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ABSTRACT

We study the low corona evolution of the ‘Cartwheel’ coronal mass ejection (CME;
2008-04-09) by reconstructing its 3D path and modeling it with magneto-hydrodynamic
simulations. This event exhibits a double-deflection that has been reported and ana-
lyzed in previous works but whose underlying cause remained unclear. The ‘Cartwheel
CME’ travels toward a coronal hole (CH) and against the magnetic gradients. Using
a high-cadence, full trajectory reconstruction, we accurately determine the location of
the magnetic flux rope (MFR) and, consequently, the magnetic environment in which it
is immersed. We find a pseudostreamer (PS) structure whose null point may be respon-
sible for the complex evolution of the MFR at the initial phase. From the pre-eruptive
magnetic field reconstruction, we estimate the dynamic forces acting on the MFR and
provide a new physical insight on the motion exhibited by the 2008-04-09 event. By
setting up a similar magnetic configuration in a 2.5D numerical simulation we are able
to reproduce the observed behavior, confirming the importance of the PS null point. We
find that the magnetic forces directed toward the null point cause the first deflection,
directing the MFR towards the CH. Later, the magnetic pressure gradient of the CH
produces the reversal motion of the MFR.

Keywords: Sun: coronal mass ejections (CMEs) — Sun: prominences — Sun: magnetic
fields — magnetohydrodynamics (MHD)

1. INTRODUCTION

Coronal mass ejections (CMEs) are the drivers of the strongest geomagnetic storms and a major
concern of space whether. They are usually related to the ejection of magnetic flux rope (MFR)
that connects them to the eruptive source region in the lower corona, including prominence/filament
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eruptions, flares, and cavities (e.g., Zhang et al. 2001; van Driel-Gesztelyi & Green 2015; Green
et al. 2018; Jiang et al. 2018; Yang et al. 2018; Filippov 2019). Predicting the occurrence and
trajectory of the eruption is crucial for assessing their potential geoeffectiveness. Since the launch of
the Solar TErrestrial RElations Observatory (STEREO, Kaiser et al. 2008) twin spacecrafts (STA
and STB, hereafter), along with the development of various reconstruction tools (e.g., Mierla et al.
2008; Maloney et al. 2009; Temmer et al. 2009; Thernisien et al. 2009; Kwon et al. 2014; Isavnin
2016; Zhang 2021), multi-point observations allow the determination of the three-dimensional (3D)
path of CMEs and their associated source regions.

Several factors can deflect an eruption from its radial course (MacQueen et al. 1986; Cremades &
Bothmer 2004; Gui et al. 2011; Kay et al. 2015; Sieyra et al. 2020). It is generally accepted that
neighboring magnetic structures, such as coronal holes (CHs - e.g., Cremades et al. 2006; Gopalswamy
et al. 2009; Sahade et al. 2020, 2021) and active regions (ARs - e.g., Kay et al. 2015; Méstl et al.
2015; Wang et al. 2015), can deflect MFRs in longitude and latitude against their position. On the
other hand, heliospheric current sheets (e.g., Liewer et al. 2015; Wang et al. 2020), helmet-streamers
(e.g., Zuccarello et al. 2012; Yang et al. 2018), and pseudostreamers (PSs - e.g., Cécere et al. 2020;
Wang et al. 2020; Karna et al. 2021; Sahade et al. 2022) attract MFRs toward their low magnetic
field regions. This responses can be quantified, in strength and direction, by the local and global
gradients of the magnetic pressure (Gui et al. 2011; Panasenco et al. 2013; Liewer et al. 2015; Sieyra
et al. 2020).

However, there are events that seem to propagate against those gradients, such us the known as
‘Cartwheel CME’. This event erupted on 2008-04-09, after 8:45 UT, and has been studied extensively
from different perspectives (Landi et al. 2010; Savage et al. 2010; Gui et al. 2011; Patsourakos &
Vourlidas 2011; Thompson et al. 2012; Kliem et al. 2012; Capannolo et al. 2017). The eruption
followed a non-radial trajectory, according to 3D reconstructions (Landi et al. 2010; Gui et al. 2011;
Patsourakos & Vourlidas 2011; Thompson et al. 2012). Landi et al. (2010) firstly reconstructed the
3D CME core trajectory at eight different times from 1.1 Ry to 5.1 R noting that the ‘Cartwheel
CME’ has an initial deviation toward the Earth and later it moves away from Earth direction. Savage
et al. (2010) tracked the erupted material in STA plane-of-sky (POS) with better cadence but in a
2D projection (below 1.5 Ry). They investigated the magnetic field configuration noting that the
CME seems to initially move toward the southern open field lines. Later, the trajectory projected
in the POS becomes more radial near ~ 2.5 R.. To understand the non-radial evolution of this
event, Capannolo et al. (2017) modeled the MFR eruption with ForeCAT (Kay et al. 2013, 2015) and
compared it to Landi et al. (2010) reconstructed trajectory. ForeCAT calculates the deflection and
rotation of the simulated MFR (varying initial mass, speed, size, shape, and location) considering
the magnetic forces (tension and pressure gradient) from the solar background. Although they are
able to reproduce the double deflection, they find that the MFR moves unexpectedly against the
magnetic gradients, toward a CH. They need to assume a non-radial initial velocity to impulse the
MFR in this direction and propose that an asymmetrical reconnection of the footpoints could explain
it.

In this paper, we investigate the validity of the previous interpretations about the deflection of
the ‘Cartwheel CME’ and find that the eruption is not unusual but follows the expected trajectory
along existing magnetic fields. A detailed reconstruction allows to properly investigate the magnetic
interaction between the environment and the ‘Cartwheel CME’ and to provide a new insight into the
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Figure 1. 2008-04-09 event in STEREOQO 171, 195 and 304 filters at 09:56 UT. Rainbow-color dots represent
the apex position of the prominence from 8:25 UT (violet dot) to 10:40 UT (red dot), triangulated in EUVI
images. Left panels show STB FOV, dots with black center are behind limb and are triangulated with
SOHO/EIT; right panels show STA FOV.

MFR behavior. In Section 2 we reconstruct the 3D path of the 2008-04-09 event with higher cadence
and by different techniques at the low corona level. We reconstruct the surrounding magnetic field
with the Potential Field Source Surface model (PFSS, Schrijver & De Rosa 2003). In Section 3 we
present the results of a magnetohydrodynamic (MHD) numerical simulation where a MFR interacts
with the main magnetic structure found by the PFSS reconstruction. The simulated event reproduce
the ‘Cartwheel CME’ behavior and allow us to compute the forces acting on the MFR. Conclusions
and final comments are presented in Section 4.

2. DATA ANALYSIS
2.1. Source region

Much of the eruptive material belongs to a prominence located within AR 10989. The prominence
is enclosed by an anemone PS, whose southern side is overlaid by the negative open field of a CH and
the northern side is overlaid by the negative footpoints of closed field lines. The region is complex
and presents more PS structures, defining a PS as twin arcades covered by field lines of the same
polarity that produce a single null point and form the spine of the PS (Rachmeler et al. 2014).

Between 2008-03-22 and 2008-03-30 the AR exhibited eruptive activity, with a major CME on
2008-03-25. After that, the region remained quiet until 2008-04-03, when it exhibited brightenings
in the EUV 195 channel and two small eruptions on 2008-04-05. The ‘Cartwheel CME’ is the last
and most notable of the eruptions from this region.

2.2. Prominence and CME 3D Reconstruction



The 2008-04-09 event was observed on the west limb by the Solar and Heliospheric Observatory
(SOHO, Domingo et al. 1995) and STEREO spacecraft. At that time, the STEREO spacecraft were
separated by ~ 24° from Earth. We use the data provided by the Fztreme ultraviolet Imaging Tele-
scope (SOHO/EIT, Delaboudiniere et al. 1995), the Large Angle and Spectrometric Coronagraph Ex-
periment (SOHO/LASCO, Brueckner et al. 1995), the Extreme- Ultraviolet Imager (STEREO/EUVI,
Howard et al. 2008), and CORI coronagraphs from STEREOQ spacecraft to reconstruct the trajectory
of the prominence and CME. We use Michelson Doppler Imager (SOHO/MDI, Scherrer et al. 1995)
data for the days before 2008-04-09 and apply the PF'SS model to reconstruct the magnetic field over
the solar surface.

Since the source region was located near the western limb of STEREO-A (STA), we reconstruct
the initial 3D trajectory from SOHO/EIT and STA/EUVI 195 channels. When the prominence
appears in the STEREO-B field-of-view (FOV), we track the ejected material in the 171, 195 and
304 channels from both STEREO spacecraft to ensure we are following the same features and cover the
broader time range with high cadence. Finally, we track the prominence in white-light images from
STEREO/CORI while it is bright and compact. The 3D location of the prominence is determined
using the tie-pointing technique, which consists of a geometrical reconstruction by considering the
position of the same feature in the FOV of two different spacecraft (see, e.g., Inhester 2006). We
use the scc_meassure routine, developed by B. T. Thompson, from SolarSoft. Figure 1 shows the
eruption at 09:56 UT from STA and STB perspective in the different filters. For the 171 and 195
filters we follow the apex of the cold material prominence. In the 304 filter and COR1 images we
track the main axis of the prominence, measuring multiple positions each time. The median latitudes
and longitudes correspond to the position of the apex. The color-coded dots in Figure 1 summarize
the reconstructed trajectory of the prominence apex at each time.

Also, we reconstruct the CME from the EUV 195 and coronagraph images from the three view-
points (SOHO, STA and STB). To reproduce the evolution of the deflecting CME from the low
corona we use, for the first time, a non-radial GCS model. In this way, the CME footpoints coor-
dinates can be fixed while the CME front can vary in latitude and longitude. We use the SolarSoft
routine rtcloudwidget, the parameters tuned for the reconstruction are: latitude, longitude, tilt
angle, height, half angle, ratio and non-radial tilt. The latter allows to change the angle subtended
by the CME axis and the radial plane defined by the footpoints and the solar center. This adds
a degree of freedom in the reconstruction, which may produce a new set of solutions. However,
as the footpoints are characterized by the latitude, longitude, and tilt angle these parameters re-
main unchanged throughout the full evolution of the CME. This is an improvement over previous
reconstructions as the deflection can be better captured and the coordinates of the CME front are
more accurately determined while CME footpoints remain in the source region. Table 1 shows the
parameters used for the non-radial GCS reconstruction and Table 2 (Appendix A) shows the coordi-
nates for both GCS and triangulation reconstruction techniques, for the prominence and the CME,
in EUV and white-light images, respectively. The prominence is tracked from 08:15 UT to 11:15 UT
([1.03 — 3.08] Ry), and the CME can be modeled from 09:25 UT to 11:45 UT ([1.24 — 4.1] Ry).

Figure 3 shows the triangulated prominence trajectory and the surrounding PFSS magnetic field
lines. The prominence initially departs from a complex region of closed loops (white lines) at latitude
and Carrington longitude (—16°,195°). It travels towards the open magnetic field of a southern CH
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Figure 2. 2008-04-09 event in STA, SOHO and STB in 195 filter (left) and coronagraph (right) images.
Color dots represent the position of the CME center from 9:25 UT (violet dot) to 11:45 UT (yellow dot).
The GCS reconstruction at 10:05 UT (magenta wireframe) and its central cross section (white circle) is
plotted over the 195 images. The cross sections (grey circles) of the GCS reconstruction and centers (color
dots) in 9:25 - 11:45 UT are overplotted on the coronagraph composites in the right panels.

(blue lines) until reaching (—29°,182°). Afterwards, the prominence changes its motion and travels
outward along the open magnetic field lines, with coordinates (—26°,196°) in the last measured
position. The purple line marks the radial direction from the initial position of the eruptive material,
with ticks from 1.2 to 2.8 R5. The prominence apex changes in both latitude and longitude, but it
is possible to define a plane intersecting the solar sphere which contains the evolution of the apex
(hereafter, plane of eruption - POE). The POE is selected by non-linear least-square fitting and
presents a standard deviation lower than 1°. The right panel of Fig. 3 shows a rotated view of the
eruption in which the POE is parallel to the POS and the radial direction is pointing upwards. We
define a Cartesian reference system with the z-axis being parallel to the solar surface at the initial
position of the prominence, the y-axis pointing in the radial direction, and z-axis perpendicular to
the POE. In this system, the outward motion is projected in the y-direction, and the deflections in
x-direction. For reference, the solar equator is shown in teal color.

By defining the POE we can study the magnetic scenario that produces the non-radial motion in a
simpler way as we reduce the dimension of the problem. Figure 4 shows the magnetic field magnitude
in logarithmic scale, the magnetic field lines and the prominence position (rainbow dots), the CME
center position (magma dots with gray edges) and the CME cross section (gray circles) projected
on the POE, in the Cartesian reference system described above. From the early reconstruction of
the prominence path we can see that it heads toward the null point (gray start) located at (z,y) =
(0.16 R, 1.05 Rg), then both the CME and the prominence move to the right (in this coordinate
system) displacing ~ 15° from the radial direction. About 1.8 R, they reverse the motion traveling
to the left and aligning with the CH field lines. The final angle of deflection is lower than 5°. This
double-deflection behavior was previously reported in Sahade et al. (2021). Their scenario did not



Table 1. Non-radial GCS parameters.

Time Height Aspect ratio Non-radial tilt

[UT]  [Ro] [°]

09:25 1.34 0.05 —-33.5
09:35 1.35 0.06 —34.2
09:45 1.42 0.08 —34.2
09:48 1.43 0.08 —34.2
10:00 1.46 0.09 —34.8
10:05 1.56 0.12 —29.8
10:14 1.84 0.14 —29.8
10:26 2.11 0.14 —25.5
10:40 2.38 0.14 —15.5
10:45 2.57 0.16 —-11.2
10:55 2.92 0.19 -9.3
11:05 3.30 0.20 —5.6
11:10 3.37 0.20 —5.6
11:20 3.70 0.20 —5.6
11:25 3.88 0.20 —3.7
11:45 4.91 0.20 —3.7

NoTE—Height parameter corresponds to the
CME front height, the aspect ratio indicates
the relation between height and the cross sec-
tion of the CME, and the non-radial tilt gives
the angle between the radial direction and the
CME axis. The other parameters of the model
remain fixed: latitude § = —17°, longitude
¢ = 196°, tilt v = —42.5°, and half angle
a = 4.5°. Times up to 10:40 UT correspond
to EUV images, times after 10:45 correspond
to coronagraph images.

include a PS configuration as in the case here, but the interaction with the null point and the open
magnetic field lines is quite similar (further analysis in the next section). It is interesting to note
the evolution of the prominence relative to the CME. Initially, the prominence is located close to
the right edge of the MFR cross section, exhibiting a larger deflection than the MFR center (the
maximum being 18° and 14°, respectively). In the later stages, the prominence apex progressively
reaches the MFR center, in both displacement x and height y. This behavior appears consistent with
the prominence material lying at the bottom of the MFR due to the gravity and magnetic forces
balance (e.g Vourlidas et al. 2013). As the MFR moves non-radially, the prominence follows along
the edge of the cavity, experiencing larger deflection possibly because of its larger inertia. After it
expands and loses density it reaches a position closer to the MFR center. The displacement between



UNDERSTANDING THE ‘CARTWHEEL CME’ DEFLECTION 7

Time [UT]

10:00

9:30

9:00

8:30

Figure 3. (a) Triangulated trajectory of the prominence apex with the PFSS magnetic field lines. White
magnetic field lines are closed and blue ones are open lines of positive polarity. Rainbow-color dots show
the prominence triangulation in EUVI images. Black, violet, pink and beige dots are triangulated in COR1
images at 10:45 UT, 10:55 UT, 11:05 UT and 11:15 UT, respectively. In purple, the radial direction according
to initial position of the prominence, with markers separated by 0.2 Rg. In light blue, the plane where the
trajectory lies, the pink circle shows the intersection of the plane and solar surface, the teal circle represents
the equator. (b) Rotated position of the eruption and magnetic field lines. Cartesian axes defined from the
POE.

the MFR and the prominence is noted in the STA images (see Fig. 1) but 3D measurements give us
certainty that the actual trajectories differ and that it is not a projection effect.

2.3. Magnetic forces

The PFSS model is useful for understanding the global magnetic environment and large-scale
structures surrounding the eruptive material. However, it cannot account for the magnetic field
evolution during an eruption unless the eruption produces photospheric changes, which is observed
only in large eruptions. From this reconstruction technique we recover a PS null point which may
be “attracting” the MFR and directing it toward the open magnetic field lines of the nearby CH.
Figure 5 shows the temporal evolution of the angular alignment between the MFR trajectory and
both the magnetic field lines and the gradient of magnetic pressure (with the conventional minus sign
in front, i.e., G = —V%). In the initial phase of the eruption (8:45-9:35 UT, below 1.2 Ry), the
MFR moves slightly misaligned with the gradient direction, but since the MFR does not stop in the
null point the miss-alignment grows to 100°. In the second phase (until 10:35 UT and 1.8 R), the
MFR moves along the CH magnetic field lines, aligning with both the gradient and field as it loses
speed in the az-direction. In the third phase of the evolution, the misalignment remains small but
with an increasing trend. This can be understood as the dynamical response of the CH, which was
compressed by the inertial motion of the MFR and later returns the MFR to the original position of
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Figure 4. Magnetic field magnitude and field lines with the prominence and CME trajectory in the POE.
Gray start indicates the null point position. Rainbow-color dots correspond to the triangulated positions of
the prominence with same time scale as Fig. 3 and the last larger red dot being the black one in that figure.
Gray circles are the cross sections of the non-radial GCS model from 9:25 UT to 11:20 UT, and color dots
with same gray edges are the centers of each cross section, up to 10:45 UT.
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Figure 5. Angle of miss-alignment between the magnetic gradient and trajectory (G-T), and the magnetic
field and trajectory (B-T). The grey dashed line indicates the height at which the PS spine is crossed.

the open field lines. At 11:00 UT, and above 2.5 R, the CME stops the x displacement, confined in
the lines of the CH.

To estimate the force exerted by the CH on the MFR, we consider flux conservation of the CH
magnetic field lines. Without magnetic reconnection, the field lines should be pushed inwards, re-
ducing the CH area and proportionally increasing it magnetic field strength in the B, component.
Considering this, we estimate the magnetic pressure gradient in the z-direction. We also obtain



UNDERSTANDING THE ‘CARTWHEEL CME’ DEFLECTION 9

=
o
v

(=]

o]
S|

8

Normalized magnitude
¢ o o 5
= o

j=]
[\
\

15
o

125 150 175 200 225
y[Ro]

Figure 6. Normalized magnetic gradient pressure (G,) and normalized acceleration (a,) in z-direction
during the observed interaction with between the MFR and the CH.

a polynomial fitting for the trajectory, deriving from there the radial (y-direction) and non-radial
(z-direction) velocity and acceleration. Figure 6 compares the normalized magnitude of the force
produced by the magnetic pressure gradient and the normalized magnitude of the MFR acceleration
in the z-direction. In this evolution period the acceleration is directed to the —az-direction and in-
creases until ~ 1.7 R (10:20 UT), then gradually reduces to zero. Since the trend of both curves is
quite similar we suspect that the magnetic pressure gradient is contributing to accelerate the MFR
out of the CH during their interaction.

3. NUMERICAL SIMULATION

In Sahade et al. (2022, hereafter 522) we modeled a MFR immersed in a PS magnetic field and
studied the dynamical interaction between both structures while changing the parameters. We adapt
the model used in that work to simulate the magnetic configuration of the 2008-04-09 event. The
‘Cartwheel CME’ seems to interact with the null point of a nearby small PS and then with the CH
overlying the southern lobe of that PS. By adjusting the model parameters and modifying equations
(11a-b) of S22 to obtain a bent PS spine, we establish an initial magnetic field configuration that
has a topology and magnetic field strength similar to those shown in Fig. 4. The new equations for
the background magnetic field allow a shift of the central position of the potential magnetic field
overlying the PS:

20 Bps(x — xps)(y — yps)
((z — 2pg)? + (y — yps)?)?

By sin (%) exp[—y/H],

By(r,y) =

+ (1)

o 20 Bps(x — 7pg)*
Byle.y) = (@ —2es)” + (v — yrs )" .

o Bps +
(x — wps)? + (y — yps)?

By cos (%) exp|—y/H],
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Figure 7. Background magnetic field magnitude and lines of the simulated case. The turquoise dot indicates
the initial position of the FR, the gray star indicates the observed null point position. The MFR cross section
and center represented by gray circles and blue-scaled dots, respectively.

where Bps = —0.7 G is the magnetic field strength due to a single line dipole (0 = 3 x 10¥ is a
dimensionless scaling factor) located at (z,y) = (rps = 120 Mm, yps = —10Mm), By = 1 G is the
background field strength at (x,y) = (xcy = 200 Mm, 0), and H = 400 Mm is the height decay factor.
The rest of the simulation parameters are set as in S22 except for the current densities, being here:
jo = —700 statA cm™2, j; = 516 statA cm ™.

Figure 7 shows the background magnetic field resulting from (1)-(2), where the MFR is added. The
turquoise dot and the gray star indicate the prominence initial position and null point position from
the observational data. The null point position, the width of the PS, and the magnetic field strength
are well reproduced (compare to Fig. 4) by the parameter selection. We note that above y = 2 Ry
and beyond x = 0.4 Ry, the field lines behave differently than in Fig. 4. This is expected since
the model assumes a simpler configuration than the actual solar magnetic field. However, it is not
necessary to modify the magnetic field configuration to fit those farther regions since our intention
is to understand the initial behavior of the MFR. The blue-scaled dots and gray circles show the
evolution of the MFR center and cross section, respectively. While the trajectory and the MFR size
are comparable, the simulation evolves faster than the observed case.

Figure 8 shows the gas pressure distribution and magnetic field lines of the simulation at t = 1900 s.
We note the MFR (delimited by the low pressure cavity) is displaced to the right and expanded
compared to its initial position and volume (see the full evolution in the animated version). During
its ascent the MFR develops a super-Alfvénic shock ahead of the cavity. The shock interacts with
the CH bending it field lines. In the MFR separatrix there is a flux cancellation region (bottom-
right diagonal of the MFR) that leads into reconnection and magnetic islands formation. See in the
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Figure 8. Gas pressure distribution and magnetic field lines at ¢t = 1900s. An animated version of this
figure, showing the magnetic field lines and pressure evolution, is available in the HTML version.

animated version, for example, the magnetic island located at (x,y) ~ (0.4 Rz, 1.4 Ry) at t = 15005,
it rotates along the MFR edge almost 90° in 900 s, afterwards it is lost within the turbulence.

The simulated scenario reproduces the behavior observed in the ‘Cartwheel CME’. The MFR travels
toward the null point location and it continues the lateral motion pushing the CH field lines. The
CH lines are initially bent by the shock and the MFR, but they eventually stop the rightward motion
of the MFR, push back, and guide the MFR back to the original position of the CH lines. From
the dynamic evolution of the magnetic field we can calculate the forces exerted on the MFR during
its ascent. Figure 9 shows the evolution of the MFR forces per length unit (since the simulation
is 2.5D) in z-direction in the upper panel. The magnetic forces have a larger contribution than
the gas pressure, and both magnetic pressure gradient and tension accelerate the MFR to the right
(toward the null point) in the initial phase of the evolution. The magnetic forces are driving the
MFR toward the null point position. When the MFR begins to interact with the open magnetic field
lines of the CH, the magnetic pressure gradient becomes negative, stopping the rightward motion.
The maximum MFR displacement occurs at y ~ 1.6 Rs (and = ~ 0.3 R, as observed). After that,
the negative magnetic pressure gradient increases linearly to zero, as the magnetic tension decreases
to zero. Thereafter, the magnetic pressure exerted by the open magnetic field lines restores the MFR
to the force-free direction. To compare with Fig. 6, lower panel of Fig. 9 shows a time zoom-in of
the normalized magnetic gradient pressure (G,) and normalized fit acceleration (d,) in z-direction
during the interaction with the open field lines.

4. DISCUSSION AND CONCLUSIONS
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Figure 9. Upper panel: Forces per length unit in z-direction exerted on the MFR. Magnetic pressure
gradient (G ), magnetic tension (7) and gas pressure gradient (—Vp) for the first 4000 s of the simulation.

Lower panel: Normalized magnetic gradient pressure (G;) and normalized fit acceleration (a,) in z-direction
for the simulated MFR during the interaction with the open field lines.

The ‘Cartwheel CME’ is a well-studied event with a dynamic behavior that appears to run contrary
to the current understanding of the interaction between MFRs and ambient magnetic structures
(Capannolo et al. 2017). To investigate whether the CME’s behavior was indeed unusual, we first
focus on obtaining a more precise reconstruction of the event than previous attempts (Landi et al.
2010; Gui et al. 2011; Patsourakos & Vourlidas 2011; Thompson et al. 2012). To achieve this, we
use data from three different viewpoints (SOHO, STA and STB) and two different techniques to
reconstruct the evolution of different components of the magnetic system within 4 R.. Furthermore,
we reconstruct the CME using the non-radial GCS model to better capture the non-radial motion of
this event. Our reconstructions are consistent with the assumption that the prominence material is
located at the bottom of the MFR. The measurements indicate that the prominence undergoes a larger
deflection than the MFR center, due possibly to the higher momentum of the heavier prominence
material.

Although the deflection produces changes in both latitude and longitude for the prominence apex
and MFR, the entire evolution of them can be projected onto a 2D-plane, which simplifies the anal-
ysis of the magnetic field configuration in which the MFR moves (see Fig. 3 and 4). As established
before(Savage et al. 2010; Capannolo et al. 2017), the MFR is interacting with the open magnetic field
lines of a CH and, traveling toward them and against the magnetic gradients. Our thorough recon-
struction of the initial rising phase and magnetic field allows the identification of a pseudostreamer
null point located between the initial position of the MFR and the CH. Considering the action of
null points in trajectory (e.g., Panasenco et al. 2013; Wang et al. 2020; Sahade et al. 2021, 2022), we
presume that this null point is responsible for attracting the MFR toward the CH, which then stops
the MFR deviation and guides it parallel to its magnetic field lines. Then, the peculiar behavior of
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the 2008-04-09 CME can be explained not only by assuming an asymmetric magnetic reconnection
(Capannolo et al. 2017), but as a response to the interaction with the magnetic environment near
the source region.

We analyze the alignment between the trajectory and the magnetic pressure gradient (see Figure 5)
and observe different phases in the evolution. Initially, as expected, the angle is small as the MFR
travels toward the null point, then it increases abruptly as the MFR crosses the null point location.
Once inside the CH, the MFR trajectory smoothly aligns with both the magnetic gradient and
magnetic fields. Finally, we see that the misalignment between the angles increase, presumably
because the CH is reacting to the MFR displacement and pushing it back toward a more radial path.
In conclusion, our analysis indicates that the MFR tries to align with the magnetic pressure gradient.
However, it should be noted that null points can lead to stronger deflections producing misalignment
and also, at later evolution, the angles calculated from the static magnetic field extrapolation may
not reflect the magnetic structure responses. We estimate the dynamic magnetic pressure gradient
exerted by the CH on the MFR (Fig. 6) and find that it correlates with the non-radial acceleration
of the MFR. Consequently, we conclude that the magnetic pressure gradient is at least one of the
restorative forces producing the reversal deflection.

We perform ideal MHD-simulations to model the dynamics of the 2008-04-09 event, adapting the
magnetic scenario explored in 522. The simulation considers a MFR interacting with a PS structure
similar to the observed one (see Figures 7 and 8), other magnetic structures as the nearby AR are
excluded from the modeling. The simulated MFR presents the same double-deflection behavior as
the ‘Cartwheel CME’| validating the relevance of the null point and magnetic configuration. We
calculate the forces acting over the MFR by considering the dynamic evolution of the environment.
Initially, the magnetic tension and the magnetic pressure gradient are responsible for deviating the
MFR in a non-radial direction and toward the null point. Then, the magnetic pressure gradient is
the restoring force that stops the MFR deflection and pushes it back toward a direction more aligned
with the original CH lines, agreeing with the data analysis.

In summary, we find, observationally and numerically, that the behavior of the ‘Cartwheel CME’
can be explained once the trajectory and magnetic environment are well described. The evolution can
be divided into three phases. The first one is driven by the presence of the PS null point (deflection to
the south until 10:09 UT), the second one consists of the response to the CH (reversal deflection), and
the third one concerns the MFR outward propagation parallel to the magnetic field lines following
the least resistance path (near radial trajectory after 11:05 UT).

The most important conclusions drawn from this work are:

e The dynamic behavior of the CME was not unusual but rather as expected. The CME escapes
through the nearest null point as expected on physical considerations. The apparent 'rolling’
behavior and sharp direction change were due to the topological configuration in the vicinity
of the eruption.

e Multi-viewpoint observations of the low coronal evolution of an eruption are key for under-
standing the topological environment around the erupting MFR. They can provide essential
information to understand unexpected behaviors.
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e Null points play a key role in the early evolution of erupting MFRs. Identifying their presence
and, more generally, determining the ambient magnetic topology, will greatly improve our
understanding of the early development and trajectory of eruptions.

e 2.5 MHD numerical simulations provide a useful tool to study different scenarios in which
a MFR can evolve. They are computationally less expensive than, for example, data-driven
models and allow us to test the interpretations that can not be easily verified with data.

Recent developments in instrumentation and observations promise great opportunities for further
understanding the early evolution of CMEs. EUV and white observations from Solar Orbiter pro-
vide a ‘3rd’ eye to the observations from STEREO, Earth-based assets (e.g SDO, GOES/SUVI and
SWFO-L1 in 2025+) from widely variable viewpoints. The future addition of off Sun-Earth line mag-
netograms (via ESA’s Vigil mission, currently in development) will further enhance the reliability of
magnetic field extrapolations and consequently of topological maps of the solar corona.
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and GMU as part of a research internship. AS thanks JHU/APL and GMU for their hospitality during
her visit.

APPENDIX

A. PROMINENCE AND CME 3D RECONSTRUCTION

Table 2 displays the 3d-coordinates for each timestamp with the different techniques, instruments
and features of the erupting structure.
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technique, using STA and STB spacecrafts (* use STA and SOHO). The coordinates of
the CME (center and apex) are determined from the non-radial GCS reconstruction,
using STA, STB and SOHO images. Times until 10:40 UT correspond to EUV images,
times from 10:45 correspond to coronagraph images.
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