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Abstract

Spheromak-type flux ropes are increasingly used for modeling coronal mass ejections (CMEs). Many models aim
at accurately reconstructing the magnetic field topology of CMEs, considering its importance in assessing their
impact on modern technology and human activities in space and on the ground. However, so far there is little
discussion about how the details of the magnetic structure of a spheromak affect its evolution through the ambient
field in the modeling domain and what impact this has on the accuracy of magnetic field topology predictions. If
the spheromak has its axis of symmetry (geometric axis) at an angle with respect to the direction of the ambient
field, then the spheromak starts rotating so that its symmetry axis finally aligns with the ambient field. When using
the spheromak in space weather forecasting models, this tilting can happen already during insertion and
significantly affects the results. In this paper, we highlight this issue previously not examined in the field of space
weather and we estimate the angle by which the spheromak rotates under different conditions. To do this, we
generated simple purely radial ambient magnetic field topologies (weak/strong, positive/negative) and inserted
spheromaks with varying initial speed, tilt, and magnetic helicity sign. We employ different physical and geometric
criteria to locate the magnetic center of mass and axis of symmetry of the spheromak. We confirm that spheromaks
rotate in all investigated conditions and their direction and angle of rotation depend on the spheromak’s initial
properties and ambient magnetic field strength and orientation.

Unified Astronomy Thesaurus concepts: Solar coronal mass ejections (310); Magnetohydrodynamical simulations
(1966); Space weather (2037); Interplanetary magnetic fields (824)

1. Introduction

The ability to model coronal mass ejections (CMEs) as
magnetic structures is of great importance within the space
weather community. Depending on their magnetic structure,
certain Earth-directed CME events can affect the near-Earth
environment much more strongly than others, and thus have a
greater impact on human activity in space and on the ground.
These CMEs are called geoeffective and their key characteristic
is a strong southward Bzcomponent, which is antiparallel to
Earth’s magnetic field (Kilpua et al. 2017). The result of this
antiparallel configuration of the CME-Earth magnetic field
components is dayside reconnection resulting in an effective
transfer of solar wind energy, mass, and momentum into the
Earth’s magnetosphere. During such periods, significant
disturbances occur in the geomagnetic field and in the radiation
environment of Earth that can, for example, damage spacecraft
orbiting Earth, affect navigation systems, and induce currents
in power grids on ground.

While observations have led to the general consensus that
CMEs consist of twisted flux ropes that have foot-points that
remain attached to the Sun, their global magnetic morphology
is not yet fully resolved. For CME modeling purposes,
magnetohydrodynamic (MHD) simulation models often
employ spheromak-type magnetic field configurations. The
spheromak is a force-free, axisymmetric MHD equilibrium
configuration where a twisted magnetic field fills a spherical
volume and confines the plasma. An introduction to spher-
omaks and different stationary solutions relevant to lab

implementations can be found in Bellan (2000). Spheromak-
type CME implementations in MHD simulation models can be
divided into two broad categories, the ones in which the
spheromak remains anchored to the inner boundary located in
the low corona (see for example, Gibson & Low 1998;
Manchester et al. 2004a, 2004b, 2014a, 2014b; Lugaz et al.
2005; Singh et al. 2018, 2020a, 2020b; Jin et al. 2017) and
those in which it is fully inserted into the middle or upper
corona and therefore retains its magnetically confined spherical
nature (see for example, Kataoka et al. 2009; Shiota &
Kataoka 2016; Verbeke et al. 2019; Scolini et al. 2020;
Asvestari et al. 2021). Note that both of these spheromak types
used in the modeling of magnetized CMEs are different from
typical lab implementations of spheromaks: while the latter are
stationary, the spheromaks used in CME models are expanding,
non-stationary structures. However, both, lab and CME
spheromaks have in common that they carry a magnetic
moment, which, when exposed to an ambient magnetic field,
aims to align itself with this ambient field. A magnetically
isolated CME spheromak could therefore, during its evolution,
undergo a change in orientation of its entire magnetic field
structure. The possibility of such a rotational component in the
dynamic evolution of model CMEs has been addressed only
briefly by the aforementioned studies, but could be significant
for explaining agreement or disagreement between modeled
and observed in situ magnetic field topology of CMEs at larger
heliodistances (Kataoka et al. 2009).
A related phenomenon is the tilting instability of a

spheromak in an ambient magnetic field, which can occur if
the magnetic moment of the spheromak is anti-aligned with the
ambient field. The instability, when triggered, then results in a
rotation, tilting, of the spheromak, aiming to lower its potential
magnetic energy (Rosenbluth & Bussac 1979; Bellan 2000;
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Mehta et al. 2020). Shiota et al. (2010) modeled an active
region eruption by embedding a spheromak in a global dipole
field. The authors reported that the spheromak experienced
rotation due to the presence of a torque due to magnetic force,
similar to the spheromak tilting instability reported in
experiments of laboratory plasmas (Sato & Hayashi 1983).
Such model results are in accordance to observations
showing that some CMEs rotate in the low solar corona
(Yurchyshyn 2008).

Although CMEs can undergo significant kinking, rotation,
and deflection upon eruption and during the early evolution
close to the Sun (e.g., Kay et al. 2015; Kay & Opher 2015;
Heinemann et al. 2019), these are less frequently reported
evolutionary aspects of CMEs further out in interplanetary
space (Isavnin et al. 2014). White-light observations between
1.5-30 RSun suggest that most CMEs seize to undergo
significant rotation or deflection at larger heliocentric distances
and instead seem to expand in a self-similar manner as they
propagate further away from the Sun (e.g., Colaninno &
Vourlidas 2006; Démoulin & Dasso 2009; Balmaceda et al.
2020, and references within). As we show in this study, this
almost rotation-free expansion in interplanetary space
might often not be accurately reproduced by spheromak
CME models.

In this paper we demonstrate, using the EUHFORIA MHD
heliospheric model (Pomoell & Poedts 2018), that a spheromak
injected into the inner-heliospheric solar wind experiences
tilting and deflection as it evolves to larger heliocentric
distances, which results in a gradual change of orientation of
the spheromak’s axis of symmetry and a slight alteration of its
trajectory. We locate the magnetic center of mass of the
modeled spheromaks (center of mass with respect to the
magnetic field energy density) and their axis of symmetry, and
investigate the response of spheromaks with different initial
states to the ambient magnetic field. To study this, we
generated simple ambient magnetic field topologies, as
described in Section 3. More complex topologies such as ones
including heliospheric current sheet crossings and high speed
stream structures, are not addressed in this paper; however, we
intend to investigate them in future work.

Section 2 provides a more in-depth discussion of the physics
behind the spheromak tilting instability. In Section 3, we
describe the different simulation setup considered in this
analysis while, in Section 4, we provide our analysis and main
findings in more detail. Details on the process of locating the
spheromak in the three-dimensional modeling domain, its
magnetic center of mass, and its symmetry axis are given in
Appendix A. Appendix B explains the coordinate transforma-
tion used for visualizing the located spheromaks, while
Appendix C describes in more detail the torque and net force
the LFF spheromak experiences when subject to a background
magnetic field. A summary of our key results, a brief
discussion on the importance of these findings for the space
weather community, and our future steps in investigating the
spheromak insertion and evolution are presented in Section 5.

2. Spheromak and Tilting Instability

In this section, we review two types of static, linear-force-
free (LFF) spheromak solutions and how they are related to the
tilting instability (Bellan 2000, chapter 10.2-10.3) and to the
application of LFF spheromaks as CME models for MHD
simulations of the inner heliosphere.

What we call LFF spheromak here, is an axisymmetric
solution of the force-free equation,

l=( ) ( )B Bcurl 1

that (approximately) describes the force balance in a stationary
β≈ 0 (magnetically dominated) ideal MHD plasma, with λ

having a constant, nonzero value only within a spherically
shaped region, V, which we identify to be the volume of the
spheromak. Outside of V, λ vanishes.

2.1. LFF Spheromak in Homogeneous Background Field

The magnetic field B in equation (1) can be thought of as
consisting of two parts:

= + ( )B B B 2bs vac

where Bbs represents the magnetic field produced by the current
distribution m= ( )J Bcurl 0 inside V (Biot–Savart law):

ò
m
p

=
¢ ´ - ¢

- ¢
¢( ) ( ) ( )

∣ ∣
( )B r

J r r r
r r

dV
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3bs
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and Bvac represents the background vacuum field with
=( )Bcurl 0vac . The splitting of the magnetic field into a

background contribution and a contribution that can be
considered to be part of the spheromak itself is necessary to
be able to identify the magnetic net forces that act on the
spheromak as a whole. The part of the magnetic field that is due
to the current density of the spheromak itself can (to some
extent) be considered rigidly coupled to the spheromak and
cannot exert any magnetic net force or net torque on itself. If
such a magnetic net force or a net torque act on the spheromak,
it is the background part of the magnetic field that is
responsible.
An example of a stationary spheromak solution in a

homogeneous background field = - ˆB zBvac 0 , pointing in
negative zdirection, is shown in Figure 1. The upper panel
shows B= Bbs+Bvac, and the lower panel shows the
contribution Bbs, which qualitatively looks like the field of a
current-loop magnetic dipole. The spheromak solution used in
this figure has been known for many years (Rosenbluth &
Bussac 1979) and was recently reconsidered in Mehta et al.
(2020). In terms of spherical coordinates (r, θ, f)= (radius,
colatitude, longitude) with origin in the center of V and using
normalized coordinate tangent vectors q f( ˆ ˆ ˆ )r, , as vector basis,
the B field is in the interior of V described by:

l
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while the exterior field is:
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with jn(s) being the spherical Bessel function of the first kind of
order n, r0 the radius of the spherical region V, and λ is
determined by requiring Br

in to vanish on the boundary of V.
The latter condition yields infinitely many solutions, so-called
Taylor states, as j1(s) has infinitely many zeros as function of s.
We restricted ourselves here to the lowest Taylor state,
corresponding to the first nontrivial zero of j1(s), given by
s= s1≈ 4.49341. While having =B 0r

in on the boundary of V
requires also fB in to be zero there, qB in will have a nonzero value

q= -q ( ) ( ) ( )B B j s sin . 6in
0
in

0 1

In order to avoid the formation of surface currents, B must be
continuous across the boundary of V, and qB ex in Equations (5a)
−(5c) should therefore match qB in from Equations (4a)−(4c) for
r= r0. This determines the B0

in in Equations (4a)−(4c) in terms

of = -B B0
ex

0 as:

=
( )

( )B
j s

B
3

2
. 70

in

0 1
0
ex

This latter Equation (7) requires Bvac to be nonzero and
antiparallel to the magnetic moment,

ò p= ´ =( ( )) ˆ ( )M r J r zdV B r
1

2
2 80 0

3

of the spheromak’s current distribution m= ( )J Bcurl 0, unless
the spheromak is trivial (meaning λ= 0). Note also that Bin and
Bex are both superpositions of the restrictions of Bbs and Bvac to
either the interior or exterior of V. The background field is in
both regions the same:

q= = - ( ) ( )B B B cos 9ar rvac,
in

vac,
ex

0

q= =q q ( ) ( )B B B sin 9bvac,
in
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ex

0
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ex

while Bbs is in the interior of V given by:
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and in the exterior by:

q= ( ) ( )B B
r

r
cos 11arbs,

ex
0

0
3

3

q=q ( ) ( )B B
r

r2
sin 11bbs,

ex
0

0
3

3

=f ( )B 0, 11cbs,
ex

so that in the interior of V we have:

= + ( )B B B 12in
bs
in

vac
in

and similarly in the exterior of V:

= + ( )B B B . 13ex
bs
ex

vac
ex

It is important to stress that this spheromak solution is only
force free with respect to the total magnetic field B. The field
Bbs on its own does not satisfy the force-free condition in
Equation (1). The background field Bvac is responsible for
balancing the Lorentz force (FL) that Bbs exerts on its own
source current J:

= = ´ = ´ + ´ ( )F J B J B J B0 . 14L bs vac

Without the Lorentz force contribution from the background
field, the contribution due to Bbs, namely FL,bs= J× Bbs

would push the current density J of the spheromak outwards.

2.2. LFF Spheromak Supported by Surface Currents

A nontrivial, stationary LFF spheromak solution of the form
of Equations (4a)−(4c) inside a volume V can also be realized
without a nonzero background vacuum field, provided the
boundary of V is highly conducting. The total exterior field,

Figure 1. Upper panel: total magnetic field of a spherically shaped ideal
spheromak in a constant magnetic background field that is pointing in negative
ẑ direction. Lower panel: magnetic field of the same spheromak as above, but
with the constant background field subtracted, namely it shows the magnetic
field that is merely produced by the current distribution inside the spheromak.
This resembles the magnetic field of a current-loop dipole.

3
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Bex, can then be zero. As discussed Bellan (2000, Chapter
10.2), the resulting discontinuity in the Bθ component of the
magnetic field when crossing the boundary of V will then
induce a toroidal surface current on the boundary, which, if the
interior spheromak solution is still as in Equations (4a)−(4c), is
given by:

= ( )I 0 15ar
sf

=q ( )I 0 15bsf

q
m

=f
( ) ( )I

B3 sin

2
15csf 0

0

and runs in opposite direction to the toroidal component of the
current density m= ( )J Bcurl 0 in the interior of V. The surface
current, Equations (15a)−(15c), produces in the interior of V a
with respect to Bbs anti-aligned magnetic field, Bsf, analogous
to Bvac from Section 2.1. The total Bfield that satisfies the
force-free Equation (1) is again a superposition

= + ( )B B B 16bs sf

where Bbs is as before the magnetic field produced by the
current density m= ( )J Bcurl 0, which is nonzero only in the
interior of V, and Bsf is the field produced by the surface
current, Equations (15a)−(15c), on the boundary of V. The
field Bsf can as Bbs be computed using the Biot–Savart law:

ò
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¢ ´ - ¢
- ¢

¢
¶
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, 17
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where ∂V is the boundary of V and ¢dS the surface element at
position ¢r on ∂V. The result of the integration in Equation (17)
is in the interior of V given by

q= - ( ) ( )B B cos 18arsf,
in

0

q=q ( ) ( )B B sin 18bsf,
in

0

=f ( )B 0 18csf,
in

and in the exterior of V by

q= - ( ) ( )B B
r

r
cos 19arsf,

ex
0

0
3

3

q= -q ( ) ( )B B
r

r2
sin 19bsf,

ex
0

0
3

3

=f ( )B 0. 19csf,
ex

In terms of Cartesian coordinates, the interior solution from
Equation (18a)−(18c) is simply = - ˆB zBsf 0 and therefore
indeed equal to the background field from Section 2.1. This has
to be the case, in order to have the total B field from
Equation (16), which satisfies the force-free condition
Equation (1), being still given by Equations (4a)−(4c). In the
exterior of V, Bsf

ex exactly cancels Bbs
ex, so that the total field

vanishes there and the force-free equation is satisfied trivially.
It is interesting to note that, if this solution is indeed kept

static, then the magnetic moment associated with the surface
currents exactly cancels the magnetic moment in Equation (8).

2.3. Tilting Instability

The tilting instability can arise in the scenario discussed in
Section 2.1, where the spheromak is located inside a

background vacuum field, Bvac, with its magnetic moment M
oriented antiparallel to Bvac. The instability is caused by the
fact that the torque exerted on M by Bvac is given by (see
Appendix C)

t = ´ ( )M B 20vac

which is zero as long asM and Bvac are exactly antiparallel, but
will, as soon as M slightly deviates from being anti-aligned
with Bvac, forceM to rotate until it becomes parallel to Bvac. As
the spheromak axis is altered, the fixed Bvac is no longer
appropriately aligned to compensate the Lorentz force J×Bbs

acting on J and the spheromak subsequently ceases to be in
equilibrium and disintegrates (Mehta et al. 2020).
The latter does not occur in the case discussed in Section 2.2,

where no background vacuum field is present and surface
currents provide the magnetic field contribution that is necessary
to balance the Lorentz force acting on the current density inside
V. In this case, if the spheromak rotates, also the surface currents
and the field produced by them will rotate, so that the
equilibrium is not destroyed and the force-free Equation (1) is
also in the rotated state satisfied (Bellan 2000, chapter 10.3).

2.4. CME Spheromak and Tilting

Which of the above-mentioned scenarios applies when using
LFF spheromaks to model CMEs that are moving through the
ambient solar wind in the inner heliosphere? In the low corona,
it might be possible that the tilting instability scenario, where a
spheromak is initially anti-aligned to the ambient magnetic
field, can occur, as discussed for example in Shiota et al.
(2010). But, as the spheromak spends more and more time in
the ambient magnetic field while propagating away from the
Sun, any inhomogeneity it encounters on its way through the
ambient field would quickly trigger the instability, and one can
therefore expect that anti-aligned spheromaks should not
persist to larger heliocentric distances. However, as a
spheromak that serves as model for a magnetized CME is
embedded in a highly conducting plasma, it does not need a
properly anti-aligned background magnetic field to prevent its
toroidal current from being accelerated outward. The outward-
pointing Lorentz force that Bbs exerts on the current density J
can also be compensated by surface currents as discussed
above in Section 2.2. The latter can, however, not be the full
answer to the stability problem, as although the field Bsf formed
by surface currents counteracts the outward-pointing Lorentz
force due to Bbs in the interior of the spheromak, the outward-
pointing Lorentz force that Bbs and Bsf exert on the surface
current itself is not compensated by any magnetostatic force.
The real solution lies therefore presumably in the fact that a
CME spheromak is not stationary but expanding, and the
Lorentz force produced by Bbs and (if present) Bsf can be
compensated also by dynamical effects, related to changes in
the magnetic flux density inside the expanding spheromak, as
well as by hydrodynamic effects. In any case, a CME
spheromak might be able to survive a tilting instability in its
low-corona evolution. But, regardless of whether such a tilting
instability occurs or not, CME spheromaks that reach a
sufficiently large heliocentric distance can be expected to be
well embedded into their ambient magnetic field and well
aligned with it, as they had plenty of time to adapt to the strong
field in the low corona. The latter can, however, only occur if
the CME spheromaks indeed had time to evolve through the
ambient field. If a CME spheromak is inserted at higher

4
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heliocentric distances, its embedding into the ambient field and
its proper alignment have to be ensured manually. The
spheromak would then undergo only minor further rotations
to maintain the alignment.

It is worth noting that, as the magnetic field of the solar wind
is not homogeneous but points at different locations in different
directions and becomes quickly weaker with increasing
heliocentric distance, a CME spheromak is in general not only
subject to the torque in Equation (20), but can also experience a
magnetic drift force,

   = =
=

( · ) ( · ) ( )
( ( ) )

F M B M B , 21
B

drift vac
curl 0

vac
vac

which can affect its trajectory and speed.
Neither of the two static LFF spheromak scenarios discussed

in Sections 2.1 and 2.2 seems to capture particularly well the
overall situation of an expanding CME spheromak evolving
away from the Sun. The details of how such LFF CME
spheromaks interact with the ambient solar wind and ambient
magnetic field after having been inserted into the modeling
domain of an MHD simulation of the inner heliosphere needs
to be better understood and will require further investigation.
As a first step in this direction, we present in Section 4 our
findings, that LFF type CME spheromaks in MHD simulations
of the inner heliosphere can be observed to indeed undergo
tilting and drifting, and that the dependency of tilting and
drifting on input parameters like ambient field strength and
orientation, as well as initial spheromak velocity and
spheromak orientation, is in qualitative agreement with what
one would expect based on the formulas in Equations (20) and
(21) for magnetic torque and magnetic drift force.

3. Methodology

For this study, we construct four different idealized ambient
solar wind plasma and magnetic field conditions, using the
EUHFORIA MHD heliospheric model (Pomoell &
Poedts 2018), hereafter referred to as background scenarios.
In all these background scenarios, the ambient magnetic field is
defined at the inner radial boundary (set at 0.1 au) to be
predominantly radial (there is a longitudinal magnetic field
component due to the Parker spiral) and only its strength and
direction (away/toward the Sun) differs. We considered at the
inner boundary a weak negative (inward) (Br=− 100 nT), a
weak positive (outward) (Br= 100 nT), a strong negative
(Br=− 300 nT), and a strong positive (Br= 300 nT) radial
field (see Figure 2 for a simple schematic on the background
field orientation in the positive (outward) and negative (inward)
cases). From a global point of view, this kind of magnetic field
configuration is of course oversimplified, but locally it
represents an idealized situation in which a CME is moving
along open field lines. The inner boundary values for the radial
plasma velocity (vr= 450.0 km s−1), thermal pressure
(P= 3.3 nPa), density (n= 5.787 · 108 kg/m3), and temper-
ature (T= 4.13 · 105 K) were the same for all background
scenarios. The MHD simulations were carried out on a
spherical grid with 256 radial grid points, covering the distance
from 0.1 au–2.0 au, and a 4° angular resolution for longitude
and colatitude. It is noteworthy that the selected resolution can
have an impact on all MHD simulation output, and thus affect,
for example, the concrete numbers obtained for the total
rotation angles of the spheromaks. However, it should not
change the results present in this paper on a qualitative level,

namely that the spheromak experiences a magnetic torque and
thus in response undergoes rotation. The degree to which the
resolution alters the quantitative results will be discussed in
detail in future work.
In each of the above background scenarios, we inserted 10

different types of spheromaks, varying their initial parameters,
namely speed, insertion tilt (orientation angle), and helicity
sign as shown in Table 1. The employed spheromak model is
the EUHFORIA implementation of an LFF spheromak,
described in Verbeke et al. (2019). In EUHFORIA, the
insertion tilt of the spheromak is defined as the angle in the
tangent plane to the inner boundary, by which the symmetry
axis of the spheromak (oriented so that, if it is pointing toward
us, we see the toroidal magnetic field of the spheromak flowing
counterclockwise) is clockwise rotated away from the mer-
idional direction, as illustrated in Figure 3. The helicity sign is
the sign of the parameter λ in Equation (1) and can be
interpreted as defining whether the current density inside the
spheromak is parallel or antiparallel to the magnetic field. All
spheromaks were inserted at the inner boundary at 0◦ longitude
and latitude, with uniform 1.0 · 10−18 kg/m3 density,
0.8 · 106 K temperature, and a flux content of 80.0 · 1012Wb.
The spheromak radius in all cases was equal to 10 RSun. In total
we produced 40 unique EUHFORIA simulation runs.

Figure 2. Schematics of the magnetic field lines in the equatorial plane of the
Sun for the two types of ambient solar wind setups used in this study. In both of
these setups, the B field is set to be predominantly radial at the inner boundary
(yellow circle); in the first case, the B field is inward pointing Br < 0 (upper
panel), and in the second case outward-pointing Br > 0 (lower panel).
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At this point, it is worth highlighting that, in our analysis, we
focused on modeled spheromak CMEs with insertion velocity
equals to vi= 900.0 km s−1 or higher. The primary reason for
this choice is that fast CMEs are most often of primary concern
in operational space weather predictions. For the slow
spheromaks that were tested, namely the ones having insertion
velocity equal to that of the ambient plasma (vi= 450.0 km s−1),
we observed significant deformations of the spheromaks during
the initial phase of the simulations. This effect is due to the
combination of spheromak input parameters and the equivalent
parameters of the ambient field and plasma. A discussion of the
resulting complications in analyzing the data would have
reduced the clarity of our main results and thus we did not
consider slow spheromaks in our analysis. We would like to
clarify that a detailed pressure balance assessment needs to be
made in order to address this issue. Thus, we caution users of the
spheromak model when modeling slow CMEs to carefully select
the mass density and flux of the spheromak with respect to the
ambient plasma and magnetic field so as to be consistent with
the speed of the observed dynamics.

For each combination of background scenario and spher-
omak, we monitored for the first 70 hr of evolution in the
EUHFORIA MHD simulation the position and orientation of
the spheromaks every 30 minutes. The methods used for
determining the location and orientation of the spheromaks in
the simulation output are detailed in Appendix A.

4. Results

In Figure 4, we show a visualization of a selection of magnetic
field lines for a spheromak that has entered the EUHFORIA
MHD modeling domain through the inner boundary with initial
velocity vi= 900.0 km s−1, insertion tilt θi= 0°, and helicity sign
h= 1. The ambient magnetic field configuration for the case
shown is the weak outward-pointing field described in the
previous section. The upper row of the figure shows the side (left
column), top (middle column), and front view (right column) of
the spheromak, after 1.5 hr from the start of the insertion when
the insertion is still in progress. The bottom row shows the
system 24 hr later. Already while the spheromak is being
inserted, it appears to experience tilting due to interaction with
the ambient field, as can be seen in the top row images, where
the spheromak tilt is no longer equal to the insertion-tilt value of
0°, already 1.5 hr after the insertion started. Instead the
spheromak is tilted slightly backward (see black dashed line in
the top left image). The reason for this initial backward tilting is
that the spheromak is still being inserted into the modeling

domain (not yet fully out of the inner boundary) and the bottom
part of the spheromak gets pushed outward due to the incoming
poloidal field lines getting in conflict with the outward-pointing
background field. After the spheromak insertion is completed,
the spheromak starts rotating to align its magnetic moment with
the ambient magnetic field, as expected from the discussion in
Section 2, and which is clearly visible 25.5 hr after the start of
the insertion (see black dashed line in the bottom-left image).
Field lines of the background field wrap around the spheromak,
and some pass also directly through its center (bottom middle
image). The latter is a further indication for the magnetic
moment of the spheromak being already partially aligned with
the background field. If a spacecraft was lying at the direction of
propagation of the spheromak, it would travel along or near the
spheromak symmetry axis and therefore will record strong
magnetic flux density but with little rotation of the magnetic field
components.
In the remainder of this section, we will show that an

alignment of the spheromak’s axis of symmetry, or more
precisely, of its magnetic moment, with the ambient magnetic
field is not specific to the chosen input parameters of the just
discussed run, but can be observed quite generally, for all the
combinations of background field scenarios and spheromak
insertion parameters described in Section 3. In Section 4.1, we
discuss how the insertion tilt and insertion velocity of the
spheromak affects its total drift and rotation, while in
Section 4.2, we address the question of how the rotation of
the spheromak manifests in in situ measurements of the
magnetic field components.

4.1. Rotation and Drift of Spheromak

The background magnetic field at the inner boundary is
predominantly radial, and thus the magnetic moments of the
inserted spheromaks are initially always at an angle with the
background magnetic field. As discussed in Section 2, under
such conditions, a spheromak can experience a torque, which
acts to align the spheromak’s magnetic moment M with the
ambient magnetic field Bsw of the solar wind, as described in
Equation (20), with Bsw playing the role of Bvac. Furthermore,
a spheromak can also experiences a magnetic drift force,
described by Equation (21) and again with Bsw playing the role
of Bvac. Note that this force is strongest if the magnetic moment

Figure 3. Insertion tilt θi for a spheromak that is inserted at the inner boundary
at given longitude and latitude (lon,lat). The blue arrow represents the
spheromak’s axis of symmetry, and points in the direction from which the
spheromak’s toroidal field (red) would be seen to flow counterclockwise
around its axis. The x–y-plane coincides with the Sun’s equatorial plane.

Table 1
Varying Spheromak Input Parameters.

Spheromak No. Speed Insertion Tilt Helicity Sign
[km s−1] [°]

1 900.0 0 +1
2 1350.0 0 +1
3 1800.0 0 +1

4 900.0 90 +1
5 900.0 180 +1
6 900.0 −90 +1
7 900.0 0 −1
8 900.0 90 −1
9 900.0 180 −1
10 900.0 −90 −1
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M and the ambient magnetic field Bsw are aligned or anti-
aligned.

It should at this point be noted that as the ambient magnetic
field varies not just a little bit, but significantly across the
volume occupied by a typical CME spheromak, Equations (20)
and (21) describe the interaction between such a spheromak
and the ambient magnetic field only approximately, which is
elaborated further in Appendix C. Also, it should be stressed
that magnetic torque and drift are of course not the only means
by which the ambient solar wind and its magnetic field affect
the evolution of a CME spheromak; the spheromak is subject to
pressure gradients and other hydrodynamic effects which can
interfere with magnetic torque and drift force.

In the remainder of this section, we present our results on tilt
and drift of actual CME spheromaks, evolving in the modeling
domain of EUHFORIA MHD simulations. With the methods
described in Appendix A we monitored the location and
orientation of spheromaks as they evolve through different
ambient solar wind scenarios. We then analyzed the depen-
dency of the spheromak’s time-evolution on their insertion
velocities vi, insertion tilts θi, and helicity signs h.

4.1.1. Spheromaks of Different Initial Speeds

Figure 5 provides a visual overview of our simulation
results, showing how the evolution of a spheromak’s magnetic

center of mass and orientation of magnetic moment in different
ambient field configurations with Br=± 100 nT (upper panel)
and Br=± 300 nT (lower panel) depends on the insertion
velocity, vi= 900.0 km s−1, 1350.0 km s−1, and 1800.0 km s−1,
of the spheromak. All displayed spheromaks had a positive
helicity sign, were inserted with zero insertion tilt (spheromaks
number 1–3 in Table 1), and were initially propagating along
the x-axis.
The figure indicates that the spheromaks indeed must have

experienced drift acceleration, which caused their trajectories to
deviate from the x-axis. Also, a rotation of the spheromaks is
clearly visible since, with increasing distance, the magnetic
moments become increasingly aligned with the background
magnetic field. As according with Equations (20) and (21), the
approximate torque and drift forces acting on a spheromak are
proportional to the magnitude of the background magnetic
field, Bsw, spheromaks rotate and accelerate slower in a weak
ambient field (Figure 5 upper panel) than in a stronger one
(Figure 5 lower panel). Furthermore, as the ambient magnetic
field gets weaker with increasing distance from the Sun, slow
spheromaks spend more time in a stronger ambient magnetic
field than faster spheromaks, and therefore experience a larger
amount of rotation and drift when subject to the same ambient
field conditions.
Figure 6 shows quantitatively the evolution of the orientation

of the magnetic moments of the spheromaks as visually

Figure 4. Side view (meridional cut given in the left column), top view (equatorial cut given in the middle column), and front view (meridional cut given in the right
column) of EUHFORIA MHD simulation output for a spheromak, with initial velocity vi = 900.0 km s−1, insertion tilt θi = 0°, and helicity sign h = 1, 1.5 hr (top
row) and 25.5 hr (bottom row) after the insertion initiation. At the inner boundary, we plotted the radial magnetic field component, Br. The meridional and equatorial
slices in the side and top views (left and middle column, respectively) show the spatial distribution of the radial velocity, vr. For both Br and vr the color maps are the
same in all images and are given in the top-right image panel. The field-line topology of the spheromak is shown in all panels, while the ambient magnetic field lines
are plotted on the equatorial plane (middle column panels). The black dashed lines in the left column images (top and bottom row) show the orientation of the
magnetic moment of the spheromak.
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depicted in Figure 5. In this figure, the orientation of the
magnetic moment of a spheromak is parameterized by means of
a pair of polar angles (θ, f), where fä (− π, π] describes the
angle between the coordinate x-direction and the projection of
the magnetic moment into the x-yplane, and θ ä [0, π] is the
angle between the magnetic moment and the coordinate
zdirection (see Appendix B).

Table 2 lists the total change in rotation and in y and zposition
of spheromaks as they travel from their insertion point at the
inner boundary at 0.1 au to a distance of 1.0 au. It is apparent that
spheromaks inserted in stronger background magnetic fields
experience stronger total rotation and transverse drift. In

addition, the total rotation supports the conclusions made based
on the trends in Figures 5 and 6, namely, that faster spheromaks
achieve smaller total rotation angles and drift distances as they
reach the larger heliodistances more quickly, where the ambient
field is weakened. For the weaker ambient field scenarios, this
effect is much smaller and seems to approach the accuracy limits
of our spheromak monitoring method.

4.1.2. Spheromaks with Different Insertion Tilts

Figure 7 provides a comparison of simulation results for the
time evolution of spheromaks that have been inserted into the
four background field scenarios (Br< 0 weak, Br< 0 strong,

Figure 5. Illustration of EUHFORIA simulation results for the evolution of orientation and position of spheromaks with different initial velocity in different ambient
field conditions. The shown spheromaks correspond to the cases 1, 2, and 3 from Table 1: their initial velocity varies, but they all have the same size, field strength,
and helicity sign at insertion time, and were inserted at the same location with their magnetic moment pointing in ẑ-direction (zero insertion tilt). Each spheromak case
was inserted in inward- and in outward-pointing background magnetic fields. The magnitude of the ambient magnetic field in the upper figure was |Br| = 100 nT and
in the lower figure |Br| = 300 nT. The evolution of the spheromaks during the EUHFORIA simulation was monitored using the method described in Appendix A. For
better visibility, the displayed schematic spheromaks have only 15% of the size of the corresponding actual spheromaks. The arrows indicate the orientations of the
spheromaks’ magnetic moments.
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Br> 0 weak, and Br> 0 strong) with the same initial velocity,
vi= 900.0 km s−1, but different insertion tilts, θi ä {0, π/2,
− π/2, π}, and different helicities h=± 1. The data shows
that, regardless of the insertion tilt, the spheromak’s magnetic
moment rotates to align itself with the background magnetic
field. In the case of weak inward and outward-pointing
background fields (first two columns of the figure), the
corresponding torques acting on the spheromaks are relatively
weak and the spheromaks therefore rotate only slowly. In the
case of the stronger background fields, the spheromaks rotate
much faster, so that their magnetic moments reach almost

perfect alignment with the background magnetic field toward
the end of the monitored 70 hr simulation time interval. Table 3
lists the total change in rotation and in y and zposition of the
spheromaks as they travel from their insertion point at the inner
boundary at 0.1 au to a distance of 1.0 au. As the ideal MHD
evolution equations are invariant with respect to a global sign-
flip of the magnetic field, a simultaneous change of sign of the
ambient magnetic field and flip of the spheromak’s insertion tilt
by 180◦ leaves the total rotation angle and total transverse drift
unchanged. The input parameters (weak Br< 0, h= 1, θi= 0°)
result therefore in the same total rotation angle and transverse
drift as (weak Br> 0, h= 1, θi= 180°).

4.2. Rotation Signatures in Situ at Virtual Spacecraft

In our analysis, we investigated whether the rotation of the
spheromak is manifested in situ at different heliospheric
distances. To address this, we placed a set of nine virtual
spacecraft along the Sun–Earth line at heliocentric distances
0.15, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 au. As the
spheromaks in our study were all inserted with initial direction
of propagation along the Sun–Earth line, the so-placed
spacecraft were supposed to traverse the expanding spher-
omaks close to their center, provided that the spheromaks do
not get deflected too strongly.
Figures 8–10 show the magnetic field components Bx, By,

and Bz in the Heliocentric Earth Equatorial (HEEQ) coordinate
system as functions of time at the location of the virtual
spacecraft, while a CME with initial velocity vi= 900.0 km s−1

and insertion tilt θi= 0° propagates through the weak negative
Br (left column in each figure) and weak positive Br ambient
field scenario (right column in each figure). Note that the
virtual spacecraft and the HEEQ coordinate system are
corotating with the Earth around the Sun and coincide with
the non-rotating (x, y, z) coordinates used in the previous

Figure 6. EUHFORIA simulation results showing the evolution of the orientation of the magnetic moment of a spheromak for different initial velocities,
vi ä {900.0 km s−1, 1350.0 km s−1, 1800.0 km s−1}, and different ambient field conditions. All spheromaks were inserted with insertion tilt θi = 0 rad and helicity
sign h = 1 (cases 1-3 from Table 1). The orientation of the spheromak’s magnetic moment is encoded in the θ and f angles as described in Appendix B. The two rows
show, respectively, the time-evolution of θ and f in a weak ambient field with negative Br (first column), a strong ambient field with negative Br (second column), a
weak ambient field with positive Br (third column), and a strong ambient field with positive Br (last column).

Table 2
Total Rotation and Drift for Different Insertion Velocity Cases.

Ambient field ins. vel. tot. rot. Δy Δz
[km s−1] [°] [au] [au]

weak Br < 0 900 29.0 −0.13 −0.041
weak Br < 0 1350 28.6 −0.079 −0.024
weak Br < 0 1800 28.7 −0.054 −0.002

weak Br > 0 900 31.9 0.066 0.075
weak Br > 0 1350 30.0 0.022 0.060
weak Br > 0 1800 29.0 0.002 0.042

strong Br < 0 900 66.0 −0.208 −0.063
strong Br < 0 1350 61.5 −0.158 −0.053
strong Br < 0 1800 54.5 −0.118 −0.035

strong Br > 0 900 77.7 0.129 0.128
strong Br > 0 1350 69.7 0.084 0.103
strong Br > 0 1800 63.0 0.051 0.076

Note. Total change in rotation and in y and z position for a spheromak with
helicity sign h = 1, insertion tilt θi = 0°, and different insertion velocities, vi =
900, 1350, 1800 kms−1, as it travels through different ambient fields from
0.1 au to 1.0 au heliocentric distance.
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sections only at the start of the simulations. Over the whole
duration of our simulations, the deviation between the two
coordinate systems remains, however, small (∼ 3°) and is
negligible on length scales of the size of the spheromak.

For the interpretation of the time series in Figures 8–10, it is
instructive to compare the Bx, By, and Bz signal recorded by the
virtual spacecraft SC1 for the weak negative Br background
field scenario (left column), with the B field visualization in
Figure 11. The By time series in Figure 9, recorded by SC1,
shows nicely the signal one would expect when the spacecraft
passes through the center of the spheromak while its axis of
symmetry is still more or less aligned with the z-axis: the By

signal has a single maximum and a single minimum,
corresponding to the instants in time where the spacecraft
passes through the centers of the red and blue patches in the
top-right panel of Figure 11. For the spacecraft at larger
heliocentric distances, the signal becomes less symmetric. This
is partly due to the fact that the spheromak grows and the
magnetic flux density steadily drops while the spacecraft are
passing through the spheromak and can be expected to have a
lower value when the spacecraft reach the back part of the
spheromak. But as the spheromak tilts and slightly drifts, the
spacecraft are also no longer passing through the toroidal flux
where it is strongest. It can also be seen that, as the spheromak

Figure 7. EUHFORIA simulation results showing the evolution of the orientation of the magnetic moment of a spheromak for different insertion-tilt angles, θi ä {0,
π/2, − π/2, π}, and different ambient field conditions. All spheromaks were inserted with initial speed vi = 900.0 km s−1 and helicity sign h = ± 1 (cases 1 and 4–10
from Table 1). The orientation of the spheromak’s magnetic moment is encoded in the θ and f angles as described in Appendix B. The first two rows show,
respectively, the time evolution of θ and f for the four insertion-tilt angles in a weak (first two columns) and strong (last two columns) ambient magnetic field with
negative Br, while the last two rows show the corresponding situations for weak and strong ambient field with positive Br.
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structure expands while traveling away from the Sun, the
leading shock starts to become visible in the time series
recorded by the spacecraft SC5-SC9 at larger heliocentric
distances. Similarly, the Bz signal recorded by SC1 shows the
expected signature of the corresponding poloidal flux: as the
front of the spheromak reaches the spacecraft, the Bz

corresponds to the poloidal flux that is pointing in negative
zdirection there. At the center of the spheromak, the Bz is
positive as it now corresponds to the strong poloidal flux
passing through there in positive zdirection. Finally, when the
tail of the spheromak reaches the spacecraft, the poloidal flux is
again in negative zdirection and Bz is therefore negative
(compare with the 2D field lines shown in the top-right panel of
Figure 11). If SC1 is traversing the spheromak close to its
center and the spheromak’s axis of symmetry is still more or
less aligned with the z-axis, the Bx signal recorded by SC1
should be flat compared to the By and Bz signals, as along the x-
axis, both poloidal and toroidal fields should be perpendicular
to the xdirection. However, as the spheromak’s axis of
symmetry is at the location of SC1 already at an angle with
the z-axis, the signal is not completely flat, but a significantly

smaller amplitude than the corresponding By and Bz signals
recorded by SC1. For the spacecraft at larger heliocentric
distances, the Bx time series develops a clear negative (for
Br< 0 scenario) or positive (for the Br> 0 scenario) signal for
the same duration where the Bz time series shows the broad
maximum corresponding to the poloidal field at the center of
the spheromak. The minimum or maximum in the Bx time
series therefore indicates that the poloidal field at the center of
the spheromak has acquired a component in negative or
positive xdirection, which means that the spheromak has tilted
in the corresponding direction.
The rotation of the spheromak is only clearly visible in the

time series of Bx, By, and Bz recorded by virtual spacecraft, if
the spacecraft traverse the spheromak close to its center. For
our simulations with the stronger background field scenarios,
the latter condition was not well satisfied, due to the larger drift
of the spheromaks.

5. Discussion and Conclusions

We have addressed the phenomenon of spheromak tilting
and drifting in the context of modeling the propagation of
spheromak CMEs in the inner heliosphere. Spheromak-type
flux ropes are frequently used to model magnetized CMEs in
MHD simulations of the interplanetary space (see for example
Gibson & Low 1998; Vandas et al. 2002; Manchester et al.
2004a, 2004b, 2014a, 2014b; Lugaz et al. 2005; Kataoka et al.
2009; Singh et al. 2018, 2020a, 2020b; Jin et al. 2017; Shiota &
Kataoka 2016; Verbeke et al. 2019; Scolini et al. 2020;
Asvestari et al. 2021). The global magnetic configuration of
CMEs is also still an outstanding question, and it is a
possibility that some CMEs are spheromaks, or attain a
spheromak-like topology via reconnection-driven processes as
the eruption evolves from the low to upper corona (Gosl-
ing 1990; Vandas et al. 1993, 1997, 1998; Farrugia et al. 1995;
Feng et al. 2021).
Although, observations do suggest that some CMEs show

rotation during the early phases of the eruption in the low solar
corona (Yurchyshyn 2008), this is much more rare in
interplanetary space (Isavnin et al. 2014). Such almost
rotation-free expansion in interplanetary space might often
not be accurately reproduced by spheromak CME models. A
reason for this could be that, already at insertion, spheromaks
do not sufficiently well reproduce the shape and magnetic field
topology a CME would have if it could be observed in situ at
that location. Therefore, the spheromak might fit less well into
the local ambient magnetic field configuration. The latter might
also not be known sufficiently well, due to observational and
model limitations, and therefore not be reproduced accurately
in simulations. Such a misfit can cause artificial interactions
between the magnetic structure of the spheromak and the
background magnetic field, which forces the spheromak to
evolve differently from the in situ observed CME. Any
spheromak rotation, induced due to lack of alignment between
the spheromak axis of symmetry and the ambient field
orientation, will affect the magnetic field profiles extracted
from the simulation output at a selected location and has to be
taken into account when comparing these profiles with in situ
observations and/or when used for making space weather
forecasts, as this could for example have huge impact on
whether a CME is geo-efficient or not.
In Section 2, we discussed the different implications of a tilt

on stationary, lab-type spheromaks in a constant,

Table 3
Total Rotation and Drift for Different Helicity and Insertion Tilt.

Ambient field h ins. tilt tot. rot. Δy Δz
[°] [°] [au] [au]

weak Br < 0 1 0 29.0 −0.13 −0.041
weak Br < 0 1 90 26.9 −0.08 0.121
weak Br < 0 1 −90 30.5 0.03 −0.076
weak Br < 0 1 180 31.9 0.066 0.075
weak Br < 0 −1 0 28.2 −0.127 0.079
weak Br < 0 −1 90 28.3 0.032 0.124
weak Br < 0 −1 −90 29.4 −0.078 −0.071
weak Br < 0 −1 180 34.1 0.068 −0.038

weak Br > 0 1 0 31.9 0.066 0.075
weak Br > 0 1 90 30.5 0.03 −0.076
weak Br > 0 1 −90 26.9 −0.08 0.121
weak Br > 0 1 180 29.0 −0.13 −0.041
weak Br > 0 −1 0 34.1 0.068 −0.038
weak Br > 0 −1 90 29.4 −0.078 −0.071
weak Br > 0 −1 −90 28.3 0.032 0.124
weak Br > 0 −1 180 28.2 −0.127 0.079

strong Br < 0 1 0 66.0 −0.208 −0.063
strong Br < 0 1 90 69.4 −0.131 0.205
strong Br < 0 1 −90 71.2 0.043 −0.151
strong Br < 0 1 180 77.7 0.129 0.128
strong Br < 0 −1 0 62.2 −0.208 0.105
strong Br < 0 −1 90 72.9 0.043 0.196
strong Br < 0 −1 −90 67.8 −0.132 −0.158
strong Br < 0 −1 180 79.9 0.128 −0.085

strong Br > 0 1 0 77.7 0.129 0.128
strong Br > 0 1 90 71.2 0.043 −0.151
strong Br > 0 1 −90 69.4 −0.131 0.205
strong Br > 0 1 180 66.0 −0.208 −0.063
strong Br > 0 −1 0 79.9 0.128 −0.085
strong Br > 0 −1 90 67.8 −0.132 −0.158
strong Br > 0 −1 −90 72.9 0.043 0.196
strong Br > 0 −1 180 62.2 −0.208 0.105

Note.Total change in rotation and in y and z position as a spheromak that was
inserted into different ambient fields with velocity vi = 900.0 kms−1 but with
different helicity signs, h, and different insertion tilt values travels from 0.1 au
to 1.0 au heliocentric distance.
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homogeneous, background magnetic field or in the presence of
stationary boundary surface currents and for expanding space-
type spheromaks in a not too strong but otherwise arbitrary
ambient magnetic field. In order to remain stationary, the first
lab-type spheromak case needs a background magnetic field
that is antiparallel to the spheromak’s magnetic moment and
therefore counteracts the outward-pointing Lorentz force that
the spheromak’s magnetic field exerts on its own current
distribution. This setup is meta-stable as the magnetic moment
tends to tilt and align itself with the background magnetic field.
If the latter happens, the external field will no longer counteract
the outward-pointing Lorentz force that is acting on the
spheromak’s current distribution, and the spheromak will
disintegrate. This is known as the tilting instability (Bel-
lan 2000). In the case of the second stationary lab-type
spheromak, the spheromak gets stabilized via induced surface
currents on the boundary of the spheromak, and it is then the
magnetic field produced by these surface currents that
compensates the outward-pointing Lorentz forces in the interior
of the spheromak. A tilting instability does not occur as the
surface currents are induced by the field of the spheromak itself

and rotate with the spheromak. The surface currents, however,
experience an outward-pointing Lorentz force, which needs to
be balanced somehow. In a lab setup, these surface currents are
formed on the inner boundary of the conducting walls of the
spheromak reactor and therefore confined. In contrast,
spheromaks that are inserted in EUHFORIA are not stationary
nor confined, but expand. Therefore, there is no meta-stability
involved; the expanding spheromak will simply rotate as to
align itself with the background magnetic field.
In Section 4.1, we suggested that the effect of a background

magnetic field Bsw on a spheromak can qualitatively be
described by considering the spheromak as a magnetic current-
loop dipole, whose magnetic moment M is then subject to the
torque and drift force given by Equations (20) and (21).
We then monitored the time evolution of spheromaks with

different initial velocities (Section 4.1.1), insertion tilts, and
helicities (Section 4.1.2) in EUHFORIA MHD simulations
using idealized background scenarios with magnetic fields that
were set to be predominantly radial at the inner boundary of the
modeling domain, either inward or outward pointing. The
spheromaks qualitatively behaved as expected from the above-

Figure 8. Time series of the Bx component in the HEEQ of the magnetic field of the spheromak, inserted with initial velocity vi = 900.0 km s−1, at different virtual
spacecraft locations along the Sun–Earth line (SC1, 0.15 au; SC2, 0.3 au; SC3, 0.4 au; SC4, 0.5 au; SC5, 0.6 au; SC6, 0.7 au; SC7, 0.8 au; SC8, 0.9 au; and SC9, 1.0
au heliocentric distance). The left image shows the time series for the case of the spheromak being inserted into the weak negative Br background magnetic field
scenario, while the right image is for the weak positive Br background field scenario. As one can see, the spheromak’s Bx component adapts, due to rotation of the
spheromak, to the sign of the ambient magnetic field to which the spheromak is inserted: negative when inserted in a negative Br ambient field and positive when
inserted in a positive Br ambient field.
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described analogy between a spheromak and a current-loop
dipole: regardless of the initial tilt of the spheromak, it rotated
to align its magnetic moment with the background magnetic
field. Also, the spheromaks seemed to have experienced
acceleration that deflected their trajectory. Both the rates of
rotation as well as deflection angles of the spheromaks were
found to be proportional to the strength and sign of the
background magnetic field.

We also found that spheromaks start tilting already during
insertion. Namely, the spheromak starts to tilt and drift already
before it is completely injected. This indicates that even
implementations of the spheromak that remain anchored to the
inner boundary experience this tilting which will impede with
the model reconstructions at further heliodistances. Let us
assume, for example, that a spheromak is inserted in the MHD
model with a zero initial tilt (orientation angle), remaining
anchored to the inner boundary of the modeling domain, and
that it does not experience tilting and drifting. In this case, one
expects that the structure will only expand in space and that
two radially aligned spacecraft will cross through the same
section of the spheromak. However, if such an anchored
spheromak experiences tilting and drifting, it subsequently
changes its orientation and position in space over time. This
implies that two radially aligned spacecraft will cross each a
different section of the spheromak. When inserting spheromaks

in MHD models, anchored or not to the inner boundary, one
needs to expect that the orientation of the inserted structure will
not remain the same.
Finally, in this study, we focused on investigating the tilting

of spheromaks that had insertion velocities equal to or higher
than vi= 900.0 km s−1. However, slower spheromaks were
initially also investigated. Spheromaks which were inserted
into the modeling domain with an initial velocity that was the
same as the velocity of the background solar wind, namely
vi= 450.0 km s−1, were subject to significant deformation right
after they had detached from the inner boundary. The main
reason for the observed dynamics is the incompatibility of the
slow insertion speed with the forces arising due to the pressure
imbalance between the solar wind and the spheromak. There-
fore, modeling slow spheromaks needs to be done with caution
and by ensuring that the spheromak input parameters are
selected carefully so that these effects are reduced. Future
investigation on how to reduce these effects by performing a
detailed pressure balance assessment is necessary.
The results obtained in this work suggest that spheromaks

when inserted in the modeling domain of a heliospheric MHD
simulation undergo tilting whenever its magnetic moment is
not aligned with the background magnetic field. White-light
observations strongly indicate that CMEs carry flux ropes
(Webb & Howard 2012; Vourlidas et al. 2013, 2017) and

Figure 9. Same as Figure 8 but for the By component in HEEQ of a spheromak inserted in a weak (left, negative; right, positive) predominantly radial ambient
magnetic field.
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should therefore also carry a magnetic moment that interacts
with the background magnetic field. This implies that CMEs
would behave similar to the spheromak and thus undergo
tilting. White-light observations of CMEs rarely suggest that
CME change orientation during their evolution in the solar
corona. However, this does not exclude tilting of the magnetic
flux-rope, which is not per se captured by white-light
observations. This raises the question: Are observed in situ
CMEs better aligned with their background magnetic fields
than what is the case for the spheromaks in corresponding
heliospheric MHD simulations, or do our observations not
directly capture such possible flux-rope tilting? At the moment,
the answer to the above question remains open, and thus, one
can conclude that it is crucial to take the modeled spheromak
tilting into account when using spheromaks in space weather
and heliospheric modeling of CMEs. A more careful embed-
ding of the spheromaks to the ambient solar wind and
background magnetic field conditions at the insertion point of
the spheromak could improve the agreement between model
output and observations. Further research on the spheromak
insertion is therefore necessary. Last but not least, detailed
understanding of the dynamics of magnetized CMEs is required
in order to improve space weather predictions of the z
component of the magnetic field. To achieve this, further

observational and theoretical studies of CME eruptions at the
Sun and their propagation through the interplanetary medium
are necessary.
The methodology used in this manuscript together with a

testing of the different weighting factors implemented and their
importance in identifying the magnetic center of mass and axis
of symmetry of the spheromak will be discussed in an
upcoming paper. Furthermore, in a forthcoming work we will
focus on how more complex ambient magnetic field environ-
ments, namely the heliospheic current sheet and high speed
streams, impact the total tilting angle of the spheromak. In their
simulations, Liu et al. (2019) investigated the interaction of a
CME with a corotating interaction region, and found that this
interaction resulted in drift of the CME. It will be interesting to
see whether our upcoming analysis produces similar results. In
parallel to investigating the aforementioned complex back-
grounds, we anticipate to demonstrate the impact of the rotation
angle when using the spheromak to model in situ observed
CMEs. Last but not least, the effect on the total rotation angle
by the modeling setup, namely the resolution, and by the other
parameters required as input to the spheromak model, namely
the density, temperature, and magnetic flux, are also currently
under investigation.

Figure 10. Same as Figure 8 but for the Bz component in HEEQ of a spheromak inserted in a weak (left. negative; right, positive) predominantly radial ambient
magnetic field.
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Appendix A
Locating the Spheromak and its Geometric Axis

A spheromak in the modeling domain of an MHD simulation
of the inner heliosphere typically has the following two
properties:

1. its magnetic field carries significantly more energy than
the ambient magnetic field at comparable heliocentric
distances;

2. it satisfies, at least locally, the force-free condition,
l=( )B Bcurl , which states that ( )Bcurl needs to be

parallel or antiparallel to B (depending on the spher-
omak’s helicity sign).

Based on this, we decided to locate the volume occupied by the
spheromak using the following criteria:

(a) |B(r)|2 is bigger than nB times the median of the values of
¢∣ ( )∣B r 2 at all points ¢r that have the same heliocentric

distance as r;
(b) >( ) · ∣ ∣ ∣ ( )∣B B B Bh curl 0.9 curl , with h=± 1 being

the helicity sign. This condition implies that ¹( )Bcurl 0
and the angle between B and ( )Bh curl needs to be
smaller than ( )arccos 0.9 .

These determine the volume of the spheromak already pretty
well. However, localized disturbed regions in front or behind
the spheromak might accidentally also satisfy these criteria. As
such regions are typically of much smaller size than the
spheromak itself, one can filter them out to some extent by
requiring that

(c) the magnitude of the magnetic field-line curvature,
k = ( ˆ · ) ˆB B, where =ˆ ∣ ∣B B B , must not be bigger
than a value nR times the approximate inverse linear size
of the spheromak (as determined with the aforementioned
two criteria).

Appropriate values for nB and nR, depend in general on the
simulation input parameters. What is a good value for the
parameter nB depends for example on the relative strength of
the background magnetic field and the spheromak’s own field.
Similarly, the ideal value for nR will depend on all input
parameters that affect the size of localized disturbances that are
produced when the spheromak moves through the background
solar wind. Good values for these parameters can, in principle,
be determined using statistical methods, but as the focus of this
paper is not on the detection of spheromaks but on their
dynamics, we found that for the simulation setups considered in

this work, the heuristically determined values nB= 3.0 and
nR= 3.5 worked very well.
Once the volume V of the spheromak has been mapped out,

we determine its magnetic center of mass:

ò

ò
=

( )

( )
( )r

r r

r

w dV

w dV
, A1V

V

cm

where we use the energy content of the part of the Bfield that is
parallel to its own curl as weight, i.e.,:

=( ) ( ( ) · )
∣ ( )∣

( )r
B B

B
w

curl

2 curl
. A2

2

2

One could also consider switching the roles of ( )Bcurl and B in
Equation (A2), in order to remove energy contributions from
the part of the background magnetic field that might also be
parallel to ( )Bcurl . However, these energy contributions are
typically rather small, compared to the energy in the field
produced by the spheromak. Also, using the square of ( )Bcurl
projected on B as weight, would give unwanted focus on
current sheets that might form at the boundary between the
spheromak and the background solar wind.
Finally, we determine the orientation of the spheromak’s

geometric axis by assuming that this axis is parallel to the
spheromak’s magnetic moment, M, which is determined as
follows:

ò= - ´( ) ( ) ( )M r r J r dV
1

2
, A3

V
cm

with m= ( )J Bcurl 0.
The method utilizes that the system behaves nonrelativisti-

cally, so that retarded time effects can, for example, be
neglected.
In order to assess the quality of the automated spheromak

detection with the method described above, the analysis routine
produces for each detected case an image like the one shown in
Figure 11. These images show the magnetic field in a
coordinate system ¢ ¢ ¢{ }x y z, , that has been rotated around the
detected magnetic center of mass of the spheromak as to align
the z’-axis with the detected magnetic moment of the
spheromak (see Appendix B for more details). More precisely,
the figures show the Bfield along x’y’–, x’z’–, and y’z’–cut-
planes that pass through the detected center of mass of the
spheromak. If the determination of the spheromak’s center of
mass and magnetic moment have been successful, the panel
that shows the x’y’–cut plane should then always show a top
view of a doughnut-like structure with the “hole” being in the
center, while the panels for the x’z’– and y’z’–cut-planes should
show corresponding side views of cuts through the doughnut’s
center, with the axis of symmetry being vertical and located in
the middle of displayed x’ or y’ intervals. The sequence of these
images, produced during the detection, can then be inspected
with a viewer or turned into animations that show the time
evolution of the different spheromak types in different
background scenarios. This can be done not just for the B®eld
but for any other quantity such as current density, magnetic
field-line curvature, plasma density, pressure, temperature, etc.
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Appendix B
Coordinate Transformation

The dashed coordinates, ¢ ¢ ¢( )x y z, , , used in the illustrations
of the properties of the spheromak, correspond to a basis,
¢ ¢ ¢{ˆ ˆ ˆ }x y z, , , that is rotated with respect to the original basis,

{ˆ ˆ ˆ}x y z, , , in such a way, that ¢ẑ becomes parallel to the
geometric axis of the spheromak and points in the same
direction as the magnetic Bfield there (see Figure 12). This
rotation is done in a “minimal” way, meaning that unnecessary
rotations around the z-axis are avoided:

q f¢ ¢ ¢ =( ˆ ˆ ˆ ) ( ˆ ˆ ˆ) ( ) ( )x y z x y z R, , , , , , B1

where:

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

q f f q f

q f f q f f q f
q f f q f f q f

q f q f q

= - =

+ -
- +

- -

( )

( ) ( )
( ) ( ) ( ) ( ( ) ) ( ) ( ) ( ) ( )

( ( ) ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

B2

R R, , ,

cos cos sin cos 1 sin cos sin cos

cos 1 sin cos cos sin cos sin sin
sin cos sin sin cos

,

Euler

2 2

2 2

with REuler(α, β, γ) being the Euler angle rotation matrix in the
z-y-z convention, meaning that the first angle refers to a rotation
around the z-axis, the second angle to a rotation around the so-
obtained new y-axis, and the last angle describes rotation
around the new z-axis obtained from the previous two rotations.
The primed coordinates ¢ ¢ ¢( )x y z, , are then obtained by

applying the inverse rotation to (x, y, z), using the spheromak’s
magnetic center of mass, rcm= (xcm, ycm, zcm), as origin:

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟q f

¢
¢
¢

= +
-
-
-

- ( ) ( )
x
y

z

x
y
z

R
x x
y y
z z

, . B3
cm

cm

cm

1
cm

cm

cm

Appendix C
Magnetic Torque and Drift in Terms of Magnetic Moment

In this section, we discuss in some more detail torque, τ, and
net drift force, Fdrift, which an LFF spheromak experiences
when subject to a magnetic background field Bvac. In Section 2,

Figure 11. Example of an image that is produced by the program that carries out the automated spheromak detection in configuration snapshot of EUHFORIA MHD
simulations. The panels show different cuts of the magnetic field B of a spheromak, 10 hr after having been inserted with initial velocity vi = 900.0 km s−1 into the
Br < 0, weak background scenario. The density plot in each panel represents the flow of the vector field B through the given cut plane, while the streamlines represent
the flow of the B field component that is parallel to the given cut plane, with the thickness/opacity of the streamlines representing its magnitude/strength. The detected
location of the magnetic center of mass of the spheromak can be read off from the captions of the individual panels or the location of the “cross hairs”. Primed and
unprimed coordinates agree at the center of rotation. The detected orientation of the spheromak with respect to the original coordinates {x, y, z} is summarized in the
bottom-left panel where θtilt and ftilt correspond, respectively, to the angles θ and f used in the description of the coordinate transformation from {x, y, z} to ¢ ¢ ¢{ }x y z, ,
in Appendix B.
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we introduced Equations (20) and (21), which express these
quantities in terms of the magnetic moment, M, of the
spheromak. These formulas are, however, only accurate if the
spheromak, or more precisely, its current density,

m= ( )J Bcurl 0 of the spheromak, is restricted to a region
that is small compared to the typical length scale over which
the background field Bvac undergoes significant changes. To
make this statement more quantitative, let us first write down
the full expressions for τ and Fdrift, by integrating the local
Lorentz force and corresponding torque with which Bvac acts
on the current density distribution J(r):

ò= ´( ) ( ) ( )F J r B r dV , C1a
V

drift vac

òt = - ´ ´( ) ( ( ) ( )) ( )r r J r B r dV , C1b
V

cm vac

where rcm is the “center of mass” of the magnetic field
produced by J and V is the volume occupied by the spheromak.
Note that Bvac is assumed to satisfy =( )Bcurl 0vac within V.
Furthermore, we assume again that the system behaves
nonrelativistically and retarded time effects can therefore be
neglected.

We now Taylor-expand Bvac in the point rcm:


=

+ - + ¼
( ) ( )

(( ) · ) ( ) ( )
B r B r

r r B r , C2cm

vac vac cm

cm vac cm

where the notation ∇cm means that the derivatives are taken
with respect to the components of rcm instead of r. Plugging
(C2) into (C1a) and (C1b), we find, for (C1a):
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⎝

⎞
⎠

ò

ò 

= ´

+ ´ -

+ ¼

l
l

l
l





( )

( )

( ) ( )

( ) ((( ) · ) ( ))

( )

F J r B r

J r r r B r

dV

dV

, C3a

V

V cm

drift vac cm

cm vac cm

B

B

V

V

vac

vac

2

and for (C1b):

   

⎛
⎝

⎞
⎠

⎛

⎝
⎜⎛

⎝
⎞
⎠

⎞

⎠
⎟

ò
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t



= - ´ ´

+ - ´ ´ - + ¼

l
l

l
l 

( )

( ) ( ( ) ( ))

( ) ( ( ) ((( ) · ) ( )))

C3b

r r J r B r

r r J r r r B r

dV

dV .
V

V cm

cm vac cm

cm cm vac cm

B B
V V

vac vac

2

The λV and lBvac in the underbraces refer to the typical length
scales associated to the volume V of the spheromak (for
example, the average radius of V ) and the distance over which
Bvac undergoes significant changes. The ratio of these scales
could for example be defined as

⎜ ⎟
⎛
⎝

⎞
⎠

l l


=
-

Î

∣(( ) · ) ( )∣
∣ ( )∣

( )r r B r
B r

max . C4B
r

V
V

cmcm vac cm

vac cm
vac

Next, we would like to show that the leading terms in these
expansions are precisely the Equations (21) and (20) from
Section 2. To evaluate the integrals in Equations (C3a) and
(C3b), we resort to (Jackson 1998, Section 5.6) and use, that if
J(r) is a localized vector field, and f (r), g(r) are “well behaved”
(no singularities in the integration domain) but otherwise

arbitrary functions of r, then:

  

ò 

+

+ =
-

( ( ) ( ) · ( )

( ) ( ) · ( )

( ) ( ) ( ( ))) ( )
( ) ( ( ) ( )) ( )

r J r r

r J r r

r r J r

f g

g f

f g dVdiv 0. C5
r r J rf gdiv after P.I.

The first term in Equation (C3a) can now be evaluated by
noting that Equation (C5) with f (r)= 1 and g(r)= r tells us that

ò =( ) ( )J r dV 0, C6

if =( ( ))J rdiv 0, and therefore:

ò

ò

´

= ´ =

( ) ( )

( ) ( ) ( )

J r B r

J r B r

dV

dV 0. C7
V

V

vac cm

vac cm

As the first term in Equation (C3a) vanishes, we have to
evaluate the second one, which is, unfortunately, a bit more
lengthy: using index notation (repeated indices are implicitly
summed), the term can be rewritten as:

ò

ò

´ -

= - ¶
¶



( ) ((( ) · ) ( ))

( )( ) ( )( )

J r r r B r

r r r

dV

J dVe , C8
r

V

i V j l ijk
B

r

cmcm vac cm

cm
k

l

vac, cm

cm,

where ={ }ei i 1,2,3 is a set of Cartesian basis vectors and òijk is the
3D Levi-Civita symbol, which is antisymmetric in all indices
and ò123= 1. The cross product of two vectors A, B is given by:

´ = ( ) ( )A B A B . C9i ijk j k

Now, by setting in Equation (C5) the functions
= -( ) ( )r r rf lcm and = -( ) ( )r r rg jcm , along with

=( ( ))J rdiv 0, we find:

ò - + - =( ( )( ) ( )( ) ) ( )r r r r r rJ J dV 0, C10
V

j l l jcm cm

Figure 12. Illustration of the action of the basis transformation matrix R(θ, f)
from equation (B2), mapping the original basis ( ˆ ˆ ˆ)x y z, , to the primed
one: ¢ ¢ ¢( ˆ ˆ ˆ )x y z, , .
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which tells us that if we decompose -( )( )r r rJj lcm in the
integral in Equation (C8) into even and odd parts, then the even
part will vanish:

  

ò

ò
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-

= - + -

+ - - -
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( ( )( ) ( )( ) )

( ( )( ) ( )( ) ) ( )
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2
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j l l j
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cm cm
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cm cm

and (C8) becomes:
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where on the first line, we have used again Equation (C9),
along with the identity,

d d d d= -  ( ) ( ), C13lmi ijk lj mk lk mj

where δab is the Kronecker delta; and, on the second line, we
used the fact that magnetic fields are divergence free, and that
the background field Bvac by definition satisfies =( )Bcurl 0vac

within V.
We therefore find that the leading contribution to the drift

force in Equation (C3a) is indeed given by Equation (21) from
Section 2.

Finding the leading contribution to the torque in
Equation (C3b) does fortunately not require new formulas or
identities. Again using index notation with Expression (C9) and
Equation (C13), the first term of Equation (C3b) can be
rewritten as:
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By using Equation (C10), we see that the second term in
Equation (C14) has to vanish. The first term can be evaluated

analogously to Expression (C12) :
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cm cm
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As this first term in Equation (C3b) is already nonzero, we stop
here and do not evaluate the second term of the expansion. As
was the case for the drift force above, we find that also for the
torque, the leading contribution to Equation (C3b) coincides
with the expression in Equation (20) that was used in Section 2.
We have now verified that the expressions we used in

Section 2 to describe the tilt and drift that a spheromak
experiences when exposed to the magnetic field of the ambient
solar wind, are to leading order in l lBV vac correct. In order for
these leading-order expressions to approximate the full force
and torque adequately, it is, however, necessary that

l l 1BV vac . It turns out that this condition is not extremely
well satisfied for the situation of an expanding spheromak that
travels through the inner heliosphere. For the background field
and spheromak setups used in our simulations, a rough estimate
of this ratio indicates that typically l l -0.6 0.8BV vac for the
faster spheromaks, and for the slowest ones even

l l -0.8 1.1BV vac , although the peak value here is reached
only temporarily.
Furthermore, a CME spheromak in our EUHFORIA runs

interacts with the ambient solar wind not only via the described
magnetic torque and drift force, but is also subject to pressure
gradients (magnetic and thermal) and all sorts of other
hydrodynamic effects. While there are not too many alter-
natives to the magnetic torque from Equation (C1b) to explain
the observed tilting of spheromaks and the alignment of their
magnetic moments with the ambient magnetic field, the
observed drift of the simulated spheromaks is likely not just
due to the magnetic drift force from Equation (C1a), but also
affected by the above-mentioned other effects.
We would like to close the discussion in this appendix by

stressing that our analysis of the spheromak tilt is not affected
by the fact that Equations (20) and (21) describe the interaction
of a spheromak with an ambient magnetic field only
approximately if the background field is sufficiently inhomo-
geneous. For the simplified situation of an LFF spheromak in a
homogeneous background field, discussed in Section 2, the
formulas are exact and illustrate that a spheromak can indeed
experience a magnetic torque and would also experience a drift
force if the background field were slightly inhomogeneous.
This makes it plausible that also more complicated magnetic
background fields will in general exert torque and drift forces
on a spheromak; but, their quantitative description is in general
a bit more involved.
For our measurements of the spheromak tilt, we merely

exploited the fact that, by computing the magnetic moment
associated with the current density, m= ( )J Bcurl 0, of a
spheromak, one gets a quantity that describes the magnetic
properties of just the spheromak, with the magnetic background
field projected out. Furthermore, the magnetic moment is a
relatively stable observable for keeping track of the orientation
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of the magnetic structure of a spheromak, even if the latter
undergoes deformations.
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