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Abstract

The magnetic orientation of coronal mass ejections (CMEs) is of great importance to understand their space
weather effects. Although plenty of evidence suggests that CMEs can undergo significant rotation during the early
phases of evolution in the solar corona, there are few reports that CMEs rotate in the interplanetary space. In this
work, we use multispacecraft observations and a numerical simulation starting from the lower corona close to the
solar surface to understand the CME event on 2021 December 4, with an emphatic investigation of its rotation.
This event is observed as a partial halo CME from the back side of the Sun by coronagraphs and reaches the
BepiColombo spacecraft and the Mars Atmosphere and Volatile EvolutioN/Tianwen-1 as a magnetic flux-rope-
like structure. The simulation discloses that in the solar corona the CME is approximately a translational motion,
while the interplanetary propagation process evidences a gradual change of axis orientation of the CME’s flux-
rope-like structure. It is also found that the downside and the right flank of the CME moves with the fast solar
wind, and the upside does in the slow-speed stream. The different parts of the CME with different speeds generate
the nonidentical displacements of its magnetic structure, resulting in the rotation of the CME in the interplanetary
space. Furthermore, at the right flank of the CME exists a corotating interaction region, which makes the
orientation of the CME alter and also deviates from its route due to the CME. These results provide new insight
into interpreting CMEs’ dynamics and structures during their traveling through the heliosphere.

Unified Astronomy Thesaurus concepts: Solar coronal mass ejections (310); Solar wind (1534); Magnetohy-
drodynamical simulations (1966); Interplanetary physics (827)

1. Introduction a combination of remote-sensing observations from multiple
perspectives and in situ measurements at different locations
allows a deep investigation into the morphology and kinematic
properties of CMEs/ICMEs (e.g., L. F. Burlaga et al. 1982;
Y. Liu et al. 2008a, 2008b; W. Manchester et al. 2017;
Y. Wang et al. 2018; N. Lugaz et al. 2020; Y. Chi et al. 2021;
E. E. Davies et al. 2022; C. Scolini et al. 2022; M. Xu et al.
2022; G. Zimbardo et al. 2023; E. Palmerio et al. 2024). In
particular, the solar wind parameters monitored by the Mars
Express spacecraft since 2003 (S. Barabash et al. 2006), Mars
Atmosphere and Volatile EvolutioN (MAVEN) since 2014

Coronal mass ejections (CMEs) contain a large amount of
energetic plasma and magnetic fields that frequently erupt from
the low solar corona and advance into the interplanetary space
(P. F. Chen 2011; J. Zhang et al. 2021). The evolution of CMEs
involves many physical processes, such as magnetic reconnec-
tion, plasma heating, and particle acceleration (W. Manchester
et al. 2017; J. G. Luhmann et al. 2020). By the time CMEs’
interplanetary manifestations (ICMEs) are directed at Earth and
planets, they can induce extreme space weather in Earth’s and

lanetary environments (J. T. Gosling 1993; X. Feng et al. . .
12)013; rCy Shen et al. 2017: N. Gof)alswamy 2022‘;%. It is (B. M. Jakosky et al. 2015b), and Tianwen-1 since 2021

therefore of great interest to understand the dynamic evolution (W. X. Wan et al. 2020) provide us with the op portunity to
of CMEs/ICMEs for the study of fundamental plasma follow CMEs from the Sun to Mars and to feature their space
weather responses at the planets (e.g., D. H. Crider et al. 2005;

B. M. Jakosky et al. 2015a; C. Mostl et al. 2015; C. O. Lee
et al. 2017; J. G. Luhmann et al. 2017; S. Xu et al. 2018;
D. Zhao et al. 2021; E. Palmerio et al. 2022; Y. Chi et al.
2023a, 2023b). Unlike the Earth, Mars lacks global intrinsic

magnetic fields. Fields from induced ionospheric currents and

Original content from this work may be used under the terms . .
of the Creative Commons Attribution 4.0 licence. Any further localized crustal fields are not strong enough to divert ICMEs,

distribution of this work must maintain attribution to the author(s) and the title leading to the direct interactions between the Martian
of the work, journal citation and DOIL. atmosphere /ionosphere and ICMEs. Studying the propagation

processes as well as for the development of space weather
forecast models.

With the development of space exploration technology and
the increase of space and planetary missions in the heliosphere,
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and dynamics of CMEs from the Sun to Mars is vital to
understand the evolution of the Martian environment.

Many CMEs tend to have a coherent magnetic structure that
can be well described by a magnetic flux rope. As CMEs depart
away from the Sun and enter into the interplanetary space, they
may experience rotation, deflection, and distortion as a result of
their interactions with the surrounding solar wind and/or their
own dynamics (E. Kilpua et al. 2017; F. Shen et al. 2022). The
rotation of CMEs/ICME:s is an important topic as the magnetic
orientation of ICMEs is one of the key factors to trigger space
weather events. From the orientation of the eruptive flux ropes,
CME rotation is evidenced to occur at their initiation in the low
solar atmosphere as a result of the helical kink instability
(T. Torok et al. 2010), the torque exerted by an external shear
field (P. A. Isenberg & T. G. Forbes 2007), magnetic
reconnection with the ambient field (W. T. Thompson 2011),
and so on. By fitting CMEs with elliptical cone models or the
graduated cylindrical shell (GCS) model in the coronagraph field
of view as a function of time, the rotation of CMEs was deduced
in the middle and outer corona (J. Krall et al. 2006;
V. Yurchyshyn et al. 2007; V. Yurchyshyn 2008; B. J. Lynch
et al. 2010; A. Vourlidas et al. 2011; T. Nieves-Chinchilla et al.
2012; C. Kay et al. 2017). The rotation can be driven by the
gradients of the large-scale magnetic fields or the disconnection
of one flux-rope footpoint. A. Isavnin et al. (2013) estimate the
flux-rope orientation first in the near-Sun regions using
coronagraph images of CMEs and then in situ using Grad-
Shafranov reconstruction of the magnetic cloud and find
evidence of rotation on the travel of CMEs from the Sun to
1 au. According to C. Kay et al. (2023), the differential drag
forces at the flanks of CMEs determine a torque about the
CMEs’ nose, which may cause a rotation of CMEs in the
interplanetary space. However, CME rotation is less likely to
happen at large distances from the Sun due to the weak ambient
magnetic field (B. J. Lynch et al. 2009; A. Isavnin et al. 2013).

As an efficient and important way, magnetohydrodynamic
(MHD) numerical simulations are also applied to study the
rotations of CMEs during their near-Sun dynamics (e.g.,
B. J. Lynch et al. 2009; D. Shiota et al. 2010; O. Cohen et al.
2010; B. Kliem et al. 2012; A. Maharana et al. 2023;
X. M. Zhang et al. 2024). By numerical simulations of CME
initiation via the magnetic breakout model, B. J. Lynch et al.
(2009) calculate the rotation of erupting flux ropes and find that
the right-handed flux rope rotates clockwise and the left-handed
flux rope rotates counterclockwise when propagating through the
low corona (from 2 to 4 R;). The rotation is ascribed primarily to
the evolution of the Lorentz force during the initial expansion of
the core magnetic field. Based on a global MHD numerical study
of a CME like the 1997 May 12 CME event, O. Cohen et al.
(2010) point out that during the stage of the eruption, the
simulated flux rope rotates to achieve an orientation that
conforms to the interplanetary flux rope observed at 1au as a
result of the interaction between the flux rope and the ambient
fields via magnetic reconnection. A. Maharana et al. (2023)
perform an MHD data-driven simulation of two successive
CMEs in the heliosphere with EUropean Heliosphere FORe-
casting Information Asset, suggesting that a significant rotation
of CMEs occurs in the low corona (i.e., within 0.1 au), in order
to explain the observed magnetic field profile at 1 au.

In this work, we combine multispacecraft observations (e.g.,
Solar and Heliospheric Observatory (SOHO), Solar TErrestrial
Relations Observatory Ahead (STEREO-A), BepiColombo,
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MAVEN, and Tianwen-1) with an MHD numerical simulation
to investigate the rotation of the 2021 December 4 CME in the
interplanetary space. As a result of expansion, this CME
experiences large velocity differences associated with the
ambient solar wind, which means that some parts of the CME
have fast speed, while some parts of the CME are with low
speed. This uneven motion across the CME leads to the uneven
displacements of its magnetic fields after a time interval. As a
result, the axial direction of the magnetic flux-rope-like
structure of the CME changes. The paper is organized as
follows: In Section 2, we briefly describe the observation of
2021 December 4 CME as well as the setup of our numerical
simulation. In Section 3, we present the observation and
simulated results, and in Section 4, the summary and discussion
are given.

2. Observations and Methods
2.1. The 2021 December 4 Event

On 2021 December 4 at 16:00 ET, a CME erupts from the
backside of the Sun relative to the Earth, with the eruption
direction having an angle of approximately 145° relative to the
Earth—Sun line (Y. Chi et al. 2023b). It appears as a halo or
partial halo CME in the remote-sensing observations of the Sun
from the C2/C3 coronagraph observations of SOHO/Large
Angle and Spectromeric Coronagraph Experiment (LASCO).
As STEREO-A was located at 3575 west of the Earth On 2021
December 4, STEREO-A /COR2 also observe this CME as a
backside partial halo CME. However, the relative positions of
the CME and STEREO-A make the heliospheric imagers on
board STEREO-A not follow the CME.

At the time of the CME eruption, BepiColombo was located
at a distance of 0.67 au from the Sun, with an angle of 134°
relative to the Earth—Sun line, while MAVEN and Tianwen-1
were at a distance of 1.67 au from the Sun and 16° west of
BepiColombo. As a result of the favorable locations of
BepiColombo, MAVEN, and Tianwen-1, the CME were first
detected by the BepiColombo on December 6 and then by
MAVEN and Tianwen-1 On December 10 (Y. Chi et al.
2023a, 2023b). These in situ observations show that the CME
features an increased magnetic field and smoothly changing
magnetic field directions, meaning that it has a flux-rope-like
structure.

2.2. Simulation Setup

The 3D adaptive mesh refinement (AMR) solar-interplanetary
spacetime conservation element and solution element (SIP-CESE)
MHD solar wind model used in this paper is detailed in X. Feng
et al. (2010, 2012, 2015), L. P. Yang et al. (2012), and X. Feng
(2019). This model is also implemented to study the 3D
morphology and kinematics of the 2017 September 10 CME-
driven shock from the Sun to Earth (L. Yang et al. 2021) as well
as the distortion of the 2021 October 9 CME from an ellipsoid to
a concave shape (L. Yang et al. 2023). To study the rotation of
the 2021 December 4 CME from the solar corona to Mars, we
first simulate the ambient solar wind in which the CME
propagates. We use the Parker’s hydrodynamic isothermal solar
wind solution (E. N. Parker 1963) to obtain the initial
distributions of plasma density p, gas pressure p, and plasma
velocity u. The temperature and the number density on the solar
surface are set to be 1.45 x 10°K and 2 x 10% cm 2, respectively.
For the initial magnetic field, we utilize the Global Oscillation
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Figure 1. Panels (a) and (b) show the calculated quasi-steady solar wind solution for the radial speed Vr and the magnetic field lines in the equatorial plane (a) and in
the meridional plane (b) from 1 to 18 Rs. Panels (c) shows a 3D view of the initialized spheromak CME and the calculated quasi-steady corona from 1 to 5 Rs.
Magpnetic field lines are drawn as solid color lines with the color denoting the radial speed Vr. The color contours show the distribution of Br on the solar surface. The
orange transparent 3D surface marks the contour of the p.=0.01 surface. The black line with an arrow displays the direction of the symmetry axis of the
spheromak CME.

Network Group magnetogram of Carrington rotation (CR) 2251 steady state of the solar wind in CR 2251, which shows the
to get a potential field as input. The inner boundary at 1 Rs is closed-field streamers with the low-speed plasma and the polar
fixed for simplicity, and the outer boundary at 500 Rs is dealt open fields where the high-speed solar wind is located (see
with equivalent extrapolation. After that, we achieve a quasi- Figures 1(a), (b)).
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Figure 2. Panel (a) shows the 3D magnetic flux-rope structure of the simulated CME at ¢ = 1 hr. The black eye shows the observation direction of SOHO/LASCO.
Panels (b) and (c) show the synthetic white light images of STEREO-A/COR2 (b) and SOHO/LASCO C3 (c), which accord with real white light observations by
STEREO-A/COR?2 (d) and SOHO/LASCO C3 (e), respectively. Panels (d) and (e) show the comparison of GCS-fitted CME and real white light observations by
STEREO-A/COR2 (d) and SOHO/LASCO C3 (e).

Table 1
The Parameters Derived from the GCS Fitting

Latitude Longitude Half Angular Width Speed Tilt Angle Aspect Ratio
—18°0 150°0 4526 (between legs) 761.2 km s~ —70°0 0.43(25°5)
A linear force-free spheromak (R. Kataoka et al. 2009; 3. Results

Y. Zhou et al. 2014; C. Scolini et al. 2019; L. Yang et al. 2021;
G. J. Koehn et al. 2022; L. Yang et al. 2023) is still used here to
initialize the 2021 December 4 CME with the aim of capturing
its flux-rope-like structure. The spheromak CME is overlaid
onto the simulated background solar wind (see Figure 1(c)) and
is confined by the parameters of the CME obtained from the
GCS fitting (A. Thernisien 2011) to nearly simultaneous
images from SOHO/LASCO and STEREO-A/COR2 (Y. Chi
et al. 2023b). The parameters derived from the GCS fitting are
shown in Table 1. We use a passive tracer with value greater
than O (p. >0 ) to tag the CME (L. Yang et al. 2023). The
orange p. = 0.01 surface and the distribution of magnetic field
lines in the Figure 1(c) clearly display that the spheromak rope
is detached from the Sun, which can avoid the angular
momentum supplied through anchor foot points. We also
delicately tune the parameters of the spheromak CME to make
simulation results match with white light observations and
in situ measurements. The time when the spheromak CME is
superposed is set as =0 hr.

It should be mentioned that the tilting instability of the
spheromak can be triggered if the symmetry axis of the
spheromak is at an angle with respect to the direction of the
ambient field. The instability generates a rotation and tilting of
the spheromak (D. Shiota et al. 2010; E. Asvestari et al. 2022;
R. Sarkar et al. 2024). In our simulation, we set the symmetry
axis of the spheromak nearly aligning with the ambient field
(see Figure 1(c)) to avoid the occurring of the tilting
instability.

Coronal polarized brightness observations are often
employed to diagnose eruption positions and propagation
directions of CMEs. Based on the 3D MHD simulation data,
we first synthesize the coronal polarized brightness in the views
of SOHO/LASCO C3 and STEREO-A/COR2 to check
whether the simulation captures the characteristics of the
CME detected in the real observations of the coronal polarized
brightness. Figure 2(a) presents the relative positions of SOHO
and the simulated CME, showing that SOHO/LASCO
observes the CME from a back view. In Figure 2(b), where
the synthetic image of STEREO-A/COR2 is displayed, the
simulated CME appears as a partial halo, whose position and
overall shape are comparable to those of the CME in the white
light image observed by STEREO-A /COR2 (Figure 2(d)). It is
clear from Figures 2(c), (e) that a qualitative agreement of the
CME’s positions exists between the synthetic and real images
of SOHO/LASCO C3.

From the magnetic field measurements (K. H. Glassmeier
et al. 2010; D. Heyner et al. 2021) by BepiColombo, we
approximate the propagation time of the CME from its eruption
to its arrival at BepiColombo, which is about 48 hr. The entire
transit process of the CME lasts for about 24hr in
BepiColombo (Figure 3(c)). The magnetic field and plasma
measurements near Mars show that after 96 hr, the shock
caused by the CME arrives, with the entire crossing process of
the CME persisting about 4 days (Figure 3(d)). We present in
Figures 3(a), (b) the 3D flux-rope-like structure of the
simulated CME as well its distributions on the equatorial plane
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Figure 3. Panels (a) and (b) show the 3D view of the simulated CME in interplanetary space at = 51 hr (a) and # = 91 hr (b), respectively, where the slice is on the
equatorial plane from 20 to 500 Rs, with the colors denoting the magnetic field strength (B,,,). The orange lines represent magnetic field lines, and the gray lines show
the trajectories of BepiColombo and MAVEN /Tianwen-1. Panel (c) shows, from top to bottom, the magnetic field strength By, and the magnetic field vector (Br, Br,
and Bn) in RTN coordinates measured by BepiColombo (blue squares) and reproduced by our simulation (orange lines). The vertical line and shaded area indicate the
arrival of the shock and interval of the CME at BepiColombo, respectively. Panel (d) shows, from top to bottom, the magnetic field strength B, the magnetic field
vector (Br, Bt, and Bn) in RTN coordinates, the number density (), and the bulk velocity (V') measured by MAVEN (blue squares) and reproduced by our simulation
(orange lines). The vertical line and shaded area represent the shock caused by the CME and interval corresponding to the CME determined from the data of MAVEN,

respectively.

when the simulated CME reaches BepiColombo and MAVEN/
Tianwen-1. It can be seen that both BepiColombo and
MAVEN /Tianwen-1 pass through the upper part of the
CME. Although the simulation reproduces well the arrival
and the magnetic field strength of the shock driven by the CME
both at BepiColombo and MAVEN /Tianwen-1, the magnetic
fields at the interval of the simulated CME are smaller than
those probed by BepiColombo and MAVEN/Tianwen-1
(Figures 3(c) and (d)).

To study the rotation occurring during the propagation of
this CME, we plot the 3D magnetic flux-rope structure of the
CME from the solar corona to the interplanetary space.
Figure 4 illustrates its propagation in the solar corona
(1-20Rs), and Figure 5 shows the interplanetary propagation
process (20-500 Rs). To facilitate the judgment of the CME’s
rotation, we average the binormal of the magnetic field lines
belonging to the CME as the orientation of the symmetric axis

of the spheromak CME, which is shown by the black lines in
Figures 1, 4, and 5. We use the change in orientation of the
symmetric axis of the spheromak CME to detect the CME’s
rotation. According to the work by E. Asvestari et al. (2022),
the direction of the symmetric axis is correlated with the
direction of the toroidal field axis. In our work, the CME
rotation means the change of the orientation of the symmetric
axis of the spheromak flux rope. The rotational motion of the
CME is focused on here as differential displacements at the
different parts of the spheromak flux rope after a time interval.

During the propagation in the solar corona, the CME crosses
a distance of 20 Rs in just 3 hr due to its fast speed. Figures 4(a)
and b display the 3D distribution of the magnetic flux-rope
structure of the CME as well as the direction of its symmetric
axis at r=1 and r=3hr, respectively, from which one
observes no significant variations of the symmetric axis’s
direction in the solar corona. Figures 4(c) and (d) plot the
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Figure 4. Panels (a) and (b) show the 3D magnetic flux-rope structure of the simulated CME in the solar corona at r = 1 (a) and ¢ = 3 hr (b), respectively, where the
slice is on the plane of x = 0 Rs with the radial range between 1 and 20 Rs. The colored lines denote magnetic field lines, and the colors represent the radial velocity
(V,). The black lines denote orientation of the symmetric axis of the spheromak CME. Panels (c) and (d) show the magnetic flux ropes at t = 1 and ¢ = 3 hr together at
the lateral (c) and top (d) views, respectively. «, 5, A, and ¥ mark the top, bottom, left, and right parts of the flux rope, respectively. The red sphere represents the Sun,

and the black dashed lines are radial lines.

magnetic flux-rope structures of the CME at r=1 and =3 hr
together, which showcase that from r=1 to r=3hr, the
distance between the top parts («) of the flux-rope structure is
almost equal to that of the bottom parts ((3), and the distance
between the left parts (\) approaches that between the right
parts (), which means that the motion of the magnetic flux-
rope structure of the CME is approximately translational in the
solar corona.

Figure 4 further reveals that the asymmetric CME expansion
is formed in the corona as a result of the interactions with the
coronal background structures. From =1 to t=3hr, the «
part of the flux-rope structure is confined in the low-latitude
domain with the low-speed solar wind, while the [ part of the
flux-rope structure bulges into the high-latitude region where
the fast solar wind is located.

As the CME enters into the interplanetary space, the speed of
the CME tends to be consistent with that of the background
solar wind, resulting in velocity differences between the
different parts of the flux rope. Figures 5(a) and (b) show that

the o part of the flux-rope structure decelerates to about
450kms~', while the 3 part of the flux-rope structure keeps
moving at a high speed of about 800 kms . It can also be
noted in Figures 5(a) and (b) that the ~y part of the flux rope is
located at a high-speed stream of the background solar wind,
while the M\ part seats near a low-speed stream of the
background solar wind. The average speed on the v part of
the flux-rope structure is about 200 km s~ ' higher than that on
the A\ part. These speed differences across the flux rope can
influence its morphology.

From the 3D distribution of the the magnetic flux-rope
structure as well as its symmetric axis’s direction in
Figures 5(a) and (b), it can be found that the interplanetary
propagation process of the CME exhibits a significant rotation.
From t=31 to t=71hr, the symmetric axis’s direction
deviates by approximately 40°. From Figure 5(c), which
contrasts the morphology of the magnetic flux-rope structure of
the CME at r=231 to that at r="71 hr at the lateral view, it
can be found that from =31 to =71 hr, the [ part of the
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Lateral View

Figure 5. Panels (a) and (b) show the 3D magnetic flux-rope structure of the simulated CME in the interplanetary space at t = 31 (a) and = 71 hr (b), respectively,
where the slice is on the plane of z = —20 Rs with the radial range between 20 and 500 Rs. The colored rods represent magnetic field lines, and the colors denote the
radial velocity (V,). The black lines denote orientation of the symmetric axis of the spheromak CME. Panels (c) and (d) show the magnetic flux ropes at =31 and
t =71 hr together at the lateral (c) and top (d) views, respectively. «, 3, A, and v mark the top, bottom, left, and right parts of the flux rope, respectively. The red
sphere represents the sphere with a radius of 20 Rs, and the black dashed lines are radial lines.

flux-rope structure with the high speed travels a longer distance
than the o part with the slow speed. In the same way, from ¢ = 31
to t="71 hr, the separation of the ~ parts of the CME is more
pronounced than the separation of the A parts, which can be seen
in Figure 5(d). As the magnetic fields are frozen with the plasma,
the uneven motion across the CME generates the nonidentical
displacements of its magnetic field lines after a time interval,
which makes the axial direction of the flux-rope structure change.
As a result, the rotation of the CME takes place.

Figure 6 reveals again that the o part of the CME with the speed
of about 450 km s~ is associated with the low-speed solar wind,
while the 3 part of the CME with the speed of about 800 km s~ is
related to the extended fast stream. These uneven speeds across the
different parts of the CME show that the CME does not move as a
whole. Consequently, the CME’s orientation alters. Moreover, at
the ~y part of the CME, there exists a corotating interaction region
(CIR) with strong magnetic fields, which may affect the CME to
change its orientation due to the large pressure force (D. Odstrcil &

(b)

(d)
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V. J. Pizzo 1999; A. Isavnin et al. 2014). In the comparison of the
positions of the CIRs without the CME (the black line) and with
the CME (the red dashed line) in Figures 6(d) and (g), it is
demonstrated that not only the CIR can deflect the CME (Y. Liu
et al. 2019a; M. Zhang et al. 2019), but also the CME can make the
CIR deviate from its route.

4. Summary and Discussion

In this work, we use multispacecraft observations and a
numerical simulation to understand the CME event on 2021
December 4, which erupts at a position at longitude ~285° and
latitude ~-11° in the Carrington coordinate system and is
observed as a partial halo CME from the backside of the Sun by
STEREO-A COR2 and SOHO LASCO/C3 coronagraphs.
Approximately 2days later, the CME reaches the BepiCo-
lombo spacecraft, causing significant disturbances in the
surrounding magnetic field. About 4 days after the eruption,
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Figure 6. Panel (a) shows the 3D magnetic flux-rope structure of the simulated CME at # = 31, = 51, and = 71 hr as well as the CIR in the radial range between 20
and 500 Rs. Here, the colors denote the radial velocity (V). Panels (b), (c), (e), and (f) show distributions of the magnetic field strength By, (b, ¢) and the radial
velocity V, (e, f) on the surfaces at 275 (b, e) and 366 Rs (c, f), with the CME circled by the red lines and the CIR by the black lines. Panels (d) and (g) show
distributions of the By (d) and V, (g) on the surface at 366 Rs for the simulation of the background solar wind, with the CIR circled by the black lines. The area circled
by the red dashed lines shows where the CIR for the simulation of the CME is located.

the CME arrives near Mars, where MAVEN /Tianwen-1
detects disturbances in the magnetic field and changes in
plasma parameters. The in situ measurements show a magnetic
flux-rope-like structure of the CME. By a combination of the
3D AMR-SIP-CESE MHD solar wind model with a spherical
plasmoid CME model, the simulated results generally repro-
duce these remote-sensing observations from the coronagraphs
as well as in situ measurements in the interplanetary space.

The rotation occurring during the propagation of the CME
from the solar corona to Mars is emphatically investigated. In
the solar corona, the 3D distribution of the CME’s flux-rope-
like structure as well as its symmetric axis’s direction display
no significant rotation, and the CME is approximately a
translational motion from 2 to 20 Rs. However, the inter-
planetary propagation process (20-500Rs) of the CME
exhibits a significant rotation, with the symmetric axis’s
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direction of the spheromak CME deviating by approxi-
mately 40°.

It is also found that uneven motions of the CME make the
CME’s magnetic flux-rope-like structure rotate. The top part of
the CME lies in the area with the slow solar wind, while the
bottom part is situated in the fast solar wind with the open
fields. Meanwhile, the right part of the flux rope is associated
with a high-speed stream of the solar wind. As the CME enters
into the interplanetary space, the speed of the CME becomes
close to that of the solar wind, resulting in a velocity
differential of about 350kms~' between the top part and
bottom part of the CME and about 200 km s ' between the left
and right parts of the CME. These uneven speeds across the
CME generate the nonidentical displacements of its magnetic
field lines after a time interval. That is to say, at the same time
interval, the bottom part and right part of the CME’s flux-rope-
like structure travel a longer distance than the top part and right
part. As a result, the axial direction of the flux-rope-like
structure changes and the CME rotates. Additionally, there
exists a CIR at the right part of the CME. The interaction
between the CME and the CIR not only affects the CME to
change its orientation but also makes the CIR deviate from its
route.

In our study, the symmetric plasma is given at t = 0 hr within
the CME rope. Then, the asymmetric CME expansion is
formed in the corona because of the interactions with the
coronal background structures. The uneven plasma flows result
in the interplanetary rotation of the magnetic rope. The
interactions with the ambient solar wind enhance the rotational
motions of the propagating CME. Our study successfully
reproduces the CME rotation in the interplanetary space, and
nonetheless, it is still possible that the rotation can happen in
the corona.

In the future, we plan to improve the identification of the
axial direction of the CME magnetic flux rope. Currently, we
use the average of the binormal of the magnetic field lines
belonging to the CME as the symmetry axial direction of the
CME magnetic flux rope. Although this method correctly
evaluates the symmetry axial direction of the CME at the initial
time, it can only qualitatively describe the symmetry axial
direction due to the distortion of the CME during the
propagation in the interplanetary space. More reliable ways
(Z.J. Rong et al. 2013) are needed to quantitatively weigh the
axial direction as well as its variations with the heliocentric
distance. In addition, although a linear spheromak is in
common usage to initialize the CME, we still find some
inconsistencies between the simulated CME and the observed
one, such as the magnetic field strength, the magnetic field
orientation, and so on. The CME initialization models
conforming to the observations and incorporating physics
(Y. D. Liu et al. 2019b; T. Singh et al. 2022) will serve as the
starting point for our future simulations. The CME magnetic
field is not force free because it involves plasma (thermal and
kinetic) pressures and the gravity of the Sun (at least, near the
Sun). As such, the CME simulation can be also improved by
considering the initiation of the CME. Last but not least, high-
resolution modeling of CMEs with the AMR technique is our
desire to understand the dynamics and structures of CMEs in
greater detail. Abundant observations of CMEs from current
missions (e.g., A. Vourlidas et al. 2016; R. A. Howard et al.
2020; W. Gan et al. 2023) and future missions (e.g., Y. Wang
et al. 2020; Y. Deng et al. 2023; N. Gopalswamy et al. 2024)

Ma et al.

will greatly enhance our understanding of CMEs and make
numerical results more realistic.
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