer edge of the image is error from the un-shifted background bleeding into the data.

An example image based on our processing is presented in Figure 3. The image clearly still has some streaks
and artifacts remaining but clearly isolates the event above the background. Even with this noisy image, we
are able to compute the mass map by converting the intensity into density and making some geometric
assumptions. The same mass structures are measured features can be tracked across the HI1 FOV.

To demonstrate our image processing, a contour plot of the CME mass is presented in Figure 4. This plot
represents the mass along the line of sight of each pixel in the image. These pixels are binned in 1° x 1° to
enhance larger features in the contour plot. The boundary between the CME and the background is much
clearer in this plot than the raw image. Also, the mass is more heavily concentrated in the back half of
the CME, indicating that rather than expanding in a uniform, self-similar fashion, the CME expands more
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rapidly along the leading edge. This type of expansion could be influenced by the solar wind flowing around
CME.

This same data set also allows for the creation of plots along the CME at different times to create simulated
in-situ plots, along different latitudes or elongations to study how the entire CME structure evolves as a
function of radial distance, height or latitude. Figure 5 shows two examples of this, including simulated
in-situ plots near the CME nose at different heights. These plots show how spacecraft at different locations
would see the same event. These plots also can be used, based on the initial increase in mass, the peak in
the mass and the eventual drop in mass to determine CME leading edge height, speed, size and expansion.

The right panel of Figure 5 is similar, showing how the mass evolves at different latitudes as the CME
expands. The data in this plot demonstrate the decline in the mass at all latitudes as the CME expands as
well as the stronger peak mass near the nose.

To validate the photometric consistency of our image processing methods as well as the accuracy of the
mass conversion, we examined total masses for 11 different events have been measured based on this same
preliminary method in HI1 and compared to the measured masses in COR2 using the technique of Colaninno
and Vourlidas [10] and the fitting function from Bein et al. [5].

2010-04-03 Mass at -3.75 LAT . 2010-04-03 Mass
1x10" T T l - T — Elon. 1x10 — —T— T
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Fig. 5—Left: Each line is a simulated in-situ plot of the CME mass at -3.75° (near the CME nose) as the
2010-Apr-03 CME passes at different height. Right: Each line shows the evolution of mass as the CME
propagates away from the Sun for a different helioprojective latitude.

The comparison between these masses is presented in Figure 6. The agreement between the two masses
is good considering the significant uncertainties inherent in all mass determinations from 2D images. The
correlation between the two measurements is 0.37, which jumps to 0.76 if the worst outlier is removed.
While the one poor event reveals the need to further validate our technique, the agreement between 91% of
our sample indicates the potential ability to determine more accurate masses.

This technique now provides a new method for measuring CME position, speed, density and mass not just as
a bulk averaged quantity for the CME as whole, but on a localized scale to show how the mass, and therefore
the magnetic field is distributed throughout the body and changes with time. Combined with models of the
solar wind, we can now also see how varying upstream parameters influence the different regions of the
CME.
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Fig. 6—Comparison between the mass as measured in COR2 and in HI1. The dashed line is the line of
unity.

For instance, the CME presented throughout this chapter on April 03, 2010 erupted just to the south of an
equatorial coronal hole. This implies that the CME likely encountered a fast speed solar wind stream on
it’s northward side, but a slow speed stream to the south. The strong density enhancement seen in Figure
4 on the northern end of the rear CME edge could be caused by the compression of fast solar wind as it
encounters the CME. Similarly, line plots such as those shown in Figure 5 indicate a CME that is moving
in a coherent manner, though the northern region maybe expanding more quickly as it encounter the lower
density of a high speed stream.

Now that the processing pipeline has been implemented and the tools are in place. We can begin to analyze
more events with a wide range of speeds, masses and upstream solar wind conditions to determine both the
coherence of a CME and the degree to which all CMEs may follow the same trends. This will tell us if
CME:s are part of a large continuum where each event can be described with a single model, or if there are
clear subsets of CMEs that must be modeled differently.

3. UTILIZING A NEW DATA SET: PSP-WISPR
3.1 The Wide-Field Imager for Solar Probe

PSP is a unique and unprecedented mission for the heliophysics community. It is structured differently
from past missions in that it is not steadily taking data from a consistent distance. Instead the spacecraft is
getting progressively closer to the Sun, with an ultimate minimum perihelion of 9.86 Rg. WISPR observes
a fixed angular field of view of 13.5° to 108.5° with two detectors, WISPR-I (inner; 13.5°-53°) and WISPR-
O (outer; 50.5°-108.5°) and observes the solar corona at lower heights as the mission progresses and the
perihelion distance is reduced, allowing for the observation of coronal structures from closer distances than
have ever been possible.

Due to the highly elliptical orbit of the spacecraft that is required to reach these low heights, the radial
distance of the satellite to the Sun will also change significantly during each individual orbit. Unlike most
previous heliospheric observing missions, PSP does not provide continuous observations. Instead, the mis-
sion is designed on an encounter basis, taking observations for about 10 days at a time, increasing in cadence
as the spacecraft gets closer to perihelion. The first encounter began on 2018 November 01 at 53.8 R, with
a perihelion on November 05 at 35.6 R .
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The frequency of CMEs is strongly correlated to the solar cycle ([15] and references therein). At solar
maximum, it is common to see multiple CMEs a day erupting from all over the Sun, but at solar minimum
there are far fewer eruptions and the CMEs tend to be weaker [51]. Because PSP launched near solar
minimum, it was unknown if WISPR would see any CMESs during its initial encounters. Fortunately, a CME
entering the inner telescope on the first day of the first encounter was obvious in the images.

The CME persisted long enough in the images that, before performing any detailed analysis on the event, it
was clear that this was a slower, less energetic eruption. Given the low speed and the proximity of the event
to the streamer that persists in the images throughout the first encounter, this event most likely belongs to
the so-called ’streamer blowout’ subset of CMEs [48].

Streamer blowouts are a specific classification of events with a unique kinematic profile, featuring a gradual
rise phase before the eruption [42], which is an obvious contrast with the faster, more impulsive CMEs
that are often associated with flares [55]. These events originate from the streamer belt, but often feature
cavities that can be tracked from underneath the streamer until exiting through the streamer cusp [39]. The
final speeds of these events tend to reach and stay at the ambient solar wind velocity, so these events are
often considered to be tracers of the acceleration and speed of the solar wind [40, 43].

By using the unprecedented observations of WISPR, we can provide another unique constraint on our ability
to observe and study CMEs in the heliosphere. For this particular event, this means combining the data with
other observations to form as complete a picture as possible for the CME from its eruption and throughout
its propagation. The CME in WISPR was also visible in the two LASCO coronagraphs as well as extreme
ultraviolet (EUV) data from the Atmospheric Imaging Assembly (AIA [24]) on-board the Solar Dynamics
Observatory (SDO). Using all of these data, we can observe the complete evolution of the eruption, from
the initial rising of the ejecta in the low corona until it exits the outer WISPR telescope.

3.2 CME in WISPR

As with SECCHI and LASCO data, the WISPR signal is dominated by the F-corona. Unlike those missions
due to the rapid movement of the spacecraft, combining many images to determine a stable background will
not effectively remove the F-corona in WISPR. Adapting a technique developed by [44] on SECCHI HI-1
data, a background removal technique has been applied to WISPR images allowing for transient K-corona
features to be highlighted.

On 2018 November 01, PSP entered its first encounter with the solar corona. This event is presented in
detail in [19]. In the first images taken by WISPR during the encounter a streamer was plainly visible in the
inner detector close to the solar equatorial plane. This streamer can be seen in each detector in Figure 7. The
streamer appears tilted above the mid-plane of the image due only to the pointing and roll of the instrument.

The CME came from the same position angle as the steamer and entered the FOV by 11:15 UT. However,
it is not until 12:45 UT that the CME can be clearly distinguished from the streamer cusp. The CME then
enters the WISPR-O FOV around 03:45 UT on November 02, growing increasingly faint as it propagates
before likely leaving the FOV around 11:15 UT on November 03.

The CME in both detectors is presented in Figure 7. While the CME is difficult to isolate clearly in the outer
detector, there are some common characteristics of the event present in each detector. The CME has a strong
"V’ shape at the trailing edge. In front of this feature, which is present as a brightness enhancement, there
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WISPR-I

Fig. 7—The CME in both WISPR-I (Left) and WISPR-O (Right). The images from both detectors are
cropped to 800x400 pixels. In Detector 2, the white arrows were added to point out where the core of the
CME is located. The first image in a each sequence is a pre-event image. The solar equatorial plane has
been added as a white line in each image for reference. The bend in the equatorial plane in WISPR-O is
a result of the distortion of the detector.

is a coherent circular dark feature. This dark cavity-like structure persists until the CME is no longer visible
in WISPR-O.

The CME was faint and relatively slow. Given that the total FOV of WISPR covers about 80 Rp (an
approximate value, given the changing radial coverage of the instruments as the spacecraft gets closer to the
Sun), the CME taking two full days to traverse through the full FOV is indicative of a speed of ~300 km
s~!. This low speed, combined with the co-spatial streamer visible in WISPR-I, is further indicative of a
steamer blowout.

Figure 8 shows a plot of elongation (angle from the Sun) vs. time (referred to as a J-map [40]) from WISPR
observations on 2018 November 01-02, where the elongation is measured in the plane of PSP’s orbit. It
appears as though the CME is accelerating throughout the FOV of each detector. This is likely an effect of
the FOV changing as the radial distance between the spacecraft and the Sun changes during the orbit. At the
beginning of the J-map in Figure 8 the spacecraft is 51.6 Re from the Sun and by the end of the J-map, it is
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Fig. 8—Height-time plot or J-map of the CME in both WISPR Detectors taken from the spacecraft orbit
plane.

at 43.0 Re. While this change may seem relatively minor, it can have significant impacts on the conversion
between elongation and radial distance. Converting 50° elongation on a plane 90° from WISPR into a radial
distance, the calculated height reduces by ~10 R from the beginning of Figure 8 to the end.

There is also the possibility that the spacecraft could be getting closer to the CME as it propagates, causing
a projection effect that would lead to artificial enhancements to both the bulk and expansion velocities of
the CME as the distance between the CME and the satellite decreases. Getting reliable height and velocity
measurements from a more stationary instrument is possible and has been done throughout the STEREO
mission with various different methods [4, 31]. However, every method does require some simplifications
and assumptions, and the extra uncertainties imposed by WISPR make estimating a velocity from J-map
significantly more complex [26].

3.3 Comparison with Other Instruments

To confirm the information obtained from the WISPR images the data was compared to that of other instru-
ments to observe the initial eruption and the evolution of the CME. At the time of this eruption, WISPR was
about 40° West of the Sun-Earth line and looking back towards the Sun, relative to the Earth. Because of
location of the satellite, anything imaged in WISPR was likely to be on the back side of the Sun relative to
STEREO-A, as the CME was a slow and dim event propagating right behind the occulter, this meant that
SECCHI data would not be particularly useful.
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Fig. 9—Observation of the CME in WISPR, in a heliocentric coordinate system with 0° latitude at
the PSP orbital plane (see text). The blue circles indicate the approximate position of the C3 field of
view based on a projection of the Thomson sphere onto the image plane and ignoring the longitudinal
separation of the spacecraft. The pink diamond represents position of the velocity vector of the spacecraft
on the image plane. The position of Jupiter is marked as well.

The LASCO coronagraphs, however, are always positioned to observe activity on the western limb of the
Sun. Figure 9 compares the WISPR FOV to that of SOHO/LASCO/C3, which is indicated by the blue circle.
The C3 field-of-view extends to about 30 Re. The pink diamond in Figure 9 shows the direction of PSP’s
velocity vector at this time. The angle between the directions of the velocity vector and the origin reflects
the ellipticity of the PSP orbit; a circular orbit would have the velocity vector perpendicular to the Sun-SC
line, e.g., the direction of the line-of-sight at the origin of the PSP orbit plane frame. PSP’s orbit plane is
Venus’ orbital plane (because PSP uses Venus flybys to shrink its orbit), which is inclined by about 3.4°
from the solar equatorial plane.

Because the spacecraft are observing from different positions and the range of the WISPR detectors will
change as the CME gets closer to the Sun, any attempt to compare the fields of view is just an approximation.
However, based on Figure 9, it can be expected that anything that is seen by the inner half of WISPR-I
detector while observing close to the western limb should be seen co-temporally in C3.

A few events around the CME were visible in LASCO during the WISPR observations, with one clear
choice for a counterpart to the WISPR CME. On November 01, there was a CME observed by C3 that was
from a streamer in the solar equatorial plane. This CME was slow, and had a dark, circular cavity in front
of a bright trailing edge that came to a cusp at the back end of the CME. A series of snapshots from both
LASCO coronagraphs from October 31 through November 02 is shown in Figure 10.

The C3 image taken at 17:16 UT overlaps with the WISPR-I image from Figure 7 taken at 17:15 UT, and
the structure looks similar in each detector, though obviously the resolution is better in WISPR. In LASCO,
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Fig. 10—The CME as observed in LASCO C2 and C3 from the October 31 into November 01. The
images from both detectors are cropped to 300x200 pixels. The first frame in each series shows a pre-
event image.

the CME appears much more separated from the streamer than at the same time in WISPR, indicating that
the part of the streamer that is well observed in WISPR is likely behind the CME and appears close only
because of projection effects.

This same CME was also visible in C2. The claw-like structure seen in both WISPR and C3 first becomes
visible about halfway through the C2 field of view. Before that, it is difficult to separate the CME from
the streamer that is present. As seen in Figure 10 at 10:48 UT on October 31, there does appear to be a a
circular, dark feature that could correspond to the cavity observed later. This feature is not radially oriented,
and its motion is highly non-radial. This indicates an eruption from a higher latitude being pushed by the
overlying magnetic field to the equator until the flux rope reaches the open field lines of the streamer and
can then lift off, behavior that was also observed in STEREO [25].

To demonstrate the kinematics of this event, a LASCO J-map is shown in Figure 11. The brightest feature
in the J-map corresponds to the trailing edge of the CME, and there is a noticeable expanding, dark feature
in front of the trailing edge in C3. The CME rises very gradually between October 31 and November
01, staying within 1° in elongation of the solar surface for nearly 8 hours after the CME first becomes
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Fig. 11—J-map from LASCO beginning on October 31, combining the C2 and C3 data at position angle
270° (roughly 0° heliographic latitude). The CME is both the bright feature as well as the dark void
in front, which correspond to the trailing edge and cavity, respectively. For reference, lines with slopes
representing 100 km s~ ! (blue), 200 km s~ ! (red) and 300 km s—! (yellow) velocities have been included.

distinguishable in C2. Eventually, the CME picks up speed after it leaves the C2 field of view and propagates
approximately linearly through the C3 field of view. The speed determined by a simple estimation of the
slope of the density enhancement supports a roughly 300 km s~! velocity for the event.

This approximate result can be confirmed with a more complex kinematic analysis of the bright envelope or
claw-like feature, hereafter referred to as the flux rope, and the dark cavity using both WISPR and LASCO.
Figure 12 shows the resulting height versus time plots for the flux rope and the dark cavity (right and left
panel, respectively). To perform the measurements an ellipse was fit to the outermost edges of the two
features that appear in the images. The kinematics are then determined by the temporal evolution of the
centroid of the fitted ellipses. The height-time measurements using LASCO images and those made by
WISPR observations seem to agree well. The similarity of the images indicate that, despite an angular
separation of approximately 40°, the FOVs for WISPR and LASCO overlap and allow for a consistent
comparison for this CME.

These plots again show a very slow rise of the CME from the low to the upper corona. The speed of dark
cavity is roughly similar with the estimated speed of the flux rope. At 20 Re the speed of the dark cavity
is estimated to be 285 km s~! and at the same height the flux rope speed of 300 km s~!, based on second
order polynomial fits to the height measurements. The acceleration happens in two stages, an initial, low
acceleration in the corona before a higher acceleration to a potential slow solar wind speed. Both the cavity
and flux rope features undergo the same gradual acceleration profiles around 3.5 km s~!2.

On 2018 October 30 at 16:00 UT, a circular cavity was observed at a heliographic latitude of 30° in
SDO/AIA. An associated prominence was observed ~37.5 Mm above the solar limb. Around 19:00 UT
the cavity started to rise slowly and non-radially, towards the solar equator. Figure 13 shows the eruption of
the cavity in different AIA passbands at 21:05 UT. The erupting cavity is observed as a bright blob in AIA
171 A~(0.6 MK) and the corresponding feature was observed as dark cavity in the AIA 193 A (combination
of 1.6 MK and 20 MK) passband. The 131 A (combination of 0.4 MK and 10 MK) passband shows a bright
trailing edge with a remarkably similar shape to what is observed in both WISPR and C3. Considering the
lack of hot plasma in other wavelengths, it is likely this comes from the cooler ions observed in 131 A. Also,
the corresponding prominence was observed to rise in the cooler AIA passband 304 A~(0.05 MK).

The size of the cavity in AIA 193 A, calculated along the major axis of the feature (see the black line in the
top left panel Figure 13), was 59.2 Mm at 21:05 UT. The rising motion of the cavity was slow. To study the
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Fig. 12—Top: Kinematics of the cavity (left panel) and flux rope (right panel) from combined
observations of WISPR and SOHO/LASCO. In both panels, red and blue markers are used when the
features height is determined from LASCO or WISPR images, respectively. A second order polynomial
function was used to determine the speed and the acceleration of the cavity and flux rope at 20 Re. Each
feature is measured from its geometric center, based on the circular or elliptical feature as depicted in the
schematic at the bottom right corner of the plot. Bottom: Velocity profiles of each feature. The points in
these plots are the difference of the height measurements in the top row. The blue line is the analytical
derivative of the polynomial fit to the height measurements. The green line is a second order polynomial
fit to the velocity points.

rising motion of the erupting cavity quantitatively a slit was made in running difference images from AIA
171 A to create a height-time plot similar to the white light J-maps (see the Figure 14). The position of the
slit is shown by a white line in the lower-left panel of the Figure 13. While the velocity of the leading edge
is difficult to determine as it leaves the field of view a few hours after the CME is first visible, the trailing
edge can be tracked until the CME completely exits AIA. The rise of the trailing edge of the cavity is shown
as red asterisk in the Figure 14. Using a linear fit on the trailing edge, the velocity was determined to be 5.5
km s~! (shown with the green line in Figure 14).

The temperature properties of the erupting cavity were investigated using the differential emission measure
(DEM) method by employing the sparse inversion code [9]. Figure 15 shows the emission measure (EM)
map at different temperature ranges during the eruption of the cavity. Since the cavity was lifting off very
slowly, six AIA passbands (94, 131, 171, 193, 211 and 335 A) were used in the time range of 20:12 UT
to 20:17 UT (selecting the data with minimum noise) to calculate the EM. The EM maps suggest that the
temperature of the erupting cavity was < 1 MK.
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Fig. 13—AIA images during the eruption on October 30. Different wavelengths enhance different
elements of the CME including the dark, circular cavity (193 A; 1.6 MK and 20 MK), the bright trailing
edge (131 A; 0.4 MK and 10 MK), a bright blob that is co-spatial with the cavity (171 A; 0.6 MK) and
the prominence at the base of the eruption (304 A; 0.05 MK). The black line in the 193 A frame was
used to calculate the size of the cavity. The white line in the 171 A frame is the approximate direction of
motion and was used to measure the height and calculate the velocity of the cavity in AIA.

There is a candidate filament at the proper longitude visible in AIA in the days leading up to the eruption,
which is likely the same filament seen to erupt in the 304 A passband on October 30. It is not immediately
apparent what caused the eruption. The filament is still relatively small, and there is nothing in the other
wavelengths to indicate a strong eruption.

The lack of a striking low coronal signature is not surprising, considering the speed of the rising motion in
AIA is just 5.5 km s~!, there would not likely be a strong flare impulsively providing energy to the CME.
Instead this is most likely an eruption of a pre-existing flux rope gradually losing equilibrium, possibly due
to a small eruption that is visible just to the south of the cavity in 193 A in the hours before the eruption.
This could have perturbed the overlying field just enough on the southern side to cause the flux rope to begin
to rise.

Because the field above the CME would have only been affected on one side, the still-strong magnetic field
to the north of the CME deflects the flux rope to the south as it rises, causing the non-radial motion of the
CME in AIA. Once the CME reaches the current sheet, it is again deflected, this time radially with the
outflowing solar wind. The cavity, maintained by the strength of the magnetic field remains in tact while
expanding as the ambient density around it drops.
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Fig. 14—The height-time plot showing the eruption of the cavity in AIA 171 A. The position of the slice
is shown in the lower-left panel of the Figure 13. The red asterisks mark the positions of the lower edge
of the erupting cavity and the linearly fit to the points is in green.
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Fig. 15—DEM maps during the eruption of the cavity on 2018 October, 30 at 20:17 UT by the sparse
inversion method. Each panel shows the total EM at a different temperature range.

The entire flux rope undergoes a similar expansion, but the brightness at the trailing end of the flux rope
remains much much brighter than that of the leading edge throughout the propagation. It is likely that this
CME is accelerated by the solar wind, and the compression of plasma on the back of the CME is could why
the CME is so much brighter on that side.

3.4 Overall Evolution of the Event

On the first day of the first PSP encounter, WISPR imaged its first CME. By working backwards through
multiple data sets in different observers, the entire evolution and morphology of this event can be pieced
together. A structure existed in the low corona for an unknown length of time. In hotter wavelengths the
structure appears as a cavity while appearing as a density enhancement in the cooler 171 A images. This
indicates a cooler structure, confirmed by DEM analysis that indicates a temperature around 1 MK. At any
temperature, the well defined circular structure suggests the structure is likely a flux rope.
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Shortly after rotating onto the limb of AIA, something, most likely another nearby, faint eruption, weakens
the overlying magnetic field and destabilizes the flux rope, causing it to rise gradually and non-radially
toward the equator at a speed around 5.5 km s~!. Over the course of nearly an entire day, the flux rope
continues to slowly rise through the C2 field of view before it reaches the open field region and and begins
to accelerate before crossing into C3. In the C3 FOV, the acceleration declines until the CME is travelling
at a fairly constant speed. The cavity at the center is also still visible, and can be seen to expand as the CME
propagates.

Eventually, the CME, including the cavity at the center, enters the WISPR field of view. It propagates
directly along the streamer belt lying over the equatorial plane. The J-map made from WISPR data shows
signs of an apparent acceleration well into the WISPR-O field of view. It’s unlikely that this CME would
continue to accelerate at such a large distance, and instead this is most likely the result of the spacecraft
getting closer to the CME as it propagates.

A number of factors were aligned for this event to be well observed by multiple satellites. If the CME had
gone off just a day earlier or a day later, the cavity would not have rotated onto the limb in AIA to be as
clearly observed. LASCO would likewise have most likely missed the cavity and this event would have been
just a typical slow streamer blowout.

The observation of this core is extremely valuable, as is the chance to study a flux rope with such a clear
structure. Because this CME was not initiated by a large, impulsive energy release manifested as a flare
and did not violently exit the corona, there were fewer strong forces contributing to a possible erosion
or distortion of the flux rope. Also, because of the relatively weak expansion of the flux rope, the CME
structure had a smaller spatial extent in the corona and heliosphere and was therefore less likely to interact
with something on its flank (i.e. a streamer). By studying events such as this at a closer range with better
resolution, it will be possible to see how a more idealized flux rope propagates through the heliosphere - an
important test for theory and models, as is demonstrated in Rouillard et al. [37].

4. CONCLUSIONS

CMEs are complex phenomena. The study of CMEs is often limited by the scope of available data and
events. With the launch of new missions, the breadth of data that can be used to observe a CME in the
heliosphere has substantially increased. To get the most out of this data and devise a more complete theo-
retical study of CMEs, it is necessary to challenge the assumptions that were developed with more limited
observations to test their validity and see what may be missing.

These assumptions include the idea that a coherent, self-similar structure is an appropriate representation
for a CME in the heliosphere. Even if this is true in the low corona where the internal magnetic forces of
a CME are dominant, it is unclear how far into the heliosphere this will apply as the CME expands and
interacts with the solar wind. If we go into an analysis treating the CME as a consistent, rigid body, we will
already be using a tool that is incapable of determining the distinct, non-uniform evolution of the structure
and will potentially miss an important piece of the propagation of the CME. This in turn will impose a limit
on any future forecasting model.

In chapter 2 we demonstrated the ineffectiveness of geometric models that work in the low corona shortly
after the eruption to continue to match observations of the CME as it propagates. This makes any such
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measurement completely unreliable beyond a few Re. To obtain useful information about a given event, it
is necessary to possess some kind of knowledge of the internal structure of the CME.

Obtaining detailed knowledge of the internal magnetic structure is not possible directly, as we cannot mea-
sure the magnetic field of the CME. By converting brightness to mass, which is correlated with the magnetic
field strength, we have shown that in a sufficiently well processed image, the CME mass can be isolated
from the background signal and the mass can be tracked well into the heliosphere.

With these observations we can determine CME heights along various sections of the CME front as well
as observing the degree to which the different sections of the CME are evolving differently, either due to
internal forces or interaction the variable upstream solar wind. Our preliminary finding is that CMEs will
continue to propagate in bulk as a structurally coherent object and the discrepancies seen in in-situ magnetic
field measurements are due to localized variations. In short, while the CME remains a coherent structure,
erosion due to interaction with the solar wind will prevent it from being an ideal flux rope.

Prior to PSP there was an observational bias towards larger, more impulsive events as these could be better
seen from 1 AU. While smaller events could be observed, they were often not resolved to the point where
detailed analysis could be performed. However, these smaller eruptions are frequent and make up a large
portion of the distribution of all the events flowing out from the Sun. To truly understand the nature of the
solar wind and the behavior of all flux ropes within it, detailed study of these smaller events is necessary.

Using WISPR such a study is now possible as demonstrated in Chapter 3. We demonstrate both the better
resolution of these events in WISPR as compared to a 1 AU coronagraph as well as the detailed kinematic
analysis that WISPR makes possible. Now, instead of focusing our studies on the extreme subset of CME
events, we can perform more comprehensive analyses with a more representative sample of events.

We find that, for the first WISPR CME, a strong core at its center indicative of a flux rope, but a more diffuse
envelope surrounding that core. This supports the implication of what was seen in chapter 2, where a CME
contains a rigid central core that propagates coherently while the outer portions become more chaotic due
to interaction with the solar wind. As more events are studied in detail we will better be able to determine
if this scenario is applicable to all CMEs regardless of size and speed, or if there are distinct differences in
how this evolution unfolds.

Going forward, we will continue to analyze events seen by WISPR. As we approach the upcoming solar
maximum, there will hopefully be some larger, impulsive events to compare to past studies as well as more
of the small, blowout CMEs for which WISPR is uniquely suited. This will help us determine if CMEs all
behave in a similar manner or if there are discrete subsets of CMEs determined by parameters like mass,
magnetic field strength and speed.

We will also have data from the SoloHI instrument on-board Solar Orbiter to provide another vantage point
outside the ecliptic plane. This will help test the coherence of CMEs further by allowing us to image them
from a new plane and see the longitudinal evolution of the structure.

We will continue to refine our processing and analysis methods for studying CMEs in the heliosphere to
address the questions posed in this work to continue improving forecasting models of space weather at the
Earth to prevent disruptions to satellites, radar and radio communications and other systems critical for
Naval operations.
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