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ABSTRACT

Context. A few days before the first perihelion of the Solar Orbiter nominal mission, which occurred on 2022 March 26, the Metis coronagraph on
board Solar Orbiter detected a coronal mass ejection (CME) that was moving away from the far side of the Sun (with respect to Solar Orbiter) at
high northern latitudes. The eruption was also seen by other spacecraft, in particular, by STEREO-A, which was in quadrature configuration with
Solar Orbiter.

Aims. We analyse the different views of the CME by a constellation of spacecraft with the purpose to determine the speed and acceleration of the
CME, and to identify the source region of the CME.

Methods. Considering the positions of various spacecraft on 2022 March 22, this CME happened to be within the field of view of STEREO-
A/SECCHLI, and it was visible over the limb from SOHO/LASCO. We present the results of the 3D reconstruction of the CME based on the
graduated cylindrical shell model and of the identification of the possible origin of the CME using extreme-ultraviolet (EUV) observations by
Solar Orbiter/EUI, STEREO-A/EUVI, and SDO/AIA. The observations in EUV are compared with the coronal magnetic structure obtained by the
potential field source surface method.

Results. The 3D reconstruction of the CME derives a central latitude of 29° N, a Stonyhurst longitude of —125°, and an average radial speed at the
apex of 322 + 33kms™! between 4 and 13 R, which is probably not high enough to generate a shock wave. The estimated average acceleration
of the CME is 16 + 11 ms~2 in the same range of distances from the Sun. This CME may be associated with the disappearance of a coronal cloud
prominence, which is seen in the EUV by STEREO-A/EUVI and SDO/AIA, and is also associated with rapidly evolving emerging magnetic flux.

Key words. Sun: corona — Sun: coronal mass ejections (CMEs) — Sun: filaments, prominences — solar wind — Sun: UV radiation

1. Introduction

Coronal mass ejections (CMEs) are large eruptions of mag-
netized plasma that are expelled from the Sun into the helio-
sphere as a result of the release of the huge energy stored
in the solar magnetic field structures. CMEs moving faster
than the expanding corona can develop shock waves when the
speed difference is larger than the fast magnetosonic speed
(e.g. Bemporad & Mancuso 2010; Bemporad et al. 2014). CME-
driven shock waves can convert the energy of ordered motion
into thermal energy, and accelerate particles to energies exceed-
ing several MeV (e.g. Lee etal. 2012; Rouillard et al. 2016;
Rodriguez-Garcia et al. 2021). Furthermore, even CMEs that
are not very fast in the solar corona can lead to strong mag-
netic disturbances in the geospace environment, as occurred
for one of the strongest geomagnetic storms of solar cycle 24
(Gopalswamy et al. 2022). Therefore, it is important to under-
stand the origin, speed, and acceleration of CMEs. Remote-
sensing observations of CME:s close to the Sun provide evidence
of the existence of magnetic flux-rope (MFR) structures within
CMEs (Vourlidas 2014). The 3D MFR geometry in terms of
CME propagation direction, orientation, width, and speed can
be derived from the imaging observations from multiple vantage
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points to minimize projection effects using forward mod-
elling, such as the graduated cylindrical shell (GCS) model
(Thernisien et al. 2006; Thernisien 2011). Farther out from the
Sun, CMEs interact with the solar wind in a complex way that
depends on the properties of fast and slow solar wind streams
(Rodriguez-Garcia et al. 2022); this can lead to deformations of
the initial CME structure, including also concave CME shapes
(Savani et al. 2010; Yang et al. 2023).

The Solar Orbiter spacecraft is equipped with a complete
suite of instruments to explore the solar environment and the
inner heliosphere (Miiller 2020; Zouganelis et al. 2020). On
2022 March 26, Solar Orbiter attained its first perihelion of the
nominal phase mission, reaching a heliocentric distance as close
as 0.32 au. This allowed an unprecedented view of the solar envi-
ronment. During this perihelion, the Metis coronagraph on board
Solar Orbiter (Antonucci et al. 2020; Romoli et al. 2021) gath-
ered a large number of high-resolution images of an already
active corona during the rising phase of the solar cycle. In par-
ticular, a few days before the perihelion, namely starting at
19:27 UT on 2022 March 22, Metis detected a neat CME that
apparently emerged from the north pole, as shown in Fig. 1, but
that propagated from the far side of the Sun with respect to Solar
Orbiter at high northern latitudes, as verified by inspection of
data from other spacecraft.
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Fig. 1. Visible-light running-difference images of the CME observed by Metis. The times of each snapshot are indicated at the top of each panel.

In this paper, we use observations of three coronagraphs,
namely Metis on board Solar Orbiter, COR2 on board the ahead
spacecraft from the twin Solar TErrestrial RElations Observa-
tory (STEREO-A; Kaiser et al. 2008), and the Large Angle and
Spectrometric COronagraph (LASCO; Brueckner et al. 1995)
on board the SOlar and Heliographic Observatory (SOHO;
Domingo et al. 1995), to carry out the 3D reconstruction of the
CME.

We deduce the kinematics of the CME, such as its speed
and acceleration, via the 3D reconstruction to determine the
acceleration mechanism of the CME. Furthermore, we inves-
tigate the possible origin of the CME by means of extreme-
ultraviolet (EUV) observations of the low corona. The structures
seen in the EUV as part of a coronal cloud prominence are com-
pared with the magnetic structure obtained by the potential field
source surface (PFSS; Schrijver & De Rosa 2003) method for
2022 March 22.

The paper is organized as follows. In Sect. 2 we present the
coronagraphic observations of the CME. Section 3 shows the 3D
reconstruction of the CME for heliocentric distances between ~3
and ~14 R,. The uncertainities on the parameters of the recon-
struction are considered, and the CME speed and acceleration
are derived. The high quality of Metis images also provides
clues regarding the density structure of the solar corona at ~2 R,.
In Sect. 4 we search for the possible origin of the CME using
EUV observations of the low corona and a comparison with the
magnetic pressure map obtained from PFSS. Finally, Sect. 5
summarizes the main conclusions of this study and discusses the
acceleration mechanism and the possible presence of a CME-
driven shock and energetic particles.

2. Coronagraphic observations of the 2022 March
22 coronal mass ejection

During March 2022, several other spacecraft in addition to Solar
Orbiter observed the Sun remotely. In particular, STEREO-A
was in nearly exact quadrature with Solar Orbiter, with a lon-
gitudinal separation of 85.6° between the two spacecraft, and
it was able to observe the March 22 CME in its plane of sky.
This can be considered one of the few CMEs that are observed
in quadrature from Solar Orbiter and another spacecraft so far.
Moreover, SOHO, located at ~52° from Solar Orbiter, was able
to observe this CME clearly. The CME was soon in the field of
view of LASCO, having originated beyond the east solar limb
as seen from SOHO. The positions of the various spacecraft are
shown in Fig. 2, where we also show coronagraphic images of
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the CME taken from different points of view at slightly differ-
ent times, namely 22:27 UT for Metis, 22:24 UT for LASCO,
and 22:08 UT for COR2. Therefore, a stereoscopic view of the
CME is available, which allows a reliable 3D reconstruction
(Balmaceda et al. 2018). We note that COR2 images between
19:38 UT and 22:03 UT are missing. Images from LASCO C2
and C3 are available with a high cadence. They are useful to fill
the gap in COR2 data and to obtain images when the CME was
beyond the Metis field of view.

Figure 2 shows that no spacecraft was on the opposite side
of Solar Orbiter to make in situ measurements of the interplan-
etary CME (Jian et al. 2006). The coronal activity associated
with the evolving CME has been detected by the Wide-field
Imager for Parker Solar PRobe (WISPR) heliospheric imager
(Vourlidas et al. 2016) on board the Parker Solar Probe (PSP;
Fox et al. 2016; see Sect. 4).

3. 3D reconstruction of the coronal mass ejection

In this section, we show the results of the 3D reconstruction of
the CME using the GCS model. The GCS model is an empiri-
cal model built to combine self-similar expansion and flux-rope
morphology, consisting of two conical legs, with the cone apices
connected to the Sun’s centre, and a torus connecting the legs
(Thernisien et al. 2006; Thernisien 2011). It can be used to esti-
mate the physical parameters of the CME, including its position,
direction, and true speed. Six geometric parameters are required,
namely the central latitude 6 and central longitude ¢ of the CME
apex, the axial tilt 7y, which is the angle of the main axis of the
CME with respect to the solar equator, the height of the apex
htrone (Or equivalently, the height of the conical legs e, ), the half-
angle @, which is half the angular distance between the conical
leg axes, and the aspect ratio x, which is the sine of the open-
ing angle of the cones, as shown in Fig. 1 of Thernisien (2011).
These parameters are used to fit the CME shape to compare with
the visually projected image of the CME in coronagraphs from
different perspectives, as explained in Thernisien et al. (2009).
From now on, when we discuss the results of the GCS forward
fitting method, we simply refer to it as a 3D reconstruction of the
CME shape.

The CME was reconstructed by combining the information
obtained by the LASCO C2 and Metis coronagraphs before
22:00UT (an example is shown in Fig. 3 at about 20:27 UT,
when the CME was still in the low corona) and by includ-
ing LASCO C3 and COR?2 after 22:24 UT. The CME was only
reconstructed from three perspectives at around 22:27 UT, as
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Fig. 2. Spacecraft positions on 2022 March 22 (lower centre panel): Solar Orbiter (SolO), the Parker Solar Probe (PSP), and STEREO-A (STA).
Also, SOHO and the Solar Dynamics Observatory are located close to the Earth. The direction of propagation of the CME apex, projected onto
the ecliptic plane, is shown by the red arrow. The coronagraphic images show the CME as seen at similar times by Metis (lower left panel),

LASCO-C2 (upper centre panel), and COR2 (upper right panel).

shown in Fig. 4. The reconstruction at a later time, 01:38 UT
on March 23, is shown in Fig. 5. The full set of fitting param-
eters from the GCS model was used to determine the CME
front position, speed, and acceleration, as discussed below. For
this event, based on the fitting procedure, we find that the half-
angle is zero, implying that the CME is similar to an ice-
cream cone model (Fisher & Munro 1984; Thernisien 2011).
We note that the GCS model with zero half-angle was used
by Patsourakos et al. (2010) to fit a CME in the low corona,
using both STEREO-A and STEREO-B coronagraphic and EUV
images. The GCS model parameters for all available times are
given in Table 1, except for the tilt angle, which is unneces-
sary when @ = 0. The values of these parameters are subject to
uncertainty, as given in Table 2 of Thernisien et al. (2009). In a
recent study by Verbeke et al. (2023), the errors were quantified
by comparing synthetic data obtained by ray-tracing and magne-
tohydrodynamic simulations with the GCS reconstruction per-
formed from several different viewpoints. They reported that the
errors substantially decrease from a reconstruction based on one
viewpoint to two viewpoints, while the errors do not decrease
significantly when three viewpoints are used that are all in the
ecliptic plane. Their estimates of the minimum error bars for the
CME parameters are A ~ 6° (latitude), A¢ ~ 11° (longitude),
Ay =~ 25° (tilt), Aa ~ 10° (half-angle), Ah ~ 0.6 Ry (height), and
Ak =~ 0.1 (ratio). Since our fits were carried out with either two
or three viewpoints, these values can be considered as the typical
uncertainties of the parameters reported in Table 1.

During the CME propagation, the average aspect ratio is
k ~ 0.38. The CME central latitude is ~29° N, and the Stony-
hurst longitude is ~—125°. The longitude of Solar Orbiter
was 52.4°, and therefore, longitudinal separation between Solar
Orbiter and the CME is 177.4°, which shows that the CME was
almost fully on the far side of the Sun as seen from Solar Orbiter.

The CME propagated in the plane of sky of COR2. Because the
projection effects are small, this is advantageous for determining
the CME speed and latitude.

Table 1 shows that the model parameters change only slightly
with time, in agreement with the assumption of self-similar
expansion. This property is supported by a recent numerical
simulation that reported that CMEs expand in a self-similar
way, without significant changes of shape, up to about 30 R,
(Yang et al. 2023). We note that the GCS reconstruction for the
studied event is very accurate, as shown by the comparison of
the top and bottom panels in Figs. 3 and 4, even for the cases
when one of the coronagraphs, namely Metis, was at a sub-
stantially smaller heliospheric distance, 0.32 au, than the other
spacecraft. Conversely, Fig. 5 shows that the reconstruction only
captures the large-scale features of the CME, but not the details.
A latitudinal asymmetry of the CME is clearly seen in the upper
left panel of Fig. 5, which can also be seen at earlier times, as
observed by STEREO-A in Fig. 2.

The parameters of the GCS reconstruction can be used to
create synthetic images of the CME by simulating the bright-
ness of the visible light radiation subject to Thomson scattering.
We used a tool that is based on the raytracing software avail-
able in SolarSoftWare (Freeland & Handy 1998) and adapted to
PSP/WISPR observations by Nistico et al. (2020). For our pur-
poses, the tool was re-adapted to Solar Orbiter in order to create
synthetic observations in white light of the Metis coronagraph.
Figure 6 shows a sample of the synthetic images of the CME
structure observed on March 22 at two different times. The shape
of the CME is prescribed by the GCS model, but a thin shell of
the electron density at the surface of the model is imposed in
order to simulate the Thomson-scattered radiation. The left pan-
els show the CME projected in the solar equatorial plane, and
the right panels present the plane-of-sky as seen by Metis. For
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the purpose of this work, we did not compare the brightness pro-
files of the synthetic CME with the observed profile, but simply
achieved a qualitative comparison of the CME morphology. We
note bright loop structures in the CME in the synthetic images,
similar to what was observed in the running-difference images
from Metis. This structuring might be caused by the integration
of the radiation along the line of sight of different portions of the
CME body that are located at different scattering angles. We aim
at studying the brightness profiles of the CME in a future work
in more depth.

The LASCO observation panels of Fig. 3 and especially
Fig. 4 show that the CME exhibits considerable helical structure
(e.g. Antonucci et al. 1997; Ciaravella et al. 2000). The tempo-
rary rotation associated with untwisting can be deduced from
Metis images: The arched structures above the north pole in the
upper right panel of Fig. 4 are more pronounced on the left side
and less pronounced on the right side. Because these are running-
difference images, this implies that the left side receded faster
than the right side, that is, as seen from the CME footpoint, the
rotation would be counterclockwise.

When the different sizes of the fields of view are taken into
account, the comparison of the coronagraphic images in Figs. 3
and 4 allows us to appreciate the high spatial resolution of Metis,
which unveils very fine radial structures in the corona at about
2 solar radii. Visible-light images are due to the scattering of
photospheric light by free electrons in the corona. These radial
structures therefore correspond to magnetic flux tubes with dif-
ferent plasma densities. This is reminiscent of the very fine and
elongated magnetic flux tubes that are visible during total solar
eclipses. A quantitative estimate of the local electron density
values and gradient scale has been carried out by Nistico et al.
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Metis: 2022-03-22T720:27:23

Fig. 3. 3D reconstruction of the CME using LASCO-
C2 (left panels) and Metis (right panels). The times
of each image are indicated at the top of each panel.
The top (bottom) panels show the coronagraph images
without (with) the reconstructed structure, which is
shown by the green mesh.

(2022), by means of the passage of comet Lovejoy in the low
corona. Metis observations are an important complement to local
density determinations and show that the fine density struc-
turing of the solar corona is a common feature. This density
structure can have important implications for the dissipation of
low-frequency waves in the corona because a variable density
causes variations in the local Alfvén speed, leading to a distor-
tion of wave fronts (e.g. Malara 2013).

The CME front kinematics is presented in Fig. 7. The aver-
age speed derived from a linear fit between 3.85 R, and 13.21 R,
is 322 + 33kms™!, and it is shown by the dashed line in Fig. 7.
We assumed an error bar on the front distance of +1 Ry, which
is higher than the minimum value of +0.6 R; proposed by
Verbeke et al. (2023). An increase in the CME front speed with
solar distance can be observed from the data points, in agreement
with previous studies (e.g. Patsourakos et al. 2010; Bein et al.
2011). A quadratic fit, indicated by the dotted line in Fig. 7,
yields an initial speed at 19:57 UT of 165 + 118 kms~! and an
acceleration of 16 + 11 ms~2. The final speed at 01:38 UT on
March 23 is about 480kms~'. The moderate initial speed at a
height of 3.85 Ry, is consistent with a CME origin from a coronal
cloud prominence, as shown in Fig. 8 and discussed in Sect. 4.

4. Origin of the coronal mass ejection

The coronagraphic observations of Metis, COR2, and LASCO
were combined with the extreme-ultraviolet observations at 304 A
from the Extreme Ultraviolet Imager (EUVI; Wuelser et al. 2004)
onboard STEREO-A and at 171 A from the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) on board the Solar Dynam-
ics Observatory (SDO; Pesnell et al. 2012) in order to study the
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Fig. 4. 3D reconstruction using COR2 (left), LASCO-C2 (centre), and Metis (right). The times of each image are indicated at the top of each
panel. The top (bottom) panels show the coronagraph images without (with) the reconstructed structure, which is shown by the green mesh. The
comparison of the three coronagraphic images allows us to appreciate the high spatial resolution of Metis, which unveils very fine density structures

in the corona.

coronal activity near the source region of the CME. The CME was
almost in the plane of the sky of STEREO-A, and, as observed by
STEREO-A, there were substantial activities in the northern east
limb, such as a coronal cloud prominence formation and coronal
rain (Panasenco et al. 2019), frequent flares, and loop arcades at
least three days before the CME emergence. We found clues for
the identification of the CME source by extrapolating the CME
initial speed, assumed constant for simplicity, down to the low
corona. We estimated that the prominence in Fig. 8 is located
at a height of ~1.4 Ry, so that the time to reach 3.85 Ry moving
at ~165kms~! is about 2h and 52 min. This implies a starting
time close to 17:05 UT, which matches the time of the prominence
destabilization reasonably well.

Figure 8 shows that a coronal cloud prominence
(Panasenco et al. 2019) forms above the region from which the
CME is likely to have come. The STEREO-A/EUVI images
at 304 A show this coronal cloud prominence and the corre-
sponding plasma downflow (coronal rain) along a few threads
starting on 2022 March 19 at 16:05 UT, when it became visible
above the eastern limb from the STEREO-A point of view
and continued until the magnetic funnel supporting this cloud
evolved. The low part of this coronal cloud prominence has been
observed at times very close to those of EUVI by SDO/AIA at
hotter coronal temperatures in 171 A as well (Fig. 8, bottom
panels). In order to emphasise the prominence, in comparison
to the background corona, we increased the constrast in Fig. 8.
We note that the signal was particularly weak in 171A, which

implies that the coronal threads observed at this wavelength have
temperatures below one million degrees. The arched structure
visible at 16:05 UT opens up at 18:05 UT (left and right panels
of Fig. 8, respectively) both in the EUVI and AIA images, and
it is the most likely low coronal signature of the observed CME.
The plane of sky of STEREO-A/EUVI (Stonyhurst longitude
33.25° + 90°E, Fig. 2) is very close to the longitude of the
GCS reconstruction central longitude (Stonyhurst longitude
125°E, Table 1), and the GCS reconstruction central latitude
(28° N, Table 1) matches the latitude of the left leg of the arched
structure well. Solar Orbiter/EUI detected some of the cloud
prominence shown in Fig. 8 at around 14:50 UT-16:00 UT (not
shown), even though the prominence was on the far side from
Solar Orbiter. This can be attributed to the fact that coronal
cloud prominences form relatively high in the corona.

We consider that the plasma sources for the 2022 March
19-22 prominence were the continuous flaring activity caused
by newly emerging and evolving active regions and the multiple
CME:s originating from the same area, which is outlined by the
dashed blue rectangle in Fig. 9. During the period of 2022 March
19-22, this area produced at least six CMEs, including the CME
we study in this paper. As observed by SOHO/LASCO-C2, they
are (1) a faint, slow, small CME on March 19, ~06:00 UT; (2)
a large CME on March 20, ~10:40UT; (3) a faint, fast, small
CME on March 20, ~17:30 UT; (4) a small, faint CME on March
21, ~20:10UT; (5) a very slow, faint, large CME on March
22, ~07:00UT; and (6) the CME under study on March 22,
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Table 1. GCS model parameters.
Date Time (UT) hiront (Ro)  hieg (Ro) ¢ (deg) 6 (deg)  «  «a(deg)
COR2 LASCO Metis
2022 March 22 - 20:00:07 19:57:23 3.857 2.384 -125.42 2795 0.382 0.0
2022 March 22 - 20:24:07  20:27:23 4.284 2.648 -125.51 2795 0.382 0.0
2022 March 22 - 21:24:07  21:27:23 5.358 3.410 -124.60 2795 0.364 0.0
2022 March 22 - 22:00:07  21:57:23 6.072 3.696 -124.70 2795 0.391 0.0
2022 March 22 22:23:30  22:24:07  22:27:23 6.714 4.005 -125.16  28.04 0.404 0.0
2022 March 22 23:07:45  23:06:15 - 8.000 4.895 -124.80 29.52  (0.388 0.0
2022 March 22 23:38:30  23:42:07 - 8.929 5.518 -124.51  29.62 0.382 0.0
2022 March 22 23:53:30  23:54:07 - 9.500 5.959 -12438 30.18 0.373 0.0
2022 March 23 00:38:30  00:42:07 - 11.072 6.944 -123.76 ~ 30.18 0.373 0.0
2022 March 23 00:53:30  00:54:09 - 11.600 7.276 -123.63 30.18 0.373 0.0
2022 March 23 01:38:30  01:42:07 - 13.214 8.288 -123.21 30.18 0.373 0.0

Notes. The columns show from left to right the day of observations, the observational time by COR2, LASCO, Metis, the height of the CME front
apex, the height of conical legs, the Stonyhurst longitude, the Stonyhurst latitude, the aspect ratio, and the half-angle between the conical legs.

~19:00 UT. We also note that the PSP was located almost on the
opposite side of STEREO-A, as shown in Fig. 2, with the WISPR
field of view looking towards the right of the Sun. Inspection
of WISPR Level 1 images for the period of 2022 March 22
(not shown) shows multiple broad density structures propagat-
ing in the middle northern latitudes several hours before the
CME emergence, starting at around 13:00 UT and lasting up to
24:00 UT and beyond. These early structures were ejected a few
hours before the CME studied here, and they are not directly
related to it. Instead, they are associated with one of the pre-
ceding slow CMEs that was first seen in the LASCO-C2 field
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of view at ~07:00 UT on March 22. However, the structures
observed later than 20:00 UT could correspond to the propagat-
ing CME we focus on here. The presence of preceding CMEs
is relevant for the origin of our CME because some percentage
of the erupting plasma of any CME falls back into the corona.
When a magnetic structure is nearby, such as a large-scale mag-
netic funnel, a coronal cloud will form.

Figure 9 shows the magnetic pressure map at a height of
1.2 R, for the period corresponding to the CME formation. A
solid thick black line shows the model neutral line at 1.2 R, and
black contours indicate the magnetic field pressure at 1.2 R,. The
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Fig. 7. Radial distance from the Sun centre of the CME front, obtained
by the 3D reconstruction, as a function of time. The different symbols
indicate the instruments that were used, as shown in the legend. The
average speed for the whole period is obtained by a linear fit, which is
indicated by the dashed line. The CME front acceleration is obtained by
a quadratic fit, which is indicated by the dotted line (details are given in
the main text). The error bar, corresponding to +1 R, for all points, is
shown only for the first data point to allow a better visual inspection of
the fitting.

mapping uses the potential field source surface (PFSS) model
by Schrijver & De Rosa (2003). As a lower boundary condi-
tion, the PFSS model incorporates magnetic field maps produced
by an evolving surface-flux transport model based on mag-

Synth. image SoLO/METIS

R

sl

Synth. image SoLO/METIS

Fig. 6. Synthetic images of the CME obtained by
ray-tracing based on the GCS reconstruction param-
eters for two times corresponding to Fig. 3 (top)
and to Fig. 4 (bottom). The left panels show the
3D reconstruction projected onto the solar equato-
rial plane: the dashed green line represents the Solar
Orbiter look direction, and the blue lines delimit the
Metis field of view. The right panels show the syn-
thetic images corresponding to the Metis point of

R, .
ViEw.

Sun]

netic fields observed by the Helioseismic and Magnetic Imager
(HMI; Scherrer et al. 2012; Schou et al. 2012) on the SDO. The
PFSS model has proved to be rather accurate during early PSP
orbits due to the low level of solar activity (Bale et al. 2019;
Panasenco et al. 2020). In Fig. 9 we project the origin area of
the reconstructed CME at a selected time of 22:27 UT, when the
CME was in the field of view of all the coronagraphs (Fig. 4),
onto the PFSS magnetic pressure contour map and outline it by
a dashed blue rectangle. Inside the rectangle in Fig. 9 lie two
rapidly evolving active regions with sunspots, a negative open
magnetic field area (blue shade), and solid black neutral lines.
The part of the neutral line between 10° and 50° Carrington
longitude may be associated with the CME because it encom-
passes the —125° Stonyhurst longitude, corresponding to 31°
Carrington longitude obtained by the GCS modeling, as shown
in Table 1, and the EUV flaring regions shown in Fig. 8. The
newly emerging magnetic flux and evolving active region west-
ward of this neutral line cause the coronal magnetic field recon-
figuration, and probably triggered the CME. A cross section of
the magnetic field structure obtained by the PFSS model, at 15°
latitude and inside the area outlined by the blue-dashed rectan-
gle, is shown in Fig. 10. A magnetic funnel is visible in the area
in which the cloud prominence was observed. To show the mag-
netic funnel more clearly, the image in Fig. 10 has been rotated
northward of ~75°.

5. Summary and discussion

We reported observations of a high-latitude CME observed by
a constellation of coronagraphs, close to the Solar Orbiter per-
ihelion on 2022 March 26. The CME was seen in quadrature
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rated by 52° in longitude from Solar Orbiter.
Upper panels: Sun as seen in the 304 A line
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the CME rise. Lower panels: Sun as seen
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by the coronagraphs on board Solar Orbiter and STEREO-A,
when the longitudinal separation between the two spacecraft was
~86°. The Metis coronagraph on board Solar Orbiter (Stonyhurst
longitude of 52.4°) detected a coronal mass ejection at around
19:57UT on 2022 March 22, which apparently emerged from
the north polar region and travelled away from the far side of the
Sun with respect to Solar Orbiter. In addition, this CME was well
within the fields of view of STEREO-A/SECCHI (longitude of
—33.2°) and of SOHO/LASCO. The availability of several points
of view allowed the 3D reconstruction of the CME, which was
carried out with the graduated cylindrical shell model. The 3D
reconstruction gives a central Stonyhurst longitude of ~—125°, a
central latitude of ~29° N, and a half-angle equal to zero, imply-
ing that the CME corresponds to the ice-cream cone model; the
average aspect ratio is 0.38. The reconstruction yields a CME
average radial speed of ~320 + 30kms~! and an average accel-
eration of 16 + 11 ms~2. Since STEREO-A was in quadrature
with Solar Orbiter, it was able to observe the source region of
the CME in its plane of sky. In particular, EUV observations by
STEREO-A/EUVI and SDO/AIA indicate that the CME is asso-
ciated with the opening up of an arched magnetic structure and
the destabilisation of a coronal cloud prominence. Inspection of
the magnetic pressure map and of the magnetic field line struc-
ture obtained by a PFSS model suggests that the coronal cloud
was supported by a magnetic funnel configuration before desta-
bilisation. Unfortunately, it was not possible to follow the evolu-
tion of the interplanetary CME in situ because no spacecraft was
located along the CME path.

Figure 7 shows that the quadratic fit for the CME acceler-
ation is very accurate, which implies a nearly constant accel-
eration rate for more than five hours. This feature should
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cloud prominence downflows are seen near
and above of the source region of the CME.

be explained by the acceleration mechanisms. Current models
include acceleration by magnetic reconnection below the erupt-
ing CME and by the Lorentz force acting on the electric current
flowing inside the CME flux rope (e.g. Sachdeva et al. 2017).
The acceleration value, 16 + 11 ms~2, is an order of magnitude
higher than the values reported by Gopalswamy et al. (2000),
which were obtained for the entire transit from the Sun to
near Earth, however. Instead, the obtained acceleration is at the
lower end of the range of values reported by Bein et al. (2011),
who considered a set of 95 CME:s in the low corona. Strong
acceleration in the low corona was reported by Temmer et al.
(2010) as well. Our acceleration value is close to the accelera-
tion values, about 10 ms~2, in the corona at heights of 6—24 R,
reported for the CME of 2013 February 27 by Zhuang et al.
(2022). In the latter case, prolonged magnetic reconnection in
the source region of the CME was suggested as the cause of the
CME acceleration. Magnetic reconnection was also suggested
to power the acceleration of about 10ms=2 of the CME on
2018 August 20, which originated from an erupting filament and
lasted for radial distances larger than 50 R, (Gopalswamy et al.
2022). The magnetic breakout model (Antiochos et al. 1999),
which encompasses magnetic reconnection above a multipo-
lar magnetic structure, is able to cause fast CME acceleration,
but it can also give a constant acceleration rate for several
hours, as well as speed and acceleration values similar to ours
(Lynch et al. 2004; Karpen et al. 2012). We suggest that mag-
netic reconnection causes the acceleration for the present CME
because of the moderate values of speed and acceleration, the
presence of a neutral line in the dashed blue rectangular area in
Fig. 9, and the likely erupting prominence origin of the CME.
Conversely, Bein et al. (2011) reported that strong, impulsive
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Fig. 9. Magnetic pressure (B?) contour map for 2022 March 22 based on the SDO/HMI magnetograms. The region from which the CME of
March 22 originated is outlined by the dashed blue rectangular between 10 Aand 90A Carrington longitude. A PFSS model maps the magnetic
connection of Earth (E) and Solar Orbiter (O) from the source surface (SS) at 2.5 R, to a height of 1.2 R, above the photosphere. The solid black
lines show the model neutral lines at 1.2 R,. Black contours indicate the magnetic field pressure at 1.2 R, (~140 Mm). The ballistic projection
of the positions of Earth (green circle) and Solar Orbiter (red square) on the SS (crosses) and down to the solar wind source regions (circles)
are calculated for the height R = 1.2 R, and the in situ measured solar wind speed +80km s~'. Open magnetic field regions are shown in blue
(negative) and green (positive). The area inside the dashed blue rectangular contains strong magnetic field regions, a negative open magnetic field
area (sky blue), and two sections of a neutral line, one of which may be the CME source.

acceleration in the low corona can be explained by the Lorentz
force. In addition, MHD waves may have a relevant role in the
evolution of prominences, leading to the loss of vertical stability
(Kolotkov et al. 2016, 2018).

Coronal mass ejections often drive shock waves, but no
shock front can easily be detected in our images. In order to

Fig. 10. Funnel magnetic configurations of
open field lines (purple). Magnetic field lines
are obtained from a PFSS slice taken across the
area above which the coronal cloud prominence
formed on 2022 March 21. The image has been
rotated northward to give a better view of the
magnetic funnel.

understand whether this CME may have driven a shock, we can
compare the CME speed with some available determinations of
the coronal outflow speed. In particular, we can refer to observa-
tions carried out by Cranmer et al. (1999) with the SOHO Ultra-
Violet Coronagraph Spectrometer (UVCS; Kohl etal. 1995)
of the hydrogen outflow velocity over coronal holes at solar
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minimum determined by Doppler dimming. Cranmer et al.
(1999) found outflow velocities of ~280km s~! for a proton par-
allel (with respect to the magnetic field) temperature equal to
the electron temperature, and of ~400km s~ for isotropic pro-
ton temperature, at a radial distance of 4 R,. Similar values were
obtained by Cranmer (2020) by using a Monte Carlo simulation
of the Ly-a profiles. A detailed study of the outflow velocity
during June 1997 (i.e. during solar minimum) between 1.5 and
4 R and as a function of heliographic latitude was carried out by
Dolei et al. (2018): at 4 R, the outflow speed varied from about
150kms~! at equatorial latitudes to about 400kms~! at polar
latitudes. A further estimate has been obtained by Metis on 2020
May 15 by means of the Ly-a H; UV observations (Romoli et al.
2021). With the caution due to the fact that the coronal con-
figuration in March 2022 is rather different from that in May
2020, which was in the solar minimum, Metis obtained coro-
nal velocity maps that show an outflow velocity between 180
and 220kms~! at radial distances of 5—6 R in the regions on
the plane of the sky within the range +0.7 R, from the equato-
rial plasma layer. The CME of March 22 clearly propagated at
high latitudes, away from the streamer belt. Assuming that the
above determinations of the outflow velocity are also indicative
of the coronal speed before our event, a CME speed of less than
300kms! at distances of 4—6 Ry (shown in Fig. 7) is probably
not high enough to generate a shock in a plasma outflow, which
arguably has speeds of about 300 km s~ or more. Another indi-
cation of coronal shocks is the observation of strong type II radio
bursts (Bemporad & Mancuso 2010). We checked radio observa-
tions, in particular, STEREO-A/WAVES (Bougeret et al. 2008)
measurements for March 22!, and also ground-based observa-
tions by e-CALLISTO and other observatories that were observ-
ing at the time of the CME. No indication of radio bursts is found
in the WAVES dataset, even though this could be due to the fact
that the radio emission beam did not intercept STEREO-A. In
summary, the absence of a shock front in the coronagraphs, the
low CME speed, and the absence of a radio burst indicate that no
shock was formed.

We also searched for energetic particle signatures in the
Energetic Particle Detector (EPD; Rodriguez-Pacheco et al.
2020) on board Solar Orbiter and in the Integrated Science Inves-
tigation of the Sun (ISGIS; McComas et al. 2016) suite on board
the PSP. Considering the positions of various spacecraft on 2022
March 22 (Fig. 2), assuming a nominal Parker spiral and the
CME longitudinal width of about 60°, we can infer that PSP
could be reasonably well connected to the event early on (except
for possible latitudinal issues), and should be able to observe the
energetic particles associated with the CME, if any, propagating
along the spiral magnetic field. However, both the observations
of the EPD instrument on Solar Orbiter and the ISQIS instru-
ment on PSP showed no energetic particle signature in associ-
ation with this CME (not shown). For Solar Orbiter, the lack
of energetic particles can be due to the large angular separation
between the CME location and Solar Orbiter magnetic footpoint.
For PSP, the lack of energetic particle features associated with
the CME could be due to the slow CME speed and the absence
of a shock able to accelerate particles. However, for both space-
craft, the increase in energetic particles could be hidden because
of the background of a previous event on March 21 (Pacheco
et al., in prep.).

Finally, we point out that the possibility of having a stereo-
scopic view of a coronal event such as this CME on the
far side from Solar Orbiter is related to the availability of

! https://secchirh.obspm. fr
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a constellation of coronagraphs at several heliographic longi-
tudes. These studies will greatly benefit from the Advanced
Space-based Solar Observatory (ASO-S) Chinese spacecraft
(Gan et al. 2019), launched on 2022 October 9, and carrying the
Lyman-a Solar Telescope (LST) instrument (Lietal. 2019;
Feng et al. 2019), which can image the Sun and the inner corona
with a field of view up to 2.5 solar radii in both white light
and the Hy Ly-« line; and from the forthcoming launch of the
Aditya-L1 spacecraft, carrying the Visible Emission Line coron-
agraph (VELC; Raghavendra Prasad et al. 2017). Aditya -L1 is
going to be the first observatory-class solar space mission of
India, and is expected to be launched in the first half of 2023.
In addition, a new boost to multi-point solar observations will
be attained when Solar Orbiter will begin to increase the inclina-
tion of its orbit above the ecliptic plane and reach new observing
vantage points.
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