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ABSTRACT

Observations have shown a clear association of filament/prominence eruptions with the emergence of mag-
netic flux in or near filament channels. Magnetohydrodynamic (MHD) simulations have been employed to
systematically study the conditions under which such eruptions occur. These simulations to date have modeled
filament channels as two-dimensional (2D) flux ropes or 3D uniformly sheared arcades. Here we present MHD
simulations of flux emergence into a more realistic configuration consisting of a bipolar active region containing
a line-tied 3D flux rope. We use the coronal flux-rope model of Titov et al. (2014) as the initial condition and
drive our simulations by imposing boundary conditions extracted from a flux-emergence simulation by Leake et
al. (2013). We identify three mechanisms that determine the evolution of the system: (i) reconnection displacing
foot points of field lines overlying the coronal flux rope, (ii) changes of the ambient field due to the intrusion
of new flux at the boundary, and (iii) interaction of the (axial) electric currents in the pre-existing and newly
emerging flux systems. The relative contributions and effects of these mechanisms depend on the properties of
the pre-existing and emerging flux systems. Here we focus on the location and orientation of the emerging flux
relative to the coronal flux rope. Varying these parameters, we investigate under which conditions an eruption
of the latter is triggered.

Keywords: Sun: coronal mass ejections (CMEs); Sun: corona; Sun: magnetic fields; magnetohydrodynamics
(MHD)

1. INTRODUCTION

The physical mechanisms that initiate and drive coronal
mass ejections (CMEs) and associated flares are not yet fully
understood. Following Green et al. (2018), we consider here
as a “driver” the mechanism(s) that account for the rapid ac-
celeration and large expansion of the erupting flux observed
in CMEs, and as a “trigger” any mechanism that can bring a
pre-eruptive configuration to a state where the rapid acceler-
ation and expansion of the flux set in. The phase prior to the
rapid acceleration, during which some trigger mechanisms
may act, is typically associated with the slow rise of coronal
loops and/or a filament (if one is present in the CME’s source
region), as well as with pre-flare signatures, i.e., a gradual in-
crease of EUV and soft X-ray emission (e.g., Chifor et al.
2007; Schrijver et al. 2008) and/or a series of small confined
flares (e.g., Kliem et al. 2021).
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At present, it seems that eruptions are driven by a com-
bination of two mechanisms, namely the ideal magnetohy-
drodynamic (MHD) torus instability (TI) or “loss of equilib-
rium” (Kliem & Török 2006; Démoulin & Aulanier 2010;
Kliem et al. 2014a, and references therein) and the (ideal-
MHD) consequences of the “flare reconnection” occurring
below the rising flux rope (e.g., Karpen et al. 2012). These
two mechanism are closely coupled and support one another
(e.g., Vršnak 2008; Welsch 2018), but it is not yet clear which
one dominates under which circumstances (e.g., impulsive
eruptions from active regions [ARs] vs. eruptions of large
quiescent filaments).

For the trigger, in contrast, it appears that there are a large
number of possible mechanisms, both ideal and resistive.
Mechanisms that have been suggested are, for example, slow
“tether-cutting” reconnection (Moore & Roumeliotis 1992;
Moore et al. 2001), the helical kink instability (e.g., Fan &
Gibson 2003; Török et al. 2004), magnetic breakout (Antio-
chos et al. 1999; MacNeice et al. 2004; Lynch et al. 2008),
mass loading (e.g., Low 1996; Seaton et al. 2011), magnetic
shear reversal (Kusano et al. 2004), and, more recently, plas-
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moid formation (Roussev et al. 2012), solar tornados (Su
et al. 2012), flux feeding/transfer (Zhang et al. 2014; Kliem
et al. 2014b), and the so-called tilt instability (Keppens et al.
2014); see Table 1 in Green et al. (2018) for an extensive
compilation of suggested mechanisms.

Many of these trigger mechanisms are a consequence of
photospheric flows. For example, flows that converge to-
wards polarity inversion lines (PILs) may induce slow tether-
cutting reconnection, which leads to the formation and suc-
cessive detachment of a flux rope (e.g., Aulanier et al. 2010);
large-scale shear flows may trigger breakout reconnection
higher up in the corona (e.g., Lynch et al. 2008); and sunspot
rotations may twist up the magnetic field and trigger the kink
instability (e.g., Török & Kliem 2003; Romano et al. 2003).

The second main process that can eventually lead to CMEs
is flux emergence. One may divide the possibilities by which
this process produces or triggers an eruption into two sce-
narios: (i) largely isolated flux that carries its own current,
free energy, and self-helicity emerges into quiet-sun fields
and produces an eruption after a certain time, when the re-
sulting AR has sufficiently developed, and (ii) the emerging
flux merely triggers the eruption of (fully developed) current-
carrying coronal flux, i.e., of pre-existing filament channels.

The first scenario has been modeled in a number of ide-
alized numerical simulations spanning the upper convection
zone to the low corona, in which the top part of a buoy-
ant sub-photospheric flux rope dynamically emerges into the
corona, which in many simulations does not contain a mag-
netic field. The strong expansion of the emerging flux as it
enters the corona leads to the formation of a (line tied) “en-
velope” field overlying the sheared and/or twisted core field.
The core field may erupt if it is strong enough to overcome
the tension of the envelope field, or if a pre-existing coronal
field with an orientation favorable for breakout-like recon-
nection is present (e.g., Manchester et al. 2004; Archontis
& Török 2008; Archontis & Hood 2012; Leake et al. 2014).
In some simulations recurrent eruptions could be observed
(MacTaggart & Hood 2009; Archontis et al. 2014; Syntelis
et al. 2017). On the other hand, if a sufficiently strong pre-
existing coronal field with an orientation similar to the ori-
entation of the outer flux surfaces of the emerging rope is
present, the rope gets stabilized by the ambient field and
evolves to an approximately stable state in the corona (Mac-
Taggart 2011; Leake et al. 2013). Similar simulations were
performed in purely coronal domains, in which the forma-
tion of an AR was “kinematically driven” by mimicking the
rigid emergence of an analytic flux rope at the lower bound-
ary (e.g., Fan & Gibson 2003).

A variation of this first flux-emergence scenario was pre-
sented by Roussev et al. (2012). They used a small-scale
Cartesian dynamical flux-emergence simulation of the type
described above to drive the coronal evolution in a much

larger spherical domain, which contained a global dipole
field. This was done by rescaling variables extracted from
the flux-emergence simulation and imposing them at the bot-
tom boundary of the spherical domain (see Section 2.4). The
orientation of the emerging flux rope was chosen such that
the field lines in its outer flux surfaces were anti-parallel to
the dipole field. This led to the formation of a current layer at
the interface of the emerging flux and the pre-existing field,
and to a “plasmoid flux rope” that formed at two null points
within the current layer. This constantly growing, highly
twisted flux rope finally erupted and evolved into a fast CME.
Thus, in this case, it was not merely the emerging flux that
evolved and then erupted, but a structure that contained both
pre-existing and emerging flux. This constitutes an interest-
ing mechanism for CME formation, but it needs to be ex-
plored further (see the discussion in Leake et al. 2014) and
to be substantiated with observations. In this respect, we
note that Gou et al. (2019) recently demonstrated observa-
tional evidence for the formation of a CME from merging
plasmoids that were ejected from a vertical current sheet.

A more complex variation of the first scenario, termed
“collisional shearing,” was recently suggested by Chint-
zoglou et al. (2019). Here, the collision of opposite-
polarity flux concentrations associated with two flux tubes
that emerge simultaneously or sequentially within a single
AR leads to shearing and flux cancellation and, eventually, to
eruptions.

In the second flux-emergence scenario, eruptions occur
when new flux emerges within or close to pre-existing ARs or
large quiescent filaments (e.g., Canfield et al. 1975; Williams
et al. 2005; Chifor et al. 2007; Sterling et al. 2007; Louis
et al. 2015). Feynman & Martin (1995) presented a number
of cases where the emergence of relatively small-scale (but
potentially strong) flux in the vicinity of, or underneath, a fil-
ament led to the eruption of the latter in some cases (see also
Chen & Shibata 2000; Jing et al. 2004; Xu et al. 2008). It
is reasonable to assume that in such cases eruptions are trig-
gered by some kind of interaction between the emerging and
pre-existing flux systems. Feynman & Martin (1995) sug-
gested that, if the orientation of the emerging flux with re-
spect to the large-scale arcade field that harbors the filament
is favorable for the formation of a current sheet between the
two flux systems, reconnection driven by the ongoing emer-
gence will produce magnetic islands in the sheet, thereby in-
creasing the magnetic pressure in the arcade until it erupts.
For flux emerging at the periphery of or close to a filament
channel, the orientation was considered as “favorable” when
the adjacent polarities of the emerging and pre-existing flux
were of opposite sign (as in Figure 2(b),(c)), and as “unfa-
vorable” when they were of the same sign (as in Figure 2(a)).
Cases where the new flux emerged within the filament chan-
nel were all termed favorable, regardless of their orientation.
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Wang & Sheeley (1999) challenged this view and argued
that reconnection driven by emerging flux in the vicinity of a
filament channel rather leads to a rearrangement of the field
overlying the channel, which then allows the filament to erupt
(see also Fu & Welsch 2016). They also pointed out that
small-scale flux emergence may act as a trigger for erup-
tions, but is not a necessary condition for their occurrence
(see also Zhang et al. 2008). Ding & Hu (2008) demonstrated
by means of 2.5D force-free field calculations that flux emer-
gence near a coronal flux rope leads to the expansion or con-
traction of the field overlying the rope, depending on the ori-
entation of the emerging flux. Here the flux emergence was
represented by a gradual superposition at the photosphere of
the normal component of the emerging magnetic flux and the
pre-existing normal flux. In their model, a favorable orien-
tation (as defined by Feynman & Martin 1995) leads to an
expansion of the overlying field, i.e., supporting eruptions,
while an unfavorable orientation leads to a contraction of the
overlying field, providing additional stabilization to the flux
rope and suppressing its eruption. They further showed that
such changes of the overlying field occur due to the ideal re-
laxation of the coronal field to a force-free state following the
magnetic connectivity changes imposed by the modified pho-
tospheric flux distribution. Reconnection in the coronal field
itself was not required to achieve the coronal changes docu-
mented in that work, though when it was allowed to occur, it
amplified these changes.

Lin et al. (2001) presented an extensive analytical study
in which they investigated the response of a 2D coronal flux
rope to flux emergence, which was modeled via slowly evolv-
ing boundary conditions. They found that the circumstances
under which eruptions occur in this seemingly simple sys-
tem depend in a complicated manner on parameters such as
the orientation, strength, and area of the emerging flux, as
well as on its distance to the pre-existing flux rope. Specifi-
cally, they pointed out that their results suggest that “there is
no simple, universal relation between the orientation of the
emerging flux and the likelihood of an eruption,” but that this
needs to be tested in more realistic 3D simulations, which is
one of the purposes of our investigation.

The first numerical simulations of the second scenario
were performed by Chen & Shibata (2000) (see also Shiota
et al. 2005). Similar to Lin et al. (2001), they considered
a stable 2D coronal flux rope and kinematically emerged a
bipole at the bottom boundary. As in Ding & Hu (2008),
discussed above, they achieved this emergence by gradually
superimposing the normal component of the emerging flux
and the pre-existing photospheric flux distribution. They in-
vestigated four scenarios: emergence next to the rope with an
orientation that formed a current sheet between the emerging
flux and the pre-existing PIL, emergence next to the rope with
an orientation that formed a current sheet on the far side of

the emerging flux, and emergence at the PIL with the same
or the opposite orientation as the pre-existing photospheric
field.

They found that for emergence next to the rope with the
new current sheet forming between the emerging flux and
the PIL, the flux rope erupts, while for the inverse orienta-
tion it does not, supporting the findings of Feynman & Mar-
tin (1995). For emergence at the PIL, the flux rope erupted
when the emerging flux had an orientation opposite to that
of the pre-existing photospheric flux, and it was pulled down
toward the photosphere when the emerging flux had the same
orientation. This latter result contrasts with the prediction of
Feynman & Martin (1995) that emergence at the PIL below a
pre-existing filament channel will always cause an eruption.

Xu et al. (2005) extended the work by Chen & Shibata
(2000) to a systematic parameter study and found that the
occurrence or lack of an eruption depends not just on the ori-
entation of the emerging flux but also on its amount and on its
distance from the PIL, supporting the findings by Lin et al.
(2001). A dependence of eruptive behavior on the location
and the amount of emerging flux was also found in 2.5D dy-
namic simulations of flux emergence into a coronal configu-
ration representing a pseudostreamer (Kaneko & Yokoyama
2014). Simulations of kinematic flux emergence triggering
a CME were performed also in large-scale 2.5D spherical
(axi-symmetric) domains (e.g., Dubey et al. 2006; Zuccarello
et al. 2008, 2009), where those studies focused mostly on the
resulting evolution and properties of the CME. For example,
Dubey et al. (2006) found that the total amount of emerged
flux is more important for the final CME speed than the flux-
emergence rate.

Fully 3D MHD simulations of the second scenario, i.e., the
triggering of the eruption of a pre-existing, current-carrying
coronal structure by localized flux emergence are so far rare.
Notoya et al. (2007) modeled the dynamic emergence of a
twisted flux tube from the convection zone into the corona,
close to a pre-existing, uniformly sheared magnetic arcade.
In their simulation, reconnection between the emerging rope
and the arcade leads to the formation of a new flux rope
within the arcade which then erupts. The dependencies of
the evolution on parameters such as the shear angle of the ar-
cade or the location, orientation, or amount of the emerging
flux were not considered. Kusano et al. (2012) performed
an extensive simulation series of kinematic emergence of a
small bipole at the PIL of a uniformly sheared arcade. They
varied both the orientation of the bipole and the shear an-
gle (and thereby the free magnetic energy) of the large-scale
coronal arcade. Similar to the simulation by Notoya et al.
(2007), reconnection between the bipole and arcade fields
leads in some cases to the formation of a large-scale coronal
flux rope within the arcade. Kusano et al. (2012) found that
large-scale, CME-like eruptions occur in their model only for
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strong arcade-shear (> 75◦) and if the bipole orientation dif-
fers by at least 90◦ from the normal-polarity orientation of
the arcade. They did not, however, consider cases where
emergence takes place away from the PIL, e.g., outside of
a filament channel.

The purpose of our study described in this article is to ex-
tend the existing simulations of the second scenario by con-
sidering the effect of flux emergence on a 3D pre-existing
coronal flux rope. Our simulations are driven kinematically,
and we impose the emerging flux at the PIL, as well as at
different distances from the PIL, and we vary its orientation.
The variations in distance and orientation of the emerging
flux are chosen to emulate the circumstances reported on by
Feynman & Martin (1995), namely, flux emergence at or near
the PIL with orientations that are either favorable or unfavor-
able for reconnection, in the terminology of Feynman & Mar-
tin (1995) (see Table 1 and associated discussion below). In
contrast to the ad-hoc descriptions of flux emergence used in
previous simulations of the second scenario (except for No-
toya et al. 2007), we employ a more self-consistent approach
by taking our flux-emergence electric fields directly from a
dynamical flux-emergence simulation.

2. NUMERICAL SETUP

For the simulations described in this article, we employ
the MHD code “Magnetohydrodynamic Algorithm outside
a Sphere” (MAS; Section 2.1) to model the emergence of
a compact, strong bipolar AR into a corona that contains a
much larger but weaker pre-existing coronal flux rope (see
Figure 1(a)). The evolution is driven at the lower boundary of
the coronal domain using data that were extracted from a dy-
namic flux-emergence simulation performed with the MHD
code Lare3D (Section 2.3). In this section we describe the
our simulation setup, paying particular attention to the cou-
pling of Lare3D and MAS. We note that a similar coupling
(in thermodynamic MHD, whereas the runs presented here
are in the β = 0 approximation) was recently used to model
the formation and propagation of coronal jets (Török et al.
2016) and to estimate their contribution to the solar wind (Li-
onello et al. 2016). Furthermore, Runs 6 and 7 (see Table 1),
and a simulation similar to Run 5 were used in Dacie et al.
(2018) to interpret the splitting and subsequent eruptions of
a ring-shaped, quiescent filament.

2.1. Coronal Simulations (MAS)

The simulations presented here were performed using the
MHD code MAS, developed and maintained at Predictive
Science Inc. (e.g., Mikić & Linker 1994; Mikić et al. 1999;
Lionello et al. 1999; Linker et al. 2001; Lionello et al. 2009;
Caplan et al. 2017; Török et al. 2018), which advances the
standard viscous and resistive MHD equations. The β = 0

approximation, in which thermal pressure and gravity are ne-
glected, is employed, so that the evolution is driven entirely

by magnetic and inertial forces. The use of this approxima-
tion is justified here, since the dynamics relevant for our in-
vestigation occur in the low corona, where the plasma β (the
ratio of thermal to magnetic pressure) is low (Gary 2001).

For the β = 0 approximation, the MHD equations reduce
to the following form of the momentum and the induction
equations, respectively (see Lionello et al. 2002):

ρ(∂v/∂t+ v · ∇v) = J×B/c+∇ · (ρν∇v), (1)

∂A/∂t = −cE = v ×B− cηJ. (2)

Note that MAS evolves the vector potential A. The mag-
netic field B and the electric current J are then expressed as:

B = ∇×A;J = c∇×∇×A/4π. (3)

The induction equation makes use of the electric field E,
which has the form:

E = −v ×B/c+ ηJ. (4)

The MHD equations are calculated in dimensionless form,
where lengths, times, field strengths, and mass densities
are normalized by R⊙=696 Mm, τA=1445.87 s (≈ 24min),
2.2069 G, and 1.6726×10−16 g cm−3, respectively, where
R⊙ is the solar radius and τA is the Alfvén time. A uniform
resistivity is chosen such that the Lundquist number τR/τA
is 5.0× 106, where τR is the resistive diffusion time. A uni-
form viscosity ν is used, corresponding to a viscous diffusion
time τν such that τν/τA = 500. This value is chosen to dis-
sipate unresolved scales without substantially affecting the
global solution. In the coronal flux rope, where the charac-
teristic length and the Alfvén speed substantially differ from
the above values (see § 2.2), the Lundquist number has a sim-
ilar value of 2.7 × 106, with the same ratio of resistive and
viscous diffusion times. We note that when dynamics such as
reconnection begin in the simulation, the numerical diffusion
dominates the specified resistivity.

We use a nonuniform spherical (r, θ, ϕ) mesh of size 258×
461×561 that ranges from r = 1.0 (the solar surface) to 3.5.
We use a radial resolution of ∆r = 0.0005 (0.35 Mm) in the
height range r = 1.0 − 1.075 (extending above the apex of
the flux-rope axis; see Section 2.2), increasing to ∆r = 0.11

at the outer boundary. We use a latitudinal/longitudinal res-
olution of 0.0005 radians in an area covering 0.125 and 0.14
radians in θ and ϕ, respectively, within which the coronal flux
rope is located and the flux emergence is imposed. The reso-
lution of the latitudinal/longitudinal cells outside of this area
then decreases to 0.05 radians. We note that, even though the
lower boundary of the MAS domain is associated with the
solar surface, it should physically be considered here as the
bottom of the corona, since we use the β = 0 approximation.
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Closed-wall boundary conditions are used at the outer ra-
dial boundary of the simulation, which is justified since we
are interested here only in the initiation of CMEs low in the
corona. The inner radial boundary, representing the base of
the solar corona, is driven by setting the velocity and electric
fields at that boundary, v0 and E0, to input velocities and
electric fields which are chosen so as to produce the desired
boundary evolution. Section 2.4 describes the method used
to set this boundary condition from the Lare3D data.

2.2. MAS Initial Configuration (TDm)

The initial coronal magnetic field consists of a flux rope
embedded in a bipolar AR (see Figures 3(a) and 4(a) be-
low). The AR is constructed by means of a fictitious hori-
zontal dipole (see, e.g., Titov et al. 2008), which is placed at
r = 0.96 (in units of R⊙ [see § 2.1], i.e., 28 Mm below the
solar surface), with the dipole moment vector pointing to-
wards the north pole and the dipole strength chosen such that
the maximum |Br| at the surface is 89 G. We then employ the
modified Titov-Démoulin model (TDm; Titov et al. 2014) to
embed a flux rope into the AR, such that the field of the AR,
often called the ‘strapping field,’ restrains the flux-rope field,
and so the flux rope is in a stable magnetic equilibrium. To
this end, the geometrical axis of the (toroidal) TDm current
channel is aligned with the PIL of the AR (i.e., the ϕ coor-
dinate), with its apex located exactly above the AR center.
For the TDm torus we use a minor radius of a = 0.045 (31
Mm) and place it such that the distance between the two foot
points of the torus axis is 114 Mm, and its apex is 35 Mm
above the surface. The total length of the resulting flux rope
(as projected on the surface) is ≈ 175 Mm. The TDm axial
current, I , is set to its equilibrium value, IS (see Titov et al.
2014). In the β = 0 approximation the distribution of the
mass density can be chosen freely. Here we use a fixed radial
profile ρ(r) that was derived from a thermodynamic MHD
solution of the corona (e.g., Lionello et al. 2009).

We then relax this configuration for one Alfvén time to ob-
tain a sufficiently well relaxed numerical equilibrium. Dur-
ing the relaxation, the initially circular current channel adopts
a “teardrop” shape (see Figure 3(a)), as it adjusts to the bipo-
lar background field (see Titov et al. 2014). After the relax-
ation, the apex of the magnetic axis of the TDm flux rope
is located at r = 1.062, corresponding to ≈ 43Mm above
the lower boundary (cf. the top panel in Figure 4(a)). The
relaxed rope has a diameter of ≈ 60Mm (in the radial di-
rection) and the Alfvén speed at the apex of the rope’s axis is
≈ 3, 000 km s−1, yielding an Alfvén crossing time of ≈ 20 s.
The flux emergence is then imposed starting at t = 1 (in units
of τA; see § 2.1). For all simulations described here, we im-
pose the emergence until t = 14.5 (unless stated otherwise).

Figure 1. (a) Example configuration of the simulations described
here. The bottom plane shows the radial magnetic field at the solar
surface, Br(r = 1). A compact bipolar flux region emerges next
to a large pre-existing coronal flux rope (colored field lines). Purple
field lines show the ambient field surrounding the coronal flux rope,
some of which has reconnected with the emerging flux. This con-
figuration is from Run 6 (see Table 1), shown at t = 7 (2.4 hours
after the onset of flux emergence). (b): Magnetic flux evolution at
r = 1. The vertical line marks the time shown in (a).

2.3. Lare3D Flux Emergence Simulation

After the relaxation phase, we model the emergence of a
compact bipolar AR into the pre-existing coronal TDm con-
figuration to initiate interactions with the existing configura-
tion. To make the emerged fields as realistic as possible, we
used a simulation of the emergence of a magnetic flux rope
into a magnetic-field–free corona from beneath the photo-
sphere (Leake et al. 2013) as a source for the driving bound-
ary conditions in MAS (see next section). That simulation
was performed in Cartesian coordinates using the Lare3D
MHD code (Arber et al. 2001), producing a coronal config-
uration that mimics a small isolated bipolar AR with a flux
rope that is stabilized by its own envelope field. The sim-
ulation used here is similar to the cases “ND” and “ND1”
described in Leake et al. (2013).

In all simulations described in this paper, we fix the center
of the emerging AR at the same latitude as the center of the
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TDm configuration, and vary only its longitudinal (θ) posi-
tion, i.e., the distance of the emerging flux rope to the TDm
configuration. Figure 1(a) shows an example, in which the
newly emerging magnetic field is labeled as “emerging flux.”
This simulation is described in detail in Section 3.1. In Fig-
ure 1(b) we plot the evolution of the emerging flux in this
simulation at r = 1. The AR emerges for about 1.5 hours
at an almost constant rate of about 5 × 1020 Mx per hour,
after which the emergence gradually slows down. After six
hours, when the emergence has essentially saturated, the to-
tal unsigned AR flux is ≈ 1.3 ×1021 Mx, which corresponds
to about 20 per cent of the total flux of the TDm configura-
tion. At this time, the emerging bipole has reached a size of
≈ 50 Mm.

2.4. MAS-Lare3D Coupling (Boundary Conditions)

Our goal here is to emerge a small magnetic AR through
the bottom boundary of MAS into the simulated MAS at-
mosphere. While the simplest way to do this is to kine-
matically transport a pre-defined magnetic shape up through
the bottom boundary, as was done, for example, in the flux
emergence simulations by Fan & Gibson (2003) and Kusano
et al. (2012), it is known that this does not produce a realistic
flux emergence evolution. As has been shown in fully dy-
namic flux emergence simulations (e.g., Fan 2001; Archon-
tis et al. 2004; Manchester et al. 2004), some of which also
included realistic convection (e.g., Fang et al. 2010), the dra-
matic stratification at and near the photosphere has a strong
distorting effect on emerging magnetic fields, and in fact this
stratification usually splits up and completely reconfigures
emerging magnetic flux - in some sense the exact opposite of
simple vertical translation. Therefore, we choose the more
involved method of taking our driving conditions for the bot-
tom boundary of MAS from a time series of slices extracted
from the fully dynamical Lare3D simulation of flux emer-
gence, which self-consistently produces this splitting and re-
arrangement of the emerging flux.

The boundary electric field used to drive the simulation
(see below) is calculated from the Lare3D slices, assuming
that resistivity in the slice is negligible, so that the ηJ term
in E can be dropped. Here an approximation must be made
to account for the fact that the Lare3D simulation emerges
flux into an initially field-free atmosphere, while the initial
MAS atmosphere contains the field of the pre-existing TDm
configuration. We approximate this combined boundary by
superimposing the evolution of the Lare3D field onto the pre-
existing MAS field as described below. While this will not
give exactly the same evolution as would be expected from
a fully dynamical simulation of such a configuration, the re-
sulting simulations show that in practice, a realistic twisted
AR emerges dynamically into MAS, thus creating the physi-
cal effect needed to carry out this set of investigations.

A number of investigations reported in the literature have
driven boundary electric fields to energize pre-existing coro-
nal field, but with the exception of Roussev et al. (2012), all
have used ad-hoc forms for the driving electric field. For
example, previous work with MAS has investigated the in-
troduction of sheared field, i.e., magnetic field aligned with
the PIL, into the corona as a driver of CME eruptions (e.g.,
Mikić et al. 2013). In those investigations, the electric field
which introduced this ad-hoc shear was constrained so that
it preserved the photospheric contours of B normal to the
boundary. This property of invariance was desirable primar-
ily because it preserved the input radial magnetogram, which
for many cases studied by MAS was taken from a specific
observation being modeled. It was also desirable because
there was no readily available analytical description of what
the electric field actually should look like for true flux emer-
gence, and this method allowed for a simple description of
the electric potentials in terms of the pre-existing normal field
Br and the desired amount of shear to be introduced. Zuc-
carello et al. (2018) used a similar method to energize a coro-
nal arcade with the introduction of shear. Note that in both of
these simulations, eruptions were not generated directly from
the introduction of shear, but from subsequent concentration
and cancellation of that shear by imposed flows converging
towards the PIL. Similarly, a number of simulations run with
the ARMS code (e.g., Antiochos et al. 1999; Lynch et al.
2008) impose shear fields close to the PIL via a prescribed
photospheric flow field which preserves Br. This effectively
acts as an imposed electric field and, again, this gives an eas-
ily formulated recipe for generating shear fields in a simula-
tion.

The flux emergence boundary driving method we will use
here addresses many of the issues with these earlier ad-hoc
methods. In particular, it explicitly includes the increase
in normal flux penetrating the photosphere and the normal
velocity which transports this flux through the photosphere.
Both of these are classic components of flux emergence, but
are purposely left out of the simulations discussed above
which focus on the introduction of shear to energize the
corona (e.g., Antiochos et al. 1999; Mikić et al. 2013; Zuc-
carello et al. 2018). In addition, it explicitly includes the hor-
izontal expansion flows and the topological rearrangement of
the emerging field generated by dynamical flux emergence
which are left out of the flux emergence conditions such as
those imposed in Chen & Shibata (2000); Fan & Gibson
(2003); Kusano et al. (2012). For the simulations we carry
out here, which are focused explicitly on what the emergence
of magnetic flux will do to a pre-existing bipolar AR that con-
tains a flux rope, it is critical that these two dominant features
of flux emergence be explicitly included in as self-consistent
a manner as is feasible.
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The Lare3D simulations were carried out in Cartesian
(x, y, z) coordinates in a small region of the solar surface,
with z being the vertical direction. To develop the bound-
ary driving electric field for MAS, we first extract the driving
velocity, v0

Lare3D, and magnetic field, B0
Lare3D, from the

plane at z = 24 (0.68 Mm above the nominal photosphere at
z = 20)1 in Lare3D as a sequence in time. We project these
onto a small section of the spherical MAS surface at r = R0

by mapping the vectors in this plane onto the spherical sur-
face. Note that this is different from Roussev et al. (2012),
who imposed the extracted data on a flat plane embedded in
their 3D spherical boundary.

We choose to evolve the boundary in a way where the
dynamic emergence of radial magnetic flux simulated in
Lare3D is superimposed on the initial TDm radial flux at the
boundary. In a truly dynamic flux emergence simulation, the
form of the emerging flux would not only distort as it does
in the Lare3D model, but it would also push aside and distort
the TDm flux. However, this would require a full dynamical
simulation of the convection zone. We choose a compromise
where the emerging flux is itself distorted by the emergence
(as simulated by Lare3D) but is then simply superimposed
on the radial TDm flux. The transverse TDm flux, in con-
trast, is allowed to evolve due to the imposed Lare3D electric
currents.

The boundary velocity and magnetic field for the electric
field driver are therefore set to:

v0 = v0
Lare3D/f, (5)

B0 = B0
Lare3D + r̂B0

r,TDm, (6)

where f = 2.5 is a scale factor used to slow the emergence
timescale down to a more realistic time scale. As pointed
out in the literature (e.g., Norton et al. 2017), simulated flux
emergence is often significantly faster than observed flux
emergence. The factor of f = 2.5 used here is chosen to
generate a smoother emergence evolution and more realistic
emergence speed.

We then calculate the driven time evolution of the vector
potential at the boundary using the driving electric field as
follows. The normal ideal electric field from Lare3D and
the normal electric current at the boundary from the evolving
MAS state, J0

r , are used to advance the normal component of
the vector potential:

1

c

∂A0
r

∂t
= −E0

r = r̂ · (v0 ×B0)− ηJ0
r . (7)

1 In the Lare3D simulation used here the “photosphere/chromosphere” layer
is located at z = [20, 30], while in Leake et al. (2013) it was located
at z = [0, 10]. Apart from this shift along the z coordinate, the initial
atmospheric stratification is the same as in Leake et al. (2013).

The tangential components of the vector potential are ad-
vanced by the equation

1

c

∂A0
t

∂t
= −E0

t = −∇t ×Ψr̂−∇tΦ, (8)

where transverse electric field E0
t is decomposed into the two

potentials Ψ(θ, ϕ) and Φ(θ, ϕ), as in Lionello et al. (2013).
This treatment of the transverse electric field represents a
form of “divergence cleaning” that attempts to preserve the
transverse curl and transverse gradient components of the
electric field in the r = R0 surface).

The potential Ψ is found from the evolution of the radial
magnetic field at the boundary:

1

c

∂B0
r

∂t
= ∇2

tΨ. (9)

This elliptic equation is solved for Ψ in the surface r = R0

for the evolution of B0
r taken from the Lare3D simulation.

Note that the radial field of the intitial TDm configuration is
included in this calculation - but it does not contribute to Ψ,
as it has no time derivative. The Φ potential is advanced by
taking the divergence of Equation (8), to give

−∇2
tΦ = −∇t ·E0

t = ∇t ·
(
v0 ×B0

)
t
. (10)

This elliptic equation is solved for Φ in the surface r = R0.
The combination of Ψ and Φ then define the transverse elec-
tric field E0

t and used to advance A0
t according to Equa-

tion (8). This scheme has the benefit that the evolution of
B0

r is reproduced exactly.
It is to be noted that at the bottom boundary of the simu-

lations reported in this article, the maximum strength of the
fully-emerged radial bipole field is one order of magnitude
larger than the maximum strength of the pre-existing TDm
radial field, since we want the emerged bipole to perturb the
system significantly.

The bottom boundary conditions for the momentum equa-
tion in MAS (Equation 1) are simply set so that the velocity at
that boundary is the same as that used to calculate the driving
electric fields, i.e., these are set by Equation (5).

This philosophy of driving flux emergence through the bot-
tom boundary of a coronal simulation by using electric fields
from a separate, dynamical flux emergence simulation was
introduced by Roussev et al. (2012). Similarly to what we
have just described, they drove the emergence by extracting
the velocity and magnetic field from such a simulation (Ar-
chontis et al. 2004) and using this to calculate a boundary-
driving electric field. However, as their goal was to mimic
a large-scale AR emergence, but they only had a small-scale
emergence simulation to work with, they multiplied the spa-
tial scales of the emerging region by a factor of L = 10. In
addition, as they extracted their fields from the photosphere
of the flux emergence simulation, but introduced them at the
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Figure 2. Photospheric magnetic field configuration for two
representative simulations (cf. Figure 1(a)). Both panels show
Br(r = 1) at t = 7 (2.4 hours after the onset of flux emergence).
Panel (a) shows Run 2 (see Section 3.1), for which the configuration
is unfavorable for reconnection in the paradigm of Feynman & Mar-
tin (1995). Panel (b) shows Run 6 (see Section 3.2), for which the
configuration is favorable for reconnection in that paradigm. For
context, within each panel, arrows indicate the respective orienta-
tions of the axial component of the current (J) and the axial compo-
nent of the magnetic field (B) for the TDm flux rope (left) and the
emerging flux rope (right). The distance between the AR centers is
45 Mm in these cases. The θ and ϕ axis orientations (t and p, re-
spectively) and the length scale (RS is the solar radius) are shown
in panel (a).

low β boundary of the coronal simulation, they multiplied
their magnetic pressure B2 by a factor of D = 1/5, 600 over
a four-grid cell boundary layer below the coronal boundary.
It is not clear how this may have changed the realism of the
flux-emergence condition, but a simple analysis shows that
this would have increased the total flux by a modest factor of
L2

√
D = 1.3, and would have decreased the local Lorentz

forces by the significant factor of D/L = 1/56, 000. To
preserve the self-consistency of our boundary conditions as
much as possible, we preserve both the input length scales
and the input field strength in our simulations. In the flux-
emergence simulation we are using to drive our simulations,
the emerging flux significantly expands once it enters the
less dense atmosphere. This means that the horizontal extent
of the emerging flux increases with height above the photo-
sphere, while the Lorentz forces are decreasing with height.
Therefore, to mitigate the effect of unbalanced Lorentz forces
in our simulations, while at the same time ensuring sufficient
spatial resolution to resolve the emerging flux, we extract the
magnetic fields and velocities from a plane four photospheric
pressure scale heights above the photosphere.

270 slices are used, spaced at 72s. The velocity and mag-
netic fields in the input slices was smoothed spatially us-
ing a low-pass filter and linearly interpolated between input
times. For each slice of the sequence, the input Lare3D data
is masked out beyond the central emergence area: velocity
and magnetic fields in pixels with B < 6×10−2Bmax, where

No. FM95 jaxial Baxial ∆FR TDm Evolution

1 U counter co 59 No eruption
2 U counter co 45 No eruption
3 U counter co 31 Eruption
4 F counter co 0 Eruption

5 F co counter 59 Eruption (D)
6 F co counter 45 No eruption (S)
7 F co counter 31 Splitting
8 F co counter 0 Splitting

Table 1. Summary of runs. The first column shows the run num-
ber, the second column denotes whether the configuration is “fa-
vorable” (F) or “unfavorable” (U) for reconnection according to the
classification in Feynman & Martin (1995), jaxial (Baxial) denotes
whether the axial currents (axial magnetic fields) of the pre-existing
TDm flux rope and the emerging Lare3D flux rope are co-aligned or
counter-aligned, and ∆FR is the distance between the centers of the
TDm and Lare3D flux systems on the solar surface (in Mm). The
last column summarizes the resulting evolution of the TDm rope.
The letters in parentheses indicate that the eruption of the TDm rope
was “delayed” (D) or “suppressed” (S) by the erupting Lare3D rope
(see Section 3.2 for details).

Bmax is the maximum total field strength within the slice,
are set to zero, to remove low-amplitude fine-scale magnetic
structures at the periphery of the emerging flux area.

3. RESULTS

In this section we describe the results of our simulations.
We investigate eight scenarios, summarized in Table 1, vary-
ing both the location of the emerging magnetic field and
its orientation relative to the TDm field. For Runs 1–4 the
Lare3D flux rope, prior to emergence, is oriented such that
the axial component of its magnetic field is parallel to the
axial component of the TDm rope’s magnetic field (“co-
aligned”) and the axial component of its current is anti-
parallel to the axial component of the TDm rope’s current
(“counter-aligned”). In contrast, Runs 5–8 have the inverse
orientation for the emerging flux, giving counter-aligned ax-
ial magnetic fields and co-aligned axial currents.

Four distances between the center of the TDm configura-
tion at the surface and the center of the emerging flux are
examined: 59 Mm (Runs 1 and 5), 45 Mm (Runs 2 and 6),
31 Mm (Runs 3 and 7) and 0 Mm (Runs 4 and 8). As illus-
trated in Figure 2, this means that Runs 1–3 (Runs 5–7) are
unfavorable (favorable) for reconnection in the paradigm of
Feynman & Martin (1995). Both cases in which emergence
occurs directly under the TDm rope, i.e., Runs 4 and 8, are
denoted favorable in that paradigm.

For cases where the new flux emerges relatively far from
the TDm rope, we expect that it will interact predominantly
with the bipolar AR strapping field, and we study to which
extent such interactions may affect the stability of the TDm
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Figure 3. Summary of Runs 1–4. The evolution is visualized by |j|/|B| (in code units) in a transparent layer cutting through the flux-rope
centers, and by field lines overlying the TDm rope. The field lines start at the same positions on the left-hand side of the TDm rope in all panels.
The green lines outline PILs. (a) TDm configuration after relaxation (t = 1). (b–e) Runs 1–4, all shown at t = 10 (about 3.6 hrs after the onset
of flux emergence). In Run 4 the erupting TDm rope has already left the field of view at this time.

rope. In these cases, the orientation of the emerging field rel-
ative to the orientation of the strapping field should be the
primary characteristic controlling the evolution, as it deter-
mines on which side of the emerging flux region a current
layer forms and reconnection takes place, i.e., at which height
above the TDm rope the strapping field will be affected.

For cases where the Lare3D flux rope emerges sufficiently
close to the TDm flux rope, we expect a direct interaction
of the ropes, in the form of attraction/repulsion of the flux-
rope currents and reconnection between their magnetic fields.
For such interactions, both the relative directions of the axial
currents and of the axial magnetic fields should play an im-
portant role. Linton et al. (2001) performed numerical exper-
iments in which they forced two straight, sub-photospheric
flux ropes to collide. They found that ropes with counter-
aligned axial currents repelled each other, an interaction they
termed a “bounce.” No further interaction occurred following
a bounce, so for those cases, the direction of the axial mag-
netic field was unimportant. On the other hand, flux ropes
with co-aligned axial currents attracted each other. This led
to strong reconnection between them, and so their axial-field
directions became important as well. Two distinct behav-
iors were found in these cases. For ropes with co-aligned
axial magnetic fields, those fields simply reinforced, and a
new, single flux rope was formed. This type of interaction
was termed a “merge” by Linton et al. (2001). In contrast,

for ropes with counter-aligned axial magnetic fields, those
fields reconnected, and the two colliding ropes split into two
new flux ropes in an interaction termed a “slingshot.” Sling-
shot reconnection between two coronal flux ropes that were
driven towards each other by photospheric flows was found
by Török et al. (2011) in a simulation that was designed to re-
produce an observed footprint-connectivity exchange of two
adjacent filaments (Chandra et al. 2011).

We note that in our setup the flux ropes have opposite signs
of twist: the TDm rope is left-handed and the Lare3D rope
is right-handed. This means that either the axial currents are
co-aligned and the axial magnetic fields are counter-aligned,
or vice versa. Thus, for the studies to be presented here,
we expect to see the equivalent of axial-current repulsion
(bounce) and axial-current attraction plus axial-field recon-
nection (slingshot) interactions. If we were to study cases
where both flux ropes had the same sign of twist, we could
similarly expect either axial-current repulsion (bounce), or
axial-current attraction followed by axial-field reinforcement
(merge). For the cases in our study where rope-rope inter-
actions happen, the primary interaction dynamics of interest
are expected to be the axial current repulsion or attraction,
rather than whether attraction leads to merge or slingshot re-
connection. Thus, to keep the size of our investigation man-
ageable, we limit it to opposite-twist configurations and leave
the cases of like-twist configurations to future investigations.
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3.1. Counter-aligned axial current & co-aligned axial field

We first consider configurations in which the axial currents
of the pre-existing TDm flux rope and the emerging Lare3D
rope are counter-aligned (oppositely directed), while their
axial magnetic fields are co-aligned (pointing in the same di-
rection), as visualized in Figure 2(a). These runs are labeled
1–4 (see Table 1) and shown in Figures 3–5. We start with
a case where the Lare3D rope emerges relatively far away
from the TDm rope (Run 1), and then successively decrease
the distance between the two ropes by changing the location
of the emerging rope center along the θ direction (Runs 2–4).
In Run 4, the emergence takes place exactly below the TDm
rope. Note that Runs 1–3 correspond to cases termed “un-
favorable for reconnection” by Feynman & Martin (1995),
while Run 4 would be favorable in their terminology, as they
considered all cases of emergence within a filament channel
as favorable for reconnection, regardless of the magnetic ori-
entation of the emerging flux (see Section 1).

Run 1: In this run the flux emergence is centered 59 Mm
from the TDm center. As the new rope emerges, a cur-
rent layer forms between its periphery and the coronal back-
ground field, see Figure 3(b). Due to the chosen orientation
of the Lare3D rope, this layer forms at the far side of the
emerging flux (as seen from the position of the TDm rope).
Due to this relatively large distance of the current layer from
the TDm rope, reconnection across this layer involves only
very high-arching background field lines, which should not
have any significant effect on the stability of the TDm rope.
However, as can be seen by comparison with the initial con-
figuration shown in Figure 3(a), the field directly overlying
the TDm rope contracts considerably, increasing the mag-
netic tension above the rope. This is predominantly a conse-
quence of the changing boundary conditions, as discussed in
Ding & Hu (2008) (see Section 1). Because of the gradually
increasing tension, the TDm rope is slowly pushed down-
ward. The rope also leans slightly to the left, due to the repul-
sion of the TDm and Lare3D flux-rope currents, or, equiva-
lently, the increase of magnetic pressure in the field that sep-
arates the two ropes. No eruption of the TDm rope occurs
in this run. We note that the Lare3D rope erupts shortly after
the time shown in the figure, but the eruption is directed away
from the TDm rope and, therefore, does not significantly af-
fect the latter. An eruption of the Lare3D rope occurs around
the same time in almost all of our simulations, and we dis-
cuss it for those cases where it plays a significant role for the
evolution of the configuration.

Run 2: Here the emergence is imposed closer to the TDm
rope, 45 Mm from the TDm center—this is the case for which
the photospheric field is shown in Figure 2(a). The resulting
evolution is very similar to Run 1, except that the expansion
of the emerging flux is somewhat weaker (since the back-
ground field into which the Lare3D rope emerges is some-

what stronger), and the TDm rope leans a bit more to the
side (since the repulsion of the flux-rope currents is stronger).
Eventually, as can be seen in Figure 3(c), the TDm rope set-
tles at a height that is slightly larger than in Run 1.

Run 3: In this run, we place the Lare3D rope even closer to
the TDm rope, 31 Mm from the TDm center. As in the pre-
vious two runs, the reconnection in the current layer involves
only high-arching field lines of the background field, so its
influence on the evolution is still negligible. As before, the
intrusion of new flux at the boundary initially leads to a con-
traction of the field lines that are located right above the TDm
rope. However, due to the proximity of the emerging Lare3D
rope to the TDm rope, the repulsion of the flux-rope currents
soon becomes the dominant effect, similar to the “bounce”
cases in Linton et al. (2001), and no significant downward
movement of the TDm rope takes place. Instead, the rope is
continuously pushed upwards and to the left by the emerg-
ing flux. Finally, at around the time shown in Figure 3(d),
an eruption of the TDm rope commences, driven presum-
ably by a combination of (flare-)reconnection below the ris-
ing TDm rope and the TI (see Section 1), which is expected
to occur once a flux rope reaches a critical height above the
surface. The same driving mechanism(s) can be assumed to
be at work in the TDm eruptions occurring in Runs 4 and 5
below.

Run 4: In the final run of this series we center the emerging
flux exactly below the TDm rope. Due to a strong direct
interaction between the Lare3D and TDm fields, this leads to
an evolution that is rather different from Runs 1–3. As can
be seen in Figure 3(e), the TDm flux rope erupts in this run
as well. Compared to Run 3 the eruption starts earlier (t ≈ 3

vs. t ≈ 6) and is more violent (the maximum kinetic energy
in Run 4 is more than two times larger than in Run 3).

Figure 4 illustrates the evolution of the system in Run 4 in
more detail. The top panel in Figure 4(a) shows the configu-
ration at t = 1, after the relaxation of the TDm configuration,
before flux emergence is imposed (cf. Figure 3(a)). The TDm
configuration we are using here has a so-called “normal po-
larity” configuration, i.e., a small arcade is present below the
flux rope (see also the magnified view in the bottom panel of
Figure 4(a)). The light-green field lines show the core of the
TDm rope; its full cross-sectional extension is approximately
outlined by the transparent electric currents in the figure. The
orange field lines emanate from the main AR polarities close
to the PIL, arch over one half of the TDm rope, and connect
to the rope footprint of opposite polarity. As one moves to-
wards the centers of the main polarities, the shear of these
field lines (the component parallel to the PIL) continuously
decreases, until the unsheared, light-blue field lines overlying
the central part of the TDm rope are reached. All field lines
below the core of the TDm rope are colored by magnetic en-
ergy density. For example, the long, largely horizontal field
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Figure 4. Early evolution in Run 4. (a) System at t = 1, prior to flux emergence (cf. Figure 3(a)). Light-green (light-blue) field lines show
the core of the TDm rope (the overlying field). Field lines below the rope core are colored by the magnetic energy density, B2 (in code units),
except for the reconnecting orange field lines (see text for details). The magnetogram is as in Figure 2; black lines are PILs. Electric currents are
visualized by |j|/|B| (in code units) in a transparent layer across the rope center. White lines indicate heights r = 1.04 and 1.08, respectively.
The bottom panel magnifies the area below the TDm rope core; arrows indicate field directions. For clarity, both the rope core and the overlying
field are depicted by only one field line. (b) Same as (a) at t = 3.5. The foot points of the orange field line are the same as in (a); the starting
points of all other field lines are chosen in the volume to best represent the respective flux systems. Current layers at the edge of the emerging
flux are highlighted by black contours of 0.08 (|j|/|B|)max in the bottom panel. (c) Top to bottom: Magnetic field component perpendicular to
the TDm rope axis (dashed lines are negative values); magnetic energy density relative to its value at t =1; radial flow velocity, all shown as a
function of height at the (θ, ϕ) location of the center of the TDm rope and the emerging flux, at times t =1.0 (black), 2.5 (red), and 3.5 (blue).
Vertical lines mark the respective positions of the rope axis.

lines below the light-green ones are located in the bottom part
of the TDm rope.

As the new flux emerges, it first encounters the small ar-
cade below the TDm rope. Due to the chosen orientation of
the Lare3D rope, a quadrupolar flux distribution develops,
i.e., the emerging field lines and the field lines in the small
arcade are largely anti-parallel, and the arcade is, therefore,
quickly “reconnected away” by the emerging flux. There is
some downward movement of sections of the overlying field
during this initial evolution, but this rather small contraction
is reversed early on in the evolution (t ≳ 2.5).

Figure 4(b) shows the system at t = 3.5 (1 hour after
the onset of emergence), when a significant amount of flux
has emerged (cf. Figure 1(b)) and expanded in the corona.
Note that, once the small arcade is reconnected away, the
angle between the emerging and the pre-existing field lines
is much smaller at the top of the emerging flux system than

at its flanks. Consequently, two current layers form at these
flanks (highlighted by black lines in the bottom panel; see
also Figure 3(c) in Ding & Hu 2008), across which reconnec-
tion takes place between the outermost emerging field lines
and the sheared orange field lines. A pair of such recon-
nection events has occurred in Figure 4(b) on either side of
the emerging flux, creating the undulating orange field line
shown there. The overlying light-blue field lines do not get
involved in this reconnection. No strong current layer forms
at the top of the emerging flux and, therefore, no significant
reconnection takes place between the emerging flux and the
bottom part of the TDm rope either. The newly reconnected
orange field lines expand upwards as they try to straighten
out, thereby aiding the slow rise of the TDm rope, which is
described next.

Due to the absence of reconnection between the emerg-
ing flux and the TDm rope, the magnetic pressure below the
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Figure 5. Eruption of the Lare3D flux rope in Run 4. (a) Configuration at t = 6 (orange field lines show the erupting TDm rope; cf. top panels
in Figure 4(a) and (b)). The emerging flux has expanded (cyan field lines); a small twisted core is visible just above the surface (green field
lines). (b) Eruption of the emerging rope at t = 12. Green field lines show the core of the rope; cyan field lines show outer and reconnected flux.
(c) Oblique view of the configuration at the same time as in (b). Field lines are colored by the force-free parameter α = j ·B/B2. Br(r = 1)
is shown in gray scale. Two pairs of “conjoined flux ropes” have formed above the PIL surrounding the emerging flux (see text for details).

rope gradually increases, as illustrated in Figure 4(c). The
top panel shows Bθ, the field component perpendicular to
the TDm and Lare3D flux-rope axes. Prior to emergence
(t = 1), the two locations where Bθ changes sign outline
the positions of the X-line below the TDm rope and axis of
the rope, respectively. As the new flux emerges and expands
in the corona (t = 2.5), the magnetic pressure (central panel)
below the TDm rope strongly increases and the bottom part
of the rope is pushed upward while its axis hardly moves
(see vertical lines). This pile-up of magnetic pressure below
the rope (corresponding to the repulsion of the two current
systems) finally starts to push the whole TDm rope upwards
until the rope becomes unstable and erupts (bottom panel;
t = 3.5). The reconnection at the sides of the emerging flux,
discussed above, may aid the rise of the flux rope to some de-
gree, but the main effect driving the rope to eruption seems
to come from the repulsion of the currents. Again, this is
similar in nature to the “bounce” effect described in Linton
et al. (2001). Since the two flux-rope currents are closer to
one another than in Run 3, the eruption of the TDm rope sets
in much earlier (see Figure 3).

Figure 5 highlights several interesting features of the sub-
sequent evolution of this simulation. Panel (a) shows the
eruption of the TDm rope. It can be seen that an elongated
vertical (flare) current layer forms below the erupting rope, as
expected from the “standard model” of solar eruptions (e.g.,
Janvier et al. 2014). Panel (b) then shows the subsequent,
“homologous” eruption of the Lare3D rope. Panel (c) shows
that, over the course of the emergence process, two so-called
“conjoined flux ropes” (CFRs) are created at the periphery of
the emerging flux-region. A CFR consists of two flux ropes
with opposite signs of twist that are “connected” via a spi-
ral null point (e.g., Lau & Finn 1990; Parnell et al. 1996;
Wyper & Pontin 2014; Olshevsky et al. 2016; Titov et al.
2017). The CFRs likely form here as a result of the tearing
instability occurring in the current layers that have formed

between the emerging and pre-existing flux (see Figure 6 and
last paragraph of Section 2.1.2 in Patsourakos et al. 2020 and
references therein). On the Sun, CFRs may provide one pos-
sible magnetic configuration for harboring filaments at the
periphery of ARs. A detailed description of their forma-
tion process in flux-emergence simulations will be provided
in a forthcoming publication (Török et al., in preparation).
In summary, our results indicate that reconnection between
the emerging flux and the ambient (overlying) TDm field has
a negligible effect on the stability of the TDm rope in all
four simulations of this series. The evolution is rather driven
by the competing effects of the contraction of the ambient
field due to the intrusion of new flux (which moves the TDm
rope downward) and the repulsion of the flux-rope currents
(which moves the TDm rope upward). The respective contri-
butions of these effects depend on the distance between the
TDm rope and the emerging flux: the smaller the distance,
the more dominant is the repulsion. For sufficiently small
distances, this repulsion can lift the TDm rope to an unsta-
ble height and trigger its eruption. The eruptive versus non-
eruptive behavior of Runs 1–4 are in line with the findings
by Feynman & Martin (1995). Runs 1–3 correspond to their
“unfavorable” configurations, for which those authors report
that two out of five cases erupted. Run 4 is a “favorable”
configuration in their terminology, for which they found all
17 observed cases erupted.

3.2. Co-aligned axial current & counter-aligned axial field

In our second series (Runs 5–8), we consider configura-
tions in which the axial currents of the TDm and Lare3D
ropes are co-aligned, while their axial fields are counter-
aligned. This is achieved by simply reversing the orientation
of the Lare3D rope (Figure 2(b)). We center the flux emer-
gence at the same locations as in Runs 1–4 (see Table 1). All
runs of this series correspond to what Feynman & Martin
(1995) would have termed “favorable for reconnection”.
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Figure 6. Same as Figure 3, for Run 5 (a) and Run 6 (b), at three consecutive times. The initial state is the same as in Figure 3(a), but here the
orientation of the emerging flux is reversed with respect to the runs shown in Figure 3 (see text for details).

Run 5: This run is shown in Figure 6(a). As in Run 1,
the emerging flux is centered 59 Mm from the TDm cen-
ter. Due to the opposite orientation of the emerging flux, a
quadrupolar distribution of the surface flux develops, and the
current layer now forms between the emerging AR and the
TDm rope. Reconnection across this layer affects overlying
field lines at significantly lower heights than in Run 1. This
reconnection transfers foot points of overlying field lines to
the positive (white) polarity of the emerging flux, thereby
increasing their length and reducing the magnetic tension.
Moreover, the changes of the magnetic surface distribution
now lead to an expansion of the overlying field. Conse-
quently, at t ≈ 3, the latter starts to expand notably, and the
TDm rope begins to rise slowly.

The left panel in Figure 6(a) shows the configuration at
t = 10. It can be seen that the emerging flux has expanded
significantly, and an arcade of reconnected field lines has
formed below the current layer, harboring a CFR. The TDm
rope slightly leans towards the right, which can be attributed
to the slightly asymmetric expansion of the overlying field,
and possibly also to the attraction of the (oppositely directed)
flux-rope currents, even though, at this relatively large dis-
tance between the ropes, the attraction should be rather weak.

As in the previous runs, the Lare3D rope erupts during
its emergence, starting at t ≈ 10. In contrast to Runs 1–
3, where the eruption was always directed away from the
TDm rope, the Lare3D rope erupts here in a largely radial di-
rection. Therefore, it strongly perturbs and reconnects with
a part of the ambient flux close to the TDm rope, though

the TDm rope itself does not get involved in this reconnec-
tion (central panel in Figure 6(a)). The TDm rope now leans
more to the side, due to the increased attraction of the two ap-
proaching flux-rope currents. The interaction of the Lare3D
rope with the ambient field leads to a contraction of the latter,
which temporary slows down the rise of the TDm rope. How-
ever, shortly after this perturbation, its rise accelerates again
and the TDm rope finally erupts (right panel in Figure 6(a)).
Hence, the Lare3D eruption disturbs and delays the rise of
the TDm rope, but does not suppress its eruption. The even-
tual eruption of the TDm rope evolves slower than in Run 3,
which is most likely because the rope has to overcome the
contraction of the overlying field that is not present in Run 3.

Run 6: Next we center the emerging flux closer to the TDm
rope, 45 Mm from the TDm center (as in Run 2). This run
is shown in Figure 6(b). The initial evolution is very simi-
lar to Run 5; the TDm rope starts to rise slowly at t ≈ 3.
Due to its closer vicinity to the TDm AR, the emerging flux
expands less in the corona and reconnects with somewhat
lower-arching ambient field lines, and the TDm rope leans
slightly more to the right (t = 10). Since the Lare3D rope
now erupts closer to the TDm rope than in Run 5 (t = 13),
the resulting reconnection leads to a contraction of field lines
that arch directly above the TDm rope, and the attraction of
the flux-rope currents is stronger. Both effects pull the TDm
rope downwards and manage to overcome the upward mo-
tion of the TDm rope. Eventually, the system settles into the
state similar to the one shown at t = 16, without producing a
TDm eruption.
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Figure 7. (a–c) Same as Figure 3, for Run 7, at three consecutive times. The initial state is the same as in Figure 3(a), but here the orientation of
the emerging flux is reversed with respect to the runs shown in Figure 3. (d) Top-down view showing magnetic connections after the interaction
of the flux ropes (see text for details). Bz(r = 1) is shown here in red/blue colors for better contrast.

We note, however, that the TDm rope started off rising and
behaving as if it would erupt until the eruption of the Lare3D
rope disturbed its rise. This led us to hypothesize that the
TDm rope might erupt if less of the Lare3D rope were al-
lowed to emerge. We tested this hypothesis in a separate
run, where we avoided the eruption of the Lare3D rope by
stopping the flux emergence earlier (at t = 9). This, how-
ever, still failed to generate a TDm eruption. While stop-
ping the emergence suppressed the eruption of the Lare3D
rope, it also meant that the tension of the field lines overly-
ing the TDm rope was not reduced by as much, and so the
TDm rope also did not erupt. However, we postulate that, if
the emergence had continued in our original run without the
Lare3D rope erupting, an eruption of the TDm rope would
have commenced after a relatively short time, as the latter
showed clear indications of an impeding eruption before the
interaction with the Lare3D rope suppressed it. Demonstrat-
ing this would require a different setup, which we leave for a
future study.

Run 7: In this run, we place the Lare3D rope center 31 Mm
from the TDm center (as in Run 3). Just as in Runs 5 and
6, we initially see an expansion of the overlying field, as
expected. However, in contrast to those two runs, the ex-
pansion does not trigger a pronounced slow rise of the TDm
rope here. Rather, due to the closer proximity of the emerg-
ing Lare3D rope and the resulting stronger attraction of the
flux-rope currents, the TDm rope leans to the side early on
and more strongly, so that the two ropes approach each other
more closely than in Runs 5 and 6 (Figure 7; t = 8).

As in all previous runs, the Lare3D rope erupts after some
time. In this case, in contrast to the previous runs of this se-
ries, this yields (direct) reconnection between the two flux
ropes, after the small amount of separating ambient flux is
quickly removed (Figure 7; t = 13). This reconnection is
of the same nature as the slingshot reconnection described in
Linton et al. (2001) and Török et al. (2011), and it leads to
an exchange of the footprint connectivities of the two ropes,
which is accompanied by a strong shrinking of the ambient
field during this highly dynamic evolution (Figure 7; t = 16).

The exchange of the footprint connectivities is only partial, as
the reconnection did not fully split the TDm rope by the end
of the simulation (t = 16). Note that the direct interaction of
the two ropes is forced here predominantly by the eruption of
the Lare3D rope. We postulate that if the emergence had con-
tinued without an eruption, the connectivity changes would
likely still have occurred (since the rope currents attract each
other), albeit at a much slower rate.

Run 8: Finally, we place the emerging flux region directly
below the TDm rope, as in Run 4. In contrast to that run,
for which the emerging flux had the opposite orientation, the
emergence here leads to a bipolar configuration underneath
the TDm rope (Figure 8). As a result, the outer emerging field
lines now make a relatively small angle with the surrounding
sheared field lines, represented by the two orange field lines
in Figure 8(a), which start at the same locations at the bot-
tom boundary as in Figure 4. Instead, these outer emerging
field lines make a large angle (of more than 90 degrees) with
the field lines at the bottom of the TDm rope. Consequently,
as highlighted by the black contours in the bottom panel of
Figure 8(a), a strong current layer now forms primarily at the
top of the emerging flux rather than at its flanks (cf. Fig-
ure 4(b)). Specifically, the reconnection between the orange
field lines and the emerging flux, which aided the rise of the
TDm rope in Run 4, is now largely, if not completely, ab-
sent. Therefore, as the emerging flux expands into the TDm
configuration, it reconnects directly and efficiently with the
TDm rope. We did not notice any slow rise of the TDm rope
prior to the onset of this reconnection. Eventually, since the
TDm rope does not move upward and contains less flux than
the emerging Lare3D rope, a complete splitting of the TDm
rope occurs, as depicted in Figure 8(b).

Evidence for partial or full flux-rope “splitting”, as seen
in Runs 7 and 8, can occasionally be observed on the Sun
if filament material is present. For example, Li et al. (2015)
and Dacie et al. (2018) report observations of apparent fila-
ment splitting during the emergence of a compact flux region
underneath or in the vicinity of a pre-existing filament, re-
spectively.
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In summary, the configurations obtained in our second
simulation series differ from the first series (Runs 1–4) in
several respects. Firstly, in Runs 5–7, where emergence oc-
curs next to the TDm rope, the current layer forms in between
the interacting flux systems, so that any changes in the over-
lying field lines due to reconnection occur at lower heights
than in Runs 1–3 and, therefore, have a more pronounced
effect. Secondly, the intrusion of new flux now leads to an
expansion of the ambient flux, helping the TDm rope to rise.
Finally, the flux-rope currents now attract each other, coun-
teracting such a rise. The relative contributions of these three
effects depend, again, on the distance between the emerging
flux and the TDm rope. For the two cases where the emer-
gence is further away from the TDm rope (Runs 5 and 6),
the former two effects seem to dominate, and the TDm rope
moves upward and erupts (in Run 6, however, the eruption
is likely suppressed by the erupting Lare3D rope). For the
case where the emergence is close by (Run 7), the current-
attraction dominates and the TDm rope is slowly pulled to-
wards the emerging flux. When the Lare3D rope erupts into
the TDm rope, strong reconnection between the flux systems
ensues and the TDm rope is partly destroyed (i.e., it partially
splits). In Run 8, where emergence occurs below the TDm
rope, the strongest currents form at the top of the emerg-
ing flux, rather than at its flanks. This leads to direct and
strong reconnection between the TDm rope and the emerg-
ing flux, culmination in the full destruction (splitting) of the
TDm rope. In the terminology of Feynman & Martin (1995),
all four configurations in this series are “favorable” for erup-
tion, yet we find an eruption (or indication of eruption) only
in two cases. The other two cases, where current-attraction
hinders an eruption from occurring in our configurations, are
contrary to their findings.

4. DISCUSSION

We have presented a series of β = 0 MHD simulations of
localized, boundary-driven (“kinematic”) emergence of mag-
netic flux in the vicinity of (or below) a pre-existing filament
channel. Our work extends the previous analytic and numer-
ical studies mentioned in Section 1 by considering, for the
first time, a pre-existing 3D flux rope in the corona. The flux
emergence was driven by imposing a time series of slices,
extracted from a dynamic simulation of the emergence of
a sub-photospheric flux rope into the corona, at the bottom
boundary of our simulation domain. We considered two main
sets of cases. In the first set the axial currents of the coronal
and emerging flux ropes are counter-aligned, while the ax-
ial magnetic fields are co-aligned. In the second case, the
axial currents are co-aligned while the axial magnetic fields
are counter-aligned. For each set, we varied the location of
the emerging flux region relative to the location of the coro-
nal flux rope. The full set constitutes five cases in which the

Figure 8. (a) Same as Figure 4(b) for Run 8. Here the emergence
leads to a bipolar flux distribution in the AR center, and a current
layer forms on top of the emerging flux rather than at its flanks. (b)
Top view on the AR at the end of the simulation. Reconnection
across the current layer has led to a full splitting of the TDm rope.
The dark green field lines outline the core of the emerged flux.

orientation of the emerging flux was “favorable for recon-
nection” as proposed in the pioneering work by Feynman &
Martin (1995), and three cases were the orientation was “un-
favorable”. Our results confirm the overall main conclusion
obtained in these studies: whether or not an eruption of the
pre-existing flux occurs in such a system depends strongly on
parameters such as the location and magnetic orientation of
the emerging flux.

We identified three different mechanisms that can lead to
eruptions, namely (i) reconnection displacing foot points of
field lines overlying the pre-existing flux rope, (ii) expansion
of the ambient field due to the intrusion of new flux at the
boundary, and (iii) repulsion of the (axial) electric currents
in the pre-existing and newly emerging flux systems. For
the cases we have studied here, their respective contributions
(if any) depend on both the distance between and relative
magnetic orientation of the pre-existing and newly emerg-
ing flux. Overall, current-repulsion in the case of emergence
below the pre-existing rope (Run 4) seems to be the most ef-
ficient mechanism, as in that case the eruption takes place
much earlier and is more impulsive than in all other erup-
tive cases. However, this effect may depend significantly on
the strength of the emerging flux. Consequently, another im-
portant parameter, not studied here, should be the relative
strength (flux content) of the two interacting flux systems.
Furthermore, the question of how far away the pre-existing
flux rope is from the onset condition of the TI (i.e., the crit-
ical height at which the instability is triggered) is sure to be
relevant.
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Six of our eight runs are in agreement with the findings by
Feynman & Martin (1995), who observed filament eruptions
in two out of five cases with “unfavorable” orientation of the
emerging flux, and in all 17 cases with “favorable” orienta-
tion. However, two of our runs that have a favorable orienta-
tion for eruption in the Feynman & Martin (1995) classifica-
tion did not lead to an eruption. In the latter two cases, the
emergence occurred close to the coronal rope, so that current-
attraction and subsequent slingshot reconnection (aided in
one case by the eruption of the emerging flux), led to the de-
struction (“splitting”) of the coronal rope. There may be sev-
eral reasons for this disagreement with Feynman & Martin
(1995). First, while all favorable cases reported by those au-
thors exhibited the same behavior, their sample of 17 events
is relatively small. The case reported by Li et al. (2015),
while apparently being rare, suggests that emergence within
a filament channel does not necessarily lead to an eruption.
This conclusion is also supported by the simulations of Chen
& Shibata (2000), Xu et al. (2005), and Kusano et al. (2012).
Further studies based on larger samples, utilizing the present
observational capabilities of, e.g., the Solar Dynamics Ob-
servatory (SDO; Pesnell et al. 2012), are needed to obtain
improved estimates of that fraction.

Second, the electric current in our emerging flux is rela-
tively strong compared to the current in the TDm rope. A
weaker emerging current will likely not lead to such a strong
attraction of the currents (and subsequent reconnection) as in
the two runs in question, potentially allowing an eruption of
the coronal flux rope to happen.

Third, we have only considered two orientations of the
emerging flux in our runs namely an emerging flux rope with
its axial magnetic field parallel to or antiparallel to that of the
coronal rope. It may well be that, despite potential attraction
of the currents, a large fraction of intermediate relative orien-
tations of the two axial magnetic fields may lead to eruptions.
While, at first glance, this is not supported by the results of
Kusano et al. (2012), where the majority of relative orien-
tations between emerging and pre-existing flux did not lead
to a large-scale eruption (even though a stabilizing, poloidal
(“strapping”) field was absent in their setup), it has to be kept
in mind that in their simulations a large-scale erupting flux
rope first had to be formed by reconnection. For a fully de-
veloped pre-existing flux rope, as in our case, the situation
may be very different.

Due to the complexity of the system, we could only con-
sider a limited set of possible interactions here. Future work
will investigate potential changes to the evolution with the
eruption of the emerging flux suppressed, the interaction of
flux ropes with the same sign of twist (handedness), as well
as system parameters that were not considered here, such as
the relative flux contents (strengths) of the emerging and pre-
existing flux systems, the speed of the emergence, the inter-

mediate orientations of the initial Lare3D flux-rope axis rela-
tive to the TDm flux-rope axis, and the initial distance of the
TDm rope axis apex from the critical height for the onset of
the TI. In the TDm configuration used here, the flux-rope axis
adopts an almost semi-circular geometry after the initial re-
laxation (see Figure 4(a)), implying that the rope is relatively
close to TI onset. Flatter flux ropes (for the same AR back-
ground field) can readily be produced by reducing the initial
axial current (see, e.g., Figure 4 in Titov et al. 2014).

In the future, we also plan to include the continuity and
energy equations into our calculations. As discussed in § 2.1,
the β = 0 approximation used here is well justified for the
low corona, and we tried to account for pressure stratification
at and near the photosphere by employing driving conditions
extracted from a fully dynamical flux-emergence simulation
(see § 2.4). While we do not expect a fundamentally different
behavior of the system, the quantitative properties of the evo-
lution (such as the onset times and rates of reconnection) will
likely differ and may, to some extent, change the conditions
under which the TDm rope erupts.
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