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It has been shown that the magnetic structures surrounding coronal mass
ejection (CME) events play a crucial role in their development and evolution
along the first few solar radii. In particular, active regions, coronal holes,
pseudostreamers, and helmet streamers are among the main coronal structures
involved in the deviation of the trajectory of CMEs from their radial direction.
Therefore, comprehensive observational studies along with their theoretical
interpretation, aided by numerical simulations of the early evolution of CMEs,
are the key ingredients to help determine their 3D trajectory in the interplanetary
medium to narrow down the error in the estimation of the time of arrival
of geoeffective events. In this mini-review, we compile the last decade of
theoretical, numerical, and observational research that has shed light on the
causes influencing the early deflection of CMEs away from their otherwise radial
trajectory.
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1 Introduction

Coronal and interplanetary dynamics are significantly influenced by coronal mass
ejections (CMEs), which play a pivotal role in injecting substantial amounts of mass and
magnetic flux into the heliosphere. Extensive research has been conducted on various aspects
of CMEs since their discovery in the 1970s, namely, on theirmorphology (e.g., angularwidth,
shape evolution), kinematics (e.g., velocity, expansion rate), dynamics (e.g., mass, energy),
and occurrence rate. Furthermore, the propagation of CMEs has also been a subject of
significant inquiry, the potential deflection, interaction, and/or rotation of the CME feature
being crucial factors that impact the forecasting of space weather. Several years after the first
white-light observation of a coronal transient (Hansen et al., 1971) a systematic deflection
of CMEs towards the equator by ∼2° was reported by MacQueen et al. (1986) on the basis of
Skylab observations. Later studies have indicated that during years ofminimumsolar activity,
there is a consistent deflection towards lower latitudes, but during high activity periods,
there is no consistent trend (Cremades and Bothmer, 2004). The heliospheric current sheet
(HCS) remains flat at low latitudes during solar minimum, causing latitudinal deflections
mainly towards the solar Equator. However, during other phases of the solar cycle, the HCS
becomesmore complex, allowing for deflections thatmay also have a significant longitudinal
component.
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When considering more local magnetic structures, studies have
suggested that the magnetic structures surrounding the eruption
region may be associated with the deflection of CMEs that takes
place during the first few solar radii. For instance, it is widely known
that CMEs propagate non-radially away from coronal holes (CHs).
Studies have shown that the total area of nearbyCHs has a significant
impact on CME deflection at low coronal heights (Cremades et al.,
2006). Moreover, Gopalswamy et al. (2009) also suggested that the
CH magnetic field intensity influences the deflection of CMEs. The
CHs act as magnetic walls that constrain CME propagation.

Before being able to numerically describe the deflection of
CMEs, it was necessary to construct numerical models of the
CME triggering mechanisms. One of the first such efforts was
that of Forbes (1990), who solved numerically the equations of
magnetohydrodynamics (MHD) to study the possible eruption
of a flux rope (FR), caused by loss of magnetic equilibrium or
magnetic instability. Any modification of the instability-related
factor in the magnetic field, such as the degree of magnetic twist,
would immediately initiate the eruption. From another perspective,
Mikic and Linker (1994) studied through MHD simulations, the
initiation of CMEs by applying shearing photospheric motion to
the base of coronal arcades. Gibson and Low (1998) proposed self-
similar MHD equations to construct a 3D erupting twisted FRs.
Another alternative is offered by the “magnetic breakout model,”
which proposes that magnetic reconnection processes in complex
magnetic configurations trigger the eruption (Antiochos et al.,
1999). Titov and Démoulin (1999) proposed a purely magnetic
model of a twisted structure, which set the foundation for many
subsequent models [e.g., Regnault et al., 2023]. In Amari et al.
(2000), the authors present a mechanism where a photospheric
shearing and opposite-polarity emergence are necessary for the
eruption of the CMEs. On the other hand, Török and Kliem (2005)
studied the helical kink instability of a FR as a model for solar
eruptions. These are just some of the most prominent MHD-based
models used to simulate CME deflections.

Technological advances in the recent years have widened the
possibilities to observe and simulate deflections of CMEs, enabling
the investigation of this aspect of early CME trajectories with
improved precision, resulting in a large number of studies on this
topic, which will be briefly mentioned in the next sections.

2 Studies based on observations

Observational studies on CME deflections aim at shedding light
on the features responsible for such deflections. Two types of studies
can be discerned: those that address observations of specific case
studies, and statistical ones. Results from those investigations agree
in the finding of two families of neighbouring structures: repulsors
and attractors. The former involve CHs and active regions (ARs),
while the latter HCSs, pseudostreamers (PSs), and helmet streamers
(HSs).

Several case studies have revealed that CMEs can be deflected
by intense magnetic fields produced by ARs in the neighbourhood
of theCME source. By studying a particular event,Möstl et al. (2015)
showed that the CME deviated from the radial projection of its
source location due to both the strong AR magnetic field topology
and the area of open flux above the nearby CH, hence following

the direction of least resistance. In an analysis of the same event,
Wang et al. (2015)mapped themagnetic energy density distribution
based on a potential field source surface (PFSS) magnetic field
reconstruction (e.g., Schrijver and De Rosa, 2003) and found
that the magnetic pressure from the sunspot forced the CME to
deflect. More recent studies speculate that, in general, the ejecta
escape non-radially from underneath the extended sunspot fields
(Yurchyshyn et al., 2022).

Liewer et al. (2015) found that the AR magnetic field lines seem
to guide theCME trajectory through the region of lowmagnetic field
strength surrounding the HCS, based on the analysis of another five
events with PFSS extrapolations of the magnetic field. Along these
lines, Kay et al. (2017) conducted a study on 7 CME deflections and
concluded that the large-scale deflections towards the HCS are a
consequence of a coherent force acting on the entire CME, whereas
smaller deviations from the radial direction are attributed to AR
magnetic gradients on a smaller scale.

Coronal holes represent another structure associated with non-
radial propagation, as they influence the CME trajectory away from
the source region. Several case studies have concluded that the
presence of the open magnetic field lines of a CH is correlated with
the CME deflection away from this structure (Gopalswamy et al.,
2018; Cécere et al., 2020; Majumdar et al., 2020), where the CME
motion is guided towards regions of weaker magnetic fields
(typically below 4R⊙). Various explanations have been proposed to
uncover the mechanisms by which this specific coronal structure
induces deflection. For instance, Panasenco et al. (2013) suggested
that the presence of a CH leads to asymmetric global forces acting on
the CME, resulting in an eruption propagating non-radially. On the
other hand, Sarkar et al. (2019) suggested that the open field lines
of a CH channelled the trajectory of the CME towards the HCS.
However, there are certain cases displaying an atypical behaviour,
i.e., the CME first approaches to the CH to later deviate away from
it (Jiang et al., 2007; Sahade et al., 2021).

Furthermore, it is well established that CMEs propagate directly
towards areas with lower magnetic energy, such as those associated
with HCSs, HSs and PSs. For instance, by analysing a particular
event, Shen et al. (2011) showed through the analysis of magnetic
energy spatial distribution that the CME was deflected to the
surroundings of the HCS and then propagated almost adjacent to
it. Gui et al. (2011) extended this work to more events, analysing
latitudinal and longitudinal deflections in relation with the gradient
of magnetic energy density and found a positive correlation.
Liewer et al. (2015) pointed out that the CME path towards the HCS
is not necessary the shortest since the trajectory would depend on
the local and global gradients of the magnetic pressure.

The effects of HSs as a plausible factor in the deflection of CMEs
have also been studied. Yang et al. (2012) suggested that the streamer
arcade acts as a guide for an erupting filament (Jiang et al., 2009).
Moreover, Yang et al. (2018) noted that the Y-type null point of a HS
can act as a potential well for the CME.

PSs are also considered attractors of CMEs (Cécere et al.,
2020). Bi et al. (2013) proposed the hypothesis that interchange
reconnection taking place at the null point of PS (Yang et al., 2015)
results in a rapid deflection of the filament due to a magnetic
pressure imbalance.

From another perspective, several statistical observational
analyses have been also performed. For instance, through the
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FIGURE 1
(A) Anomalous behaviour of a CME flux rope that is overshooting the HCS (figure extracted from Sieyra et al., 2020). Figure reproduced with the
permission of the Solar Physics journal. The black lines are contours of magnetic energy density, with the thick line representing the HCS location. The
colored circles represent the location of filament (purple, at lower heights) and CME (other colors, larger heights) (figure adapted from Sahade et al.,
2020) figure adapted from figure 8 Sahade et al., 2020 © AAS. Reproduced with permission. (B) Typical behaviour of CME deflection moving away from
a CH. (C) Atypical deflection showing the approach of the CME flux rope to the CH and later moving away (figure adapted from Sahade et al., 2021).
Figure adapted from figure 4 of Sahade et al., 2021 reproduced with permission © ESO.

analysis of 51 observed events, Bosman et al. (2012) found that
most CMEs (82%) were deflected to lower latitudes, as expected.
Moreover, Wang et al. (2020) found that most of the analysed
deflections agree with previous studies, in that 87% of them were
deflected towards HCS and PSs structures. Another example is
provided by Xie et al. (2009). Via detailed analysis of 27 events,
they observed that slow CMEs have a tendency to deflect towards
and propagate along the streamer belts, because of the strong
polar magnetic fields of coronal holes. However, they noted that
some faster CMEs exhibit opposite deflections, moving away from
the streamer belts. They attributed this unusual behaviour to the
complex magnetic structure inside or near the AR, encompassing
large low-latitude CHs. Later, Wang et al. (2011) exhaustively
analysed 329 CMEs. Considering deflections larger than 10°, they
found that 62% of these CMEs were deflected towards the equator
while 5% manifested unexpected behaviours, a large deflection
towards the poles was observed. They argued that these atypical
poleward deflections occurred to narrow and slowCMEs.Moreover,
they found some equatorward deflections across the equatorial line.
For these cases they noted that the CMEs were associated with
wide and fast CMEs. Similar conclusions were found by Sieyra et al.
(2020). From a comprehensive analysis of 13 large CME deflections
they found that most events follow the typical trends. However, they
found 4 cases with anomalous behaviour, as a CME approaching to
an AR or CH and CME trajectory overshooting the HCS (see panel
A of Figure 1).

Other specific and significant studies consider more complex
configurations as, e.g., the collision between CMEs, which has
been studied by Colaninno and Vourlidas (2015), and Lugaz et al.
(2012) or the interaction between various structures, which has been
analysed by Pick et al. (2016).

As noted above, two families of structures can be recognised
in the search for phenomenological causes of CME deflections.
The repulsors are associated with open magnetic field line
structures like CHs and strong magnetic field structures like
ARs, while the attractors include HCSs, PSs, and HSs whose
structures contain regions of low magnetic energy. Still, atypical
behaviours are repeatedly identified in particular events. It
appears that the explanations based on repulsors and attractors,
while providing a useful approximation to describe general
behaviours, are oversimplified when it comes to understanding
the underlying causes of the deviations. The complexities of the
phenomena involved require taking into account various factors
and mechanisms contributing to the deflections.

3 Modelling and simulations studies

Articles that simulate the ejection of specific events to address
CME deflection abound in the literature. These studies exploit
numerical modelling to explain the factors responsible for deflecting
observed CMEs.

One of the fundamental aspects that have been studied is the
role of magnetic forces. For instance, Lugaz et al. (2011) found
that these forces are the main responsible for the deviation of a
CME when the ejection occurs inside an AR. In particular, the
magnetic pressure forces found in numerical simulations having low
magnetic energy regions of PS and HS explained the deflection of
two successive eruptions (Zuccarello et al., 2012; Bemporad et al.,
2012). In this line of analysis, and accounting for a more dynamic
description of the process, Lynch and Edmondson (2013) showed
that the breakout current sheet (initiated by the PS null-point
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distortion) acts as a path of least resistance due to an imbalance in the
magnetic energy density of the surrounding region.This results in a
non-radial deflection of the CME at an early stage of sympathetic
eruptions. Jin et al. (2017) argued that magnetic pressure gradient
and magnetic tension effects could cause the CME deviation away
from a nearby CH shown by their simulation. On the other hand,
Wyper et al. (2021) found that the deflection occurs as a result of
the erupting structure propagating along theHSmagnetic field lines,
rather than being solely influenced by magnetic pressure gradients.

Another group of models aim, through parametric studies,
to describe scenarios in which a CME interacts with another
magnetic structure in order to describe deviations from the radial
trajectory using few magnetic parameters. Kay et al. (2013, 2015)
developed and improved the ForeCAT (Forecasting a CME’s Altered
Trajectory) model to study the CME deflection all the way from the
Sun to 1AU.Themodel takes into account the backgroundmagnetic
field (including the solar wind) and the properties of the CME, as
mass, speed, size andmagnetic field to calculate themagnetic forces.
In the space of these parameters, various combinations yield a range
of deflections. There is, however, a trend for slow and wide CMEs
with low mass to experience the largest deflections. With regard to
the neighbouring magnetic structures they found that the strong
magnetic gradients around the ARs are responsible for the CME
deflection, as well as streamer belts can act like potential wells that
attract the bulk of the CMEs. In a study by Sahade et al. (2020)
they performed 2.5DMHDnumerical simulations using the FLASH
code (Fryxell et al., 2000) to analyse the influence of CH parameters
on CME deflection. In agreement with observational studies, the
numerical analysis showed that intense magnetic fields in CHs, as
well as wider and closer CHs, result in a greater deflection during
CME initiation. These findings are associated with the proximity
of the magnetic null point to the source region. The combined
magnetic field of the FR configuration and CH creates a region of
low magnetic energy that extends beyond the FR and CH structures
when their polarities are parallel (see panel B of Figure 1). As a
result, the CME consistently moves away from the CH. Conversely,
in cases where the polarities are opposite, as studied in the work by
Sahade et al. (2021), the location of the null point region lies between
the CH and the FR. The CME initially deviates towards the CH
but is subsequently redirected away from it by the global magnetic
structure (see panel C of the figure). This explanation aligns with
some atypical events where a CME experiences a double deflection.
The authors attributed the deflection of the CME primarily to the
location of the null point region. In this line, Sahade et al. (2022)
focused on investigating the influence of a PS null point on the
trajectory of a CME. They found a second null point region due to
the FR.The research showed that the closer null point is responsible
for the initial deflection, after which the CME follows a path towards
the position of the further null point.

By modelling specific cases through simulations, it is possible
to explore different scenarios and conditions, modify parameters,
and observe how the system behaves in each case. This allows for
studying its dynamics, identifying patterns, predicting results, and
making informed decisions based on the obtained outcomes. As
evidenced in the literature, numerical simulations play a crucial
role in elucidating the factors that contribute to CME deflection,
particularly in controversial cases. A notable example is the effect of
the change in relative magnetic polarity between a CH and a CME,

which provides a plausible explanation for both the approach and
retreat of a CME with respect to a CH.

4 Conclusion and future perspective

The current state of knowledge on the subject has been reached
through a combination of observations, theoretical analyses, and
simulations. These are some of the factors that have contributed to
the progressive understanding of the phenomenon.

Systematic observational studies, such as those by Xie et al.
(2009); Wang et al. (2011); Bosman et al. (2012); Panasenco et al.
(2013); Wang et al. (2020); Sieyra et al. (2020), demonstrate the
challenge of fitting the rich phenomenology into well-established
regularities. There are always cases that defy any attempt at
classification.

Computational simulations have played a crucial role in
advancing our knowledge of CMEs. Using complex mathematical
models, simulations have been conducted to replicate the conditions
and dynamics that govern their behaviour. Some numerical
efforts to model deflections have been made to replicate specific
observed cases. Also, parametric numerical studies have allowed
us to understand the relative importance of characteristic physical
parameters such as, magnetic field intensity, proximity, and area or
size of the surrounding structures. Other numerical studies have
shed light on certain puzzling aspects of this phenomenology by
explaining them in terms of a few key physical parameters. These
parameters include the location of the magnetic energy minima in
the surroundings, the relative magnetic polarity between the CME
source and the neighbouring magnetic structure (such as CH and
PS), and the subsequent collimation of the CME by the ambient
magnetic field.

A synthesis that becomes evident from this mini-review is
that, when considering low coronal heights, the dynamics of CMEs
are primarily governed by magnetic forces. In this context, as
proposed by Sahade et al. (2020); Sahade et al. (2021); Sahade et al.
(2022), regions with low magnetic energy act as attractors for the
motion of CMEs. As observed, the location of these regions can
determine whether the CME would always move away (with a
certain polarity), but simply changing the relative polarity with
respect to the neighbouring structure, can alter the position of
the minimum, leading to an unexpected behaviour of the CME.
Consequently, the concept of repulsors is not applicable in this
case, as the repulsion is solely determined by the position of the
minimum.

However, it is important to note that these considerations do
not account for all the possible factors that can contribute to
the deflection of a CME trajectory. Observational studies have
revealed that in a dynamically and magnetically complex coronal
environment, other factors also come into play.These factors include
magnetic reconnections that alter the magnetic topology, the inertia
of an energised CME, the twist within the CME flux rope, and
various other dynamic effects. Therefore, to fully understand and
explain the deflection of CME trajectories, these and probably other
additional factors need to be taken into consideration to achieve
more precise and realistic representations of CME deflections.
Multi-viewpoint observations at various wavelengths, with suitable
spatial and temporal coverage, hold the key to identifying and
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better characterising the factors involved, their interplay and
importance.

Observations and simulations together, have contributed to
improving our understanding of CMEs and have led to the current
state of knowledge on this phenomenon. However, due to the
complexity of the subject, the study of CMEs remains an active
research field, and further advances are expected in the future.
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