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THE INTERNAL STRUCTURE OF CORONAL MASS EJECTIONS: ARE ALL REGULAR MAGNETIC CLOUDS
FLUX ROPES?
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ABSTRACT

In this Letter, we investigate the internal structure of a coronal mass ejection (CME) and its dynamics by invoking
a realistic initiation mechanism in a quadrupolar magnetic setting. The study comprises a compressible three-
dimensional magnetohydrodynamics simulation. We use an idealized model of the solar corona, into which we
superimpose a quadrupolar magnetic source region. By applying shearing motions resembling flux emergence at the
solar boundary, the initial equilibrium field is energized and it eventually erupts, yielding a fast CME. The simulated
CME shows the typical characteristics of a magnetic cloud (MC) as it propagates away from the Sun and interacts
with a bimodal solar wind. However, no distinct flux rope structure is present in the associated interplanetary ejection.
In our model, a series of reconnection events between the eruptive magnetic field and the ambient field results in the
creation of significant writhe in the CME’s magnetic field, yielding the observed rotation of the magnetic field vector,
characteristic of an MC. We demonstrate that the magnetic field lines of the CME may suffer discontinuous changes
in their mapping on the solar surface, with footpoints subject to meandering over the course of the eruption due to
magnetic reconnection. We argue that CMEs with internal magnetic structure such as that described here should also
be considered while attempting to explain in situ observations of regular MCs at L1 and elsewhere in the heliosphere.
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1. INTRODUCTION

Coronal mass ejections (CMEs) undoubtedly belong to the
most energetic transient solar events. Over the years, a plethora
of CME observations have become available and the observed
CME properties have been described and analyzed in great detail
in many research papers (e.g., Yashiro et al. 2004; Webb et al.
2006). Most theories and models of CME initiation impart the
major role in the eruption process to the magnetic field. Shearing
motions along the magnetic neutral line and emergence and/or
cancellation of magnetic flux, among other processes, are often
observed in the source regions of CMEs around the time of the
eruption. This supports the idea that the energy needed to drive
an eruption must be provided through the magnetic field. Several
reviews of possible CME initiation scenarios are available in
the literature (e.g., Moore & Sterling 2006; Forbes et al. 2006;
Roussev 2008). All of the current CME initiation models have
in common the appearance of magnetic flux ropes (FRs): they
either exist before the eruption takes place, or are formed during
the eruption process (Roussev & Sokolov 2006). The main direct
observational evidence linking CMEs to magnetic FRs is: (1)
strong correlation between CMEs and erupting prominences,
which are believed to possess some twisted magnetic field;
and (2) presence of helical structures in coronagraph images
of CMEs.

While traveling through interplanetary (IP) space, CMEs
often develop into magnetic cloud (MC) structures that are
detected in situ. Bothmer & Schwenn (1998) have investigated
46 MCs observed with the Helios spacecraft between 0.3 and
1 AU, and they have found that in 50% of the cases the MC
could be associated with a CME (see Démoulin (2008) for an
up-to-date review of the link between CMEs and MCs). Since
MCs are low-β structures, a force-free field is often used to

approximate their magnetic configuration. The oldest models
(e.g., Burlaga 1988) approximate the MC as a cylinder and use
Lundquist’s solution for constant-α force-free magnetic fields
to derive information, such as the cloud’s orientation and radial
extent. These models also enable the derivation of an estimate
of the helicity and magnetic flux content of the MC (Lynch et al.
2003; Dasso et al. 2005). The idea of fitting the MC’s in situ data
with some analytical formula is already more than 20 years old
and, through the years, many new models have been developed
(see Riley et al. (2004) for a comparison between several
flux-rope-fitting techniques). Another early model to explain
observations of MCs was the magnetic plasmoid, disconnected
from the Sun (see, for example, the comparison in Farrugia
et al. 1995). However, Kahler & Reames (1991) have used solar
energetic particle (SEP) data to probe the magnetic topology
of MCs. They have argued that the rapid access of SEPs to the
interiors of many MCs indicates that the cloud field lines extend
back to the Sun and, hence, that they are not plasmoids. Liu
et al. (2008) have validated the FR geometry of MCs by using
multiple spacecraft measurements, and they have also concluded
that a MC cannot be a spherical plasmoid disconnected from the
Sun. It is clear that the localized nature of the in situ spacecraft
measurements are insufficient to derive the three-dimensional
(3D) structure of the IP CME. Thus, numerical simulations
should be regarded as complementary to observations since they
can provide the missing information for the interpretation of
MCs. In a recent study, Lugaz et al. (2008) have pointed out the
need to combine both numerical simulations of CME events and
related observations in order to achieve better interpretation of
the observed phenomena.

In this Letter, we focus on investigating the internal structure
of CMEs originating from complex active regions. To reach
this goal, a CME is simulated within the framework of “ideal”
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3D magnetohydrodynamics (MHD). In the past, “ideal” MHD
simulations have been proved successful in reproducing many of
the observed features of CMEs. For example, Lugaz et al. (2007)
have investigated the interaction of the multiple CME events on
2000 November 24. Also, the famous CME events on 2003
October 28 have been simulated by Manchester et al. (2008).
In both cases, good agreement with relevant observations has
been achieved, and the numerical results have led to better
understanding of the dynamics of CMEs in IP space. These
event studies have made use of data driven models for the
solar wind. Input from magnetogram observations have been
used to obtain a realistic reconstruction of the solar corona and
solar wind, which is essential for event studies. This is because
the evolution of a CME is influenced by the medium through
which it propagates. These studies, however, have adopted an
FR model for the CME, even though it is not clear whether
FRs are always at the origin of CMEs. More complex models of
CME initiation, such as that of Lynch et al. (2008), are just being
integrated into a realistic background solar wind model (van der
Holst et al. 2009) and have not yet been used to study the internal
CME structure as it would be observed in situ by a spacecraft
(e.g., Helios, ACE, etc.). This is because the inherently complex
structure of the solar corona often results in a very complicated
dynamics of the CME, thus making it difficult to analyze the
time evolution of the simulated event. Therefore, we have opted
to perform the computations in an idealized configuration of the
coronal magnetic field, where the CME source region consists
of a quadrupolar region nested in a global bipolar field. The
eruption is triggered by applying small-scale shearing motions
on the solar surface, thus resembling one consequence of flux
emergence. In the next section, we describe the simulation setup
in more detail. The dynamics of the modeled CME and its
properties in the heliosphere are discussed in Section 3. The
final conclusions of this study are summarized in Section 4.

2. METHODOLOGY

Roussev et al. (2007) have performed a series of numerical
simulations in order to investigate the dynamics of the 2002
April 21 and August 24 CME events. Magnetogram data
from SOHO/MDI have been used as a boundary condition
for the magnetic field at the Sun, and the CME events have
been initiated by stretching the opposite polarity feet of a
newly emerged magnetic dipole. An important result from
these simulations has been the jump-like displacements of the
footprints of the erupting magnetic field in time. The present
study is, in essence, a continuation of the work done by Roussev
et al. (2007). Here we investigate, in more detail, the early
evolution of the CME by exploring a more idealized magnetic
setting for the sake of clarity. In our simulation, the bimodal
structure of the solar wind is reproduced using the model of
Roussev et al. (2003). The ambient solar magnetic field in the
model, however, is simplified and approximated with a dipole
(with a field strength of 4 G at the poles), thus representing the
physical conditions of solar minimum.

In addition to the dipole field, four subphotospheric mag-
netic sources are introduced, in a symmetrical fashion with
respect to the solar equator, to mimic a quadrupolar-type ac-
tive region. The four magnetic spots have alternating polar-
ity, with the outer spots having a polarity opposite to that
of the background dipole field (and the inner spots having
the same polarity as that of the ambient dipole). The ini-
tial magnetic configuration is illustrated in Figure 1(a). The
shearing motion due to the emergence of the inner spots is

modeled in a manner similar to that described in Roussev et
al. (2007), which follows the approach of Titov & Démoulin
(1999). The four magnetic charges are buried at a depth of
d = 42,000 km under the solar surface. The outer charges,
q+ and q−, are separated by a distance of 2L = 135,000 km,
whereas the two inner point sources q1+ and q1−, are separated
by a distance L. The center of the quadrupolar system is located
at a longitude of ϕ = 90◦, i.e., on the Y-axis. At the solar sur-
face, the inner spots have a magnetic field strength of 70 G,
whereas the outer spots are weaker and have a strength of 50 G.
Note that quadrupolar magnetic configurations are known from
observations to host a large fraction of the observed major flares
on the Sun (e.g., Schmieder et al. 2006). The specific setup of
the magnetic field described here yields the existence of two 3D
null points (NPs) and two separatrix surfaces connected via a
spine, which play an important role in the dynamic evolution of
the magnetic field.

The equations of “ideal” MHD are solved using the BATS-
R-US code (Powell et al. 1999). The computation is performed
in a rectangular box of dimensions ([−20, 20] × [−20, 20] ×
[−20, 20]) R�, on a nonuniform Cartesian mesh, with grid
size varying from Δx = 0.005 R� to Δx = 1.25 R�. The
grid is refined near the solar surface and in the region of the
heliospheric current sheet, which coincides in this case with the
solar equator, i.e., the XY -plane. Additional grid refinement is
applied in the active region, with Δx < 0.01 R� up to a height
of 2 R�. During the dynamic evolution of the CME, the grid
is refined in a cone (with opening angle of 20◦) around the Y-
axis, to a level of Δx = 0.08 R�, in order to better capture the
shock structure and to reduce the numerical dissipation along
the path of the CME. This setup yields a total number of cells
within the computational domain of the order 6.9 × 106. The
imposed boundary conditions are the same as those used in
earlier simulations of Roussev et al. (2004, 2007). At the solar
surface, the density and temperature are set through the solar
wind model of Roussev et al. (2003). The radial component of
the magnetic field is fixed, and the flow velocity is set to zero.
In the active region, the density is enhanced so that the Alfvén
speed is limited to be no greater than 6200 km s−1.

3. STRUCTURE AND EVOLUTION OF THE ERUPTING
FIELD

At time t = 0, the inner spot in the northern (southern)
hemisphere is moved toward the solar west (east) over a period
of 30 minutes, at a maximum speed of 90 km s−1. This speed is
at most 3% of the local value of the Alfvén speed, which results
in a quasi-steady evolution of the stressed coronal magnetic
field. By moving the inner magnetic sources apart, we mimic
the shearing motions associated with flux emergence (Aulanier
et al. 2005; Amari et al. 2007; Manchester 2007). During this
phase, additional magnetic energy is pumped into the system.
The rate of increase of the magnetic energy is the largest during
the first 8 minutes of the shearing phase, with a maximum of
1.5×1029 erg s−1; it then plateaus at 5×1028 erg s−1 until the end
of the shearing phase. The built-up shear increases the magnetic
pressure in the system. Consequently, the closed magnetic loops
in the active region start rising and the original separatrix
surfaces and spine are distorted. The 3D NPs are pushed upward
and aside in the direction opposite to that of the moving
spots, forming two “horizontal” current sheets (HCS) at the
distorted NPs. Then, the spine starts rotating counterclockwise,
and magnetic reconnection at the NPs removes the overlying
field. This creates the dark blue, S-shaped field line shown
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(a) t = 0 min (b) t = 10 min

(c) t = 50 min

Figure 1. (a) Initial configuration of the magnetic field in the CME source region. The two inner spots have the same polarity as the ambient field. Different colors
represent different flux systems. (b) Illustration of the reconnection of the erupting field with the global field at t = 10 minutes. The S-shaped field line (dark blue) is
the result of reconnection at the two HCS. The yellow isosurfaces mark regions of high values of the plasma-β (= 30), indicating the reconnection sites. (c) Snapshot
at t = 50 minutes. The blue field lines are the result of reconnection between the red field lines. The yellow field lines are the result of reconnection between the blue
field lines as they are dragged equatorward by the inflow of material toward the VCS formed behind the CME. Note that in this figure the colors of the field lines do
not correspond to those shown in (a). See the text for more details.

in Figure 1(b), which comprises the erupting magnetic field
pushing outward. The rapid outward expansion of the erupting
field (and the reduced restraining effect of the overlying field)
leads to the formation of a vertical current sheet (VCS) beneath
the S-shaped field lines. The sequence of reconnection events
taking place at the two HCS and the VCS is illustrated in
Figures 1(b) and (c).

The CME achieved in our simulation propagates with an
average speed of 850 km s−1 through the corona, and the related
shock wave arrives at the outer boundary of the simulation
domain after t = 4.5 h. The change in the solar wind variables,
as would be measured by a satellite located at a radial distance
of 15 R�, is shown in Figure 2 for three different vantage
points in the equatorial plane. The observers are positioned
along the Y-axis (i.e., the central direction), 15◦, and 30◦ away
from the central direction, respectively. The IP transient passing
through the satellites possesses the typical characteristics of
an MC described by Burlaga & Behannon (1982), the signal
being the strongest for the central observer. We have adopted
a minimum variance analysis to determine the orientation of
the cloud’s axis and found that it is located perpendicular to
the Y-axis, almost coinciding with the direction of the negative
X-axis. This is consistent with the results of Yurchyshyn (2008)
who have found that the axis of MCs have the tendency to be

aligned with the heliospheric current sheet. Their result might
be an indication that the heliospheric magnetic field, and as such
the global solar field, may have a significant influence on the
solar eruption.

The standard explanation for the observed rotation of the
magnetic field inside the MC is that the satellite is passing
through a bundle of twisted field lines, or a magnetic flux
rope. However, when analyzing the magnetic field structure in
the simulation, we do not find a correspondence between the
rotation of the magnetic field and the passage of a FR structure.
Instead, what we find is that the rotation in Bz is due to the
writhe of the magnetic field rather than its twist. Figure 3 shows
a top view of the CME’s magnetic field structure, illustrating the
rotation of the magnetic field. During the passage of the CME,
the magnetic vector rotates first counterclockwise over a small
angle, followed by a clockwise rotation away from the north-
south direction to reach a maximum angle of about 140◦. The
writhe of the magnetic field lines is the result of reconnection
occurring in the lower corona between the erupting field and the
global field, which is illustrated in Figure 1, and it involves at
least three distinct reconnection sites. First, reconnection at the
two HCS produces the S-shaped field lines connecting the two
inner spots (see Figure 1(b)). Due to the magnetic tension force,
these field lines rotate clockwise. Second, low in the corona, the



L174 JACOBS ET AL. Vol. 695

Figure 2. Plasma and IMF properties measured in situ by a satellite located
at 15 R� for three different observers, viz. W00, W15, and W30. The time of
shock arrival and the MC are identified for the central observer (W00).

Figure 3. Top view of the erupting CME showing the 3D structure of the
magnetic field at t = 4 h. The magnetic field lines are color-coded with the
radial distance from the Sun. An online movie shows the internal structure of
the CME’s magnetic field and the jumpwise displacement of its footprints.

(An mpeg animation of this figure is available in the online journal.)

highly stretched field connecting the two inner spots reconnects
with the overlying field, thus creating the blue field lines shown
in Figure 1(c). Third, as these reconnected field lines expand in
height, they are dragged equatorward by the inflow of material
toward the VCS formed behind the CME. As a result, they
reconnect across the solar equator and form the yellow field
lines shown in Figure 1(c) (note that the colors of the field lines
in Figure 1(c) are not related to those in Figures 1(a) and (b)).
These field lines are highly curved, and they connect the CME
with very distant regions on the solar surface. The reconnection
events illustrated in Figure 1(b) are different than those shown

in Figure 1(c), with the latter resulting in a magnetic field vector
pointing from north-east to south-west at the location of the
satellite. The result of all of these reconnection events is: (1)
creation of two systems of flare loops connecting the active
region with the quiet Sun; and (2) magnetic connection between
very remote regions on the Sun. A very important finding in
the present simulation is that the magnetic field lines of the
CME suffer discontinuous changes in their mapping on the solar
surface, with footpoints subject to meandering over the course
of the eruption due to magnetic reconnection. This is illustrated
in the mpeg animation accompanying Figure 3.

4. CONCLUSIONS

In this Letter, we have presented an alternative picture for
the internal structure of a fast CME, which is different from
the classical FR scenario. We have found that the presence
of two 3D NPs in the initial configuration is essential for
yielding a fast CME that has a significant amount of writhe
in the magnetic field. Although the simulated eruption shows
the typical features of an MC, we have demonstrated that the
rotation of the magnetic field vector inside the CME is not due
to the passage of a magnetic FR. In our simulation, the rotation
in the vertical component of the magnetic field, Bz, is caused
by a series of reconnection events between the erupting field
and the global field of the quiet Sun. This results in jumps
of the magnetic footprints of the CME to very distant regions
on both hemispheres of the Sun. Assuming that there are no
inhomogeneities in the solar wind, the CME will undergo a
self-similar expansion that would yield a qualitatively similar
internal structure of the MC at greater heliospheric distances.
This, however, remains to be proved in a follow-up investigation
in which the CME will be evolved out to 1 AU and beyond.

Note that reconnection at multiple-sites and four-ribbon flares
is often present in the most violent solar eruptions, for example
the X17 solar flare of 2003 October 28 (Schmieder et al. 2006).
This event was preceded by the emergence of a new dipole in
an existing active region. Large-scale, multisite reconnection
removed part of the overlying field, yielding a major eruption,
which was associated with a classical two ribbon flare. As
another example, the eruptive event on 2004 January 20 was
also accompanied by four-ribbon flares (van Driel-Gesztelyi
et al. 2008). This observation is consistent with our simulation
results too. Both eruptive events were also associated with
coronal dimmings. Attrill et al. (2007) have interpreted the
coronal dimmings as large-scale reconnections between the
expanding field of the CME and the ambient magnetic field. As a
consequence, the footprints of the CME can spread over a wide
portion of the solar surface, as confirmed in an observational
study of Zhang et al. (2007), who have concluded that the large-
scale magnetic field of the Sun has to be regarded as the real
source of CMEs. The large shifts in the location of the magnetic
footprints of the CME, as seen in our simulation, have also been
established in the event studies of Roussev et al. (2007) and
in the simulation of Gibson & Fan (2008). Both studies have
shown that the feet of the erupting FR have lost connection
with the CME source region. This may have implications for
the production of SEPs, and it should result in changes in the
observed plasma composition when a MC passes through a
spacecraft.

Our simulation has also demonstrated that whether or not a
FR is present in the CME strongly depends on the boundary
motions applied to trigger the eruption. In general, simulations
using rotating motions to energize the magnetic field do report
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on the formation of magnetic FRs (DeVore & Antiochos 2008;
Lynch et al. 2008; Titov et al. 2008). In a future study, the CME
initiation mechanism will be applied to different configurations
of the initial magnetic field, and we will investigate whether or
not the same conclusions still hold.
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