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FIGURE 12

Example frames with (right) and without (left) the GCS mesh overlay from COR2, SoloHlI, and WISPR-I and WISPR-O. The discrepancies between the
GCS model and the observed features in the WISPR frames are due to the Thomson scattering effects.
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several consecutive loop structures that continue to be observed after
2021 April 25, 12:00 UT.

Similarly, in WISPR-O, a number of separate distinct outflows
are visible throughout 2021 April 25, as seen in Figure 11. This
type of repeated outflow has not been seen before or after this
event. We believe this is due to a combination of the spacecraft
flying through the CME and the different distinct blobs seen in
Figure 7F.

4.4 GCS reconstruction

The determined GCS structure (details of the model described in
Section 2) is displayed in Figure 12. This structure was determined
largely from the COR2 observations, making the geometry more
uncertain given the single viewpoint. Later observations from
WISPR and SoloHI, while not overlapping with COR2, were used
to determine if this GCS structure was plausible.

The parameters of the model are listed in Table 2. Given the
relatively faint CME observations and assuming low values of the
width and aspect ratio (which controls the minor axis cross-section),
we found that the CME nose is almost directly pointed at the PSP
spacecraft.

COR2 and SoloHI were optimally positioned to observe the
event. However, because the field of views did not overlap and
had similar lines of sight, a true multi-viewpoint triangulation
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TABLE 2 GCS parameters determined to best recreate the CME. The longitude
and latitude have been converted into HEE coordinates for the sake of
comparison to Table 1.

Lon()  Lat(®) | Tilt()

‘ 162.9 ‘ -5.08 ‘ 13.98 ‘

Aspect Ratio Half Angle(®)

20.12

0.125 ‘

was not possible, and the reconstruction should be considered to
have significant uncertainties. The SoloHI observations are further
limited by the low resolution and cadence of the images due
to the larger radial distance of the spacecraft. The WISPR data
overlap with the SoloHI data at a much better resolution and
cadence, but given that the derived GCS direction is pointing
toward the PSP spacecraft, much of the CME front is likely
unable to be resolved due to the poor Thompson scattering
angle.

It should be noted that the different outflows observed, especially
the two apparent flux-rope-like structures seen through Figure 7C,
make it challenging to directly and confidently link the in situ data to
what is imaged remotely. By fitting the GCS to the clearest observed
flux-rope seen in COR2, we have produced a plausible geometric and
kinematic structure that seems to match the various observations.
We do acknowledge the possibility that another structure, such as
that seen in front of the structure, fits with the GCS model in
Figure 7C and could have been oriented toward PSP and produced
the resulting in situ signatures. Regardless, the kinematics of the
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GCS blob should represent a useful velocity for the various related
outflows seen in the imaging.

5 Discussion

To relate features observed in FSI and Metis, COR2, and PSP,
we constructed a height-time plot (Figure 13) that combines the
FSI and COR?2 data, with overlays from measured or extrapolated
positions of the eruptions as observed in other instruments. The plot
shows the average over a radial cut through the images along the
primary propagation direction of the eruption, between about 108°
and 122° in the heliocentric radial coordinate system (where 0° is at
the Sun’s north pole and 90° points due east).

Above 4 R, we use COR2 observations to track the motion
of the eruption, interpolated to match the spatial and temporal
resolution of the FSI observations, and corrected to match the
line of sight based on the known spacecraft locations and our
3D reconstruction (see Section 4.1). Note that the timing error
introduced by SolO and STEREO-As different distances from
the Sun is about 45s, which is negligible compared to the
uncertainty introduced by the observation cadence of COR2 and
the assumptions underpinning the de-projection of the STEREO-
A data to match SolO’s perspective, and are, therefore, neglected in
this plot.

To relate the multiple observations, reconstructions, and
extrapolations of the eruption from different instruments to one
another and to validate that each tracking method has indeed
produced self-consistent results, in a simple, unified view, we overlay
our measurements of the position of the eruption on the height-time
plot, including FSI (red +), COR2 GCS reconstructions (light blue ),
Metis (orange 0), and backward extrapolations from PSP’s position
using the velocities measured in situ (first transient in magenta +,
constant speed patch in green +, and the second transient in indigo
+; these colors are selected to generally correspond to the colors of
specific field lines in Figure 2 but must be lightened somewhat to be
visible on the dark height-time image).

From the in situ observations, we analytically reconstruct the
speed values from the PSP location back to 10-20 R,,. We track back
three different patches of plasma: the first structure (vertical magenta
dash line in Figure 3) that crossed PSP at 412 km s!, the second at a
constant speed of 300 km s (delimit between the two vertical green
dash lines), and the third structure at 310 km s (vertical indigo dash
line).

We assume steady flows of adiabatic gas in each patch to
solve the 1D spherical symmetric Bernoulli’s equation (integrated
momentum equation) and obtain their speeds at ten different
distances between 10 and 20 R,. We neglect gravity forces, assume a
polytropic gas (Shi et al., 2022, in our case, y = 5/3), and include the
molecular weight y to consider the He**/H" density ratio measured

by SWEAP, to get the following:
y-1
RN

Vol

kT %o
vr?

=G
VR it
y=1/\umy
where k is the Boltzmann constant, my; is the proton mass, v, and r,
are the speed and radial distance near the Sun (in this case between
10and 20 R,), and v and r are the speed and radial distance at the PSP
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FIGURE 13

Composite FSI and Metis and COR2 height-time plot showing the
relationships between erupting features tracked in EUI (red +
symbols), COR2 GCS fits (light blue » symbols), Metis (orange 0), and
backward extrapolations from PSP in situ measurements of three
different patches corresponding to those marked with vertical dash
lines in Figure 3. The first transient with magenta +, the constant
speed patch delimit between the lines marked with green +, and the
third transient marked with indigo +. The dashed yellow lines and
velocities are fit directly to features in the height-time plot.

location, respectively. We reconstruct analytically the information of
the structures back to the Sun by assuming constant speed motion
(see Figure 13).

In this case, we did not pursue running MHD numerical
simulations (e.g., ENLIL (Odstrcil and Pizzo, 2009), PLUTO
(Mignone etal., 2007; Mignone et al., 2012), and EUHFORIA
(Pomoell and Poedts, 2018) numerical codes) by extrapolating the
photospheric fields due to the difficulty of analyzing the event at its
source region, observational limitations, and possible prediction of
transit times to follow the eruption from the Sun to the PSP location
with an analytical approach.

The analytical equations predict between 10 and 20 R: the
passage of the first structure on 2021 April 24, 08:40 UT, propagating
away from the Sun with a speed of 389 km s™!, the constant speed
structure on 2021 April 24, 10:00 to 18:00 UT, at 290 km s7! and the
third transient on 2021 April 24, 23:00 UT, at 302 km s7L

Fitting the slopes of the two eruptions observed in the
height-time plot, corresponding to the feature observed near
the first sets of orange Metis points, we obtain a velocity of
335+ 12 km s™". The second major eruption, around the second set
of orange Metis points, has a velocity of 322+ 12kms™!. A dark
intermediate feature, corresponding to the third set of red points,
is probably the trailing edge of the first eruption and has a slower
speed, 230 + 8 km s7h

The strong agreement between the different sets of observations
suggests we are tracking the same features in all of our data. The
velocities we measure from these height-time plots also agree well
with the PSP-derived velocities, indicating that the propagation of
the CME is not strongly influenced by interactions in interplanetary
space.
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Early in the first eruption, the prominence appears to follow the
local magnetic field in the low corona, which is highly non-radial,
and thus the radially plotted height-time diagram does not fully
capture the prominence’s trajectory or velocity. Outside of the FSI
field of view, the eruption moves primarily radially, with essentially
constant velocity.

By combining the analytical model with the connectivity derived
from the MAS model, it is clear that, for much of the propagation
of the eruption, the CME is propagating constantly along the open
field lines connected to PSP because of the close proximity of the
initial prominence to these field lines. While the magnetograms used
in the MAS model for the area around the eruption are necessarily
somewhat out of date because the eruption occurred on the backside
of the Sun with respect to Earth, all of the remote-sensing data
supports the notion of a simple propagation originating in the south
and following open field lines northward toward the equator.

6 Conclusion

We reported the propagation of a complex prominence eruption
that reached PSP on 2021 April 25 at 01:00 UT when the spacecraft
was located at 46 R,. To study the full evolution of the event, we
combined multi-spacecraft remote-sensing observations with the in
situ measurements onboard PSP. The structure, as sampled by SPC,
was characterized as a low temperature and low-density transient
with complex magnetic field configuration and a He*"/H" > 8%
ratio indicating the presence of alpha particles identified from the
clear secondary peak in the 1D reduced distribution functions
moving at a velocity ranging between 550 and 650 km s™'. Although
the structure lacks a coherent magnetic field configuration, the rest
of the characteristics observed are signatures common in magnetic
clouds, particularly when related to prominences. We identified the
complex prominence eruption as the source by tracking from the
Sun to PSP location the propagation of the associated CME, which
was only possible due to the nearly perfect quadrature of PSP and
SolO.

We analyzed FSI, Metis, and COR2 images, tracked the structure
evolution up to 20 Ry, and identified that the eruption occurred in
two phases: a smaller outburst beginning in the more southerly part
of a prominence and the substantial eruption originated from the
more northerly part of the structure. Below 4 R ., the set of remote-
sensing observations showed that the structure is complex.

Above 20 R, the CME kinematics was modeled using the GCS
reconstruction method over WISPR and COR2 coronagraph images
and by modeling the background magnetic field using the MHD
PSI/MAS model and backward analytic reconstruction starting from
PSP in situ data. The strong agreement between the different sets of
observations and models showed that the ICME propagated radially
at a constant speed and that it was not strongly influenced by
interactions in interplanetary space.

This work highlights the importance of studying the propagation
of transients from a multi-spacecraft point of view, as their
combination enables a better understanding of the phenomena by
closing gaps between the sets, e.g., the distance ranges covered by
the different instruments, the image dependence with the spacecraft
location which also reverberates on the possibility to model the
events from remote-sensing observations, and the limits of the
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current reconstruction models back to the Sun from in situ data.
Particularly in this case, we were able to follow a complex structure
that, during the first stages of propagation, it seems to be evolving
non-radially before propagating at a constant rate. Moreover, the
eruption conserves its plasma and magnetic properties up to 46 R,.
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