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ABSTRACT

We analyze the physical mechanisms that form a three-dimensional coronal flux rope and later cause its eruption.
This is achieved by a zero-f magnetohydrodynamic (MHD) simulation of an initially potential, asymmetric bipolar
field, which evolves by means of simultaneous slow magnetic field diffusion and sub-Alfvénic, line-tied shearing
motions in the photosphere. As in similar models, flux-cancellation-driven photospheric reconnection in a bald-patch
(BP) separatrix transforms the sheared arcades into a slowly rising and stable flux rope. A bifurcation froma BP to a
quasi-separatrix layer (QSL) topology occurs later on in the evolution, while the flux rope keeps growing and slowly
rising, now due to shear-driven coronal slip-running reconnection, which is of tether-cutting type and takes place in
the QSL. As the flux rope reaches the altitude at which the decay index —d In B /9 In z of the potential field exceeds
~3/2, it rapidly accelerates upward, while the overlying arcade eventually develops an inverse tear-drop shape, as
observed in coronal mass ejections (CMESs). This transition to eruption is in accordance with the onset criterion of
the torus instability. Thus, we find that photospheric flux-cancellation and tether-cutting coronal reconnection do not
trigger CME:s in bipolar magnetic fields, but are key pre-eruptive mechanisms for flux ropes to build up and to rise to
the critical height above the photosphere at which the torus instability causes the eruption. In order to interpret recent
Hinode X-Ray Telescope observations of an erupting sigmoid, we produce simplified synthetic soft X-ray images
from the distribution of the electric currents in the simulation. We find that a bright sigmoidal envelope is formed by
pairs of J-shaped field lines in the pre-eruptive stage. These field lines form through the BP reconnection and merge
later on into S-shaped loops through the tether-cutting reconnection. During the eruption, the central part of the
sigmoid brightens due to the formation of a vertical current layer in the wake of the erupting flux rope. Slip-running
reconnection in this layer yields the formation of flare loops. A rapid decrease of currents due to field line expansion,
together with the increase of narrow currents in the reconnecting QSL, yields the sigmoid hooks to thin in the early
stages of the eruption. Finally, a slightly rotating erupting loop-like feature (ELLF) detaches from the center of the
sigmoid. Most of this ELLF is not associated with the erupting flux rope, but with a current shell that develops within
expanding field lines above the rope. Only the short, curved end of the ELLF corresponds to a part of the flux rope.
We argue that the features found in the simulation are generic for the formation and eruption of soft X-ray sigmoids.
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1. INTRODUCTION
1.1. Solar Eruptions

Coronal mass ejections (CMEs) are large clouds of mag-
netized plasma, which are ejected from the solar atmosphere
into interplanetary space. They are formed by the eruption of
low-altitude coronal loops, predominantly located within ac-
tive regions. CMEs are frequently accompanied by a flare, and
by the eruption of one or several of the following features: a
prominence, a soft X-ray sigmoid, trans-equatorial or active re-
gion inter-connecting loops. These solar eruptions typically start
with an initiation phase, sometimes observable by the slow rise
of aloop and/or a filament, and increasing pre-flare emission in
EUV and X-rays. This phase is followed by the eruption itself,
during which the system accelerates up to typical velocities of
100-1000 km s~' (although slower and faster CMEs also ex-
ist) while flare loops almost always form in the wake of the
eruption. After the acceleration phase, the resulting CME prop-
agates with an approximately constant velocity (until it enters
the heliosphere where it interacts with the solar wind). The rapid
acceleration is typically correlated with the impulsive flare en-
ergy release, and with the transient brightening of a soft X-ray

314

sigmoid, if one is present before the eruption. These well-defined
phases and phenomena (as reviewed by, e.g., Forbes 2000; van
Driel-Gesztelyi et al. 2000; VrSnak 2008) suggest that distinct
mechanisms might be at work during the initiation and the rapid
acceleration of solar eruptions.

Since the corona is a sufficiently collisional plasma, its evolu-
tion can be studied in the frame of the magnetohydrodynamics
(MHD) theory. Except during CMEs and flares, the plasma S
(the ratio between thermal and magnetic pressure) is very small
in the low solar corona, 8 < 1. Therefore, the magnetic energy
dominates all other forms of energy in the source regions of
solar eruptions (see Forbes 2000, Table 2). Current-free (po-
tential) magnetic fields correspond to the minimum magnetic
energy for a given distribution of magnetic flux through the
dense photosphere. Since the photospheric flux distribution does
not significantly change during the timescales of eruptions, and
since the powering of eruptions requires the magnetic energy to
decrease, the coronal magnetic field must therefore be highly
non-potential prior to eruption onset, i.e., it must contain strong
electric current densities. Due to the slow evolution of the pho-
tospheric magnetic field (as compared to typical coronal veloc-
ities), currents which are injected into the corona must accumu-
late slowly, such that the coronal field evolves quasi-statically,
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as a sequence of force-free equilibria. The triggering of CMEs
therefore requires the coronal field to reach some threshold
above which the balance between magnetic pressure (which
points upward) and magnetic tension (which points downward)
is broken. When the systems suddenly enter a regime in which
the pressure dominates, it can erupt in a catastrophic way, lead-
ing to a CME. The resulting ideal expansion of the magnetic
field, as well as the resistively driven magnetic reconnection
in the current layer that forms in the wake of the expanding
system, both contribute to decrease the magnetic energy. These
arguments are the root of the “storage-and-release” MHD mod-
els for solar eruptions.

Even though it is now widely accepted that solar eruptions
are due to such a violent destabilization of previously energized
coronal magnetic fields, the detailed mechanisms which bring
a system into an eruptive stage, and which eventually drive
the eruption, are not yet fully understood. A large variety of
storage-and-release models have been put forward in the past
decades (see Forbes et al. 2006, for an extensive review, that
also describes other classes of models). These models often
have common features and are able to describe many individual
observed aspects of solar eruptions. It is therefore not always
clear which of the suggested mechanisms can account for both
the slow initiation and for the rapid acceleration of the ejecta.
One aim of this paper is to test some of the proposed mechanisms
with respect to this question.

1.2. Circuit and MHD Non-equilibrium Models

The seminal eruption model is the 2.5D Cartesian circuit
model (van Tend & Kuperus 1978; van Tend 1979; Molodenskii
& Filippov 1987; Filippov & Den 2001). In this model, a line
current / is inserted at some height z = & above the photospheric
plane, z = 0, into an ambient coronal field B, and a so-
called “image current” —/ is added at z = —h to emulate
one effect of photospheric line tying, namely that the current
induced magnetic field cannot pass through the photosphere.
The resulting coronal magnetic field consists of a detached
plasmoid (or flux rope) embedded in a coronal arcade, with
the rope axis located at z = h. In the “circuit point of view,” the
equilibrium of the system results from the competition between
two Laplace forces, namely the downward force that Bk exerts
on the coronal line current, and the upward force generated by
the repulsion of the two line currents. In the “MHD point of
view,” the former corresponds to restraining magnetic tension
of the potential field overlying the flux rope, and the latter to
magnetic pressure that results from the increase of the magnetic
field strength below the coronal line current induced by the
photospheric boundary. In this model, the equilibrium curve
h(I) has a critical point (/.; h.), beyond which the line current
I > I, cannot stay in equilibrium and must move to infinite z.
The altitude z = h, of this critical point is given by the height
at which B.,(z) starts to drop faster than 7',

The model has been refined several times, e.g., by including a
coronal current of finite width and photospheric line tying of the
arcades surrounding the flux rope. The latter yields the formation
of a vertical current sheet below the flux rope during its eruption
(Martens & Kuin 1989; Forbes & Isenberg 1991). This current
sheet exerts an extra restraining force on the line current, such
that the flux rope cannot move to infinity, but finds a new
equilibrium position at finite z. A full eruption therefore requires
the dissipation of these developing currents by sufficiently fast
magnetic reconnection (e.g., Lin & Forbes 2000). The resulting
“non-equilibrium” has been found to account for eruptions
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of 2.5D flux ropes in line-tied MHD simulations (Forbes
1990).

The model has also been investigated in 2.5D axisymmetric
(toroidal) geometry. In a first approach, the coronal line current
is replaced by a detached ring current at some height above
the photospheric spherical surface. If an image current is added
below the photosphere and if line-tying of the coronal arcades
surrounding the flux rope is taken into account, the same
repulsive and restraining forces as discussed above contribute
to the force balance. However, a new repulsive force (which the
current exerts on itself due to its bending) comes into play. This
curvature (or “hoop”) force is radially outward directed and can
be balanced by an external magnetic field, Bex (Shafranov 1966;
Chen 1989; Titov & Démoulin 1999). The dependence of the
non-equilibrium of the ring current on the magnitude of Bex
has been analyzed by Lin et al. (1998). In a second approach,
half of the ring current of radius R is placed above a reference
(photospheric) plane, and the other half located below somehow
plays the role of the image current. In the absence of any line-
tying, the ring current can freely expand radially, as a result of
the so-called “torus instability.” This instability occurs when the
restoring force due to Bex drops faster with R than the hoop force.
For external poloidal fields (i.e., perpendicular to the current)
with Bex ~ R™", the instability threshold is given by n, ~ 3/2
(Bateman 1978; Kliem & Torok 2006).

Even if the line-tying of the coronal arcades has been treated,
the absence of line-tying of the flux rope ends in these models has
raised questions on their validity for solar eruptions. Only very
recently, this important effect has been calculated analytically
by Isenberg & Forbes (2007), through the addition of multiple
image current segments. Also, it has been shown that the torus
instability can drive eruptions also in fully three-dimensional
(3D) line-tied MHD simulations (Torok & Kliem 2007; Fan &
Gibson 2007): both found instability thresholds very similar
to that of a freely expanding ring current. Retrospectively,
this same instability may also have triggered the eruption in
past line-tied MHD simulations (Roussev et al. 2003; Torok &
Kliem 2005) which used initial conditions based on the Titov &
Démoulin (1999) model, as in Torok & Kliem (2007).

An important missing element of the circuit models, however,
is the consistent treatment of the pre-eruptive evolution, and
therefore the identification of the physical mechanisms that
allow the ratios I/I. and h/h. to evolve from <1 during
the long-lasting energy storage period toward >1, for which
an eruption can suddenly occur. Several models have been
proposed to achieve this goal. We describe and classify them
hereafter, even though classification is not straightforward since
several of these models incorporate common features.

1.3. MHD Models Based on Current Increase

Slow line-tied photospheric footpoint shearing motions of
initially potential fields do induce field-aligned coronal currents
(e.g., Low 1977; Yang et al. 1986). However, the resulting
expansion of the system increases the length of the field
lines, which in turn tends to reduce the induced currents.
Analytical arguments (Aly 1985; Klimchuk & Sturrock 1989;
Sturrock et al. 1995) and numerical simulations (Mikic & Linker
1994; Roumeliotis et al. 1994; Amari et al. 1996a; Aulanier
et al. 2005a) have shown that, in ideal MHD, the expansion-
driven current decrease eventually dominates the shear-driven
current increase, which does not allow the magnetic field to
reach any loss of equilibrium. This suggests that simple line-
tied shearing/twisting motions are not sufficient to trigger an
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eruption (although, see Torok & Kliem 2003; Rachmeler et al.
2009).

The electric current in the corona could also be directly
amplified by the emergence of strongly twisted flux ropes
from the convection zone (Emonet & Moreno-Insertis 1998;
Jouve & Brun 2009) through the photosphere. “Kinematic flux
emergence” models, in which the emergence is prescribed as
time-dependent boundary conditions for the magnetic field in a
line-tied photospheric boundary, indeed lead to eruptions (Fan
& Gibson 2004; Amari et al. 2004). Such eruptions have been
attributed to the torus instability (Fan & Gibson 2007).

Although most eruptions do not occur in the early stages
of active region evolution (e.g., Démoulin et al. 2002), this
mechanism may explain some CMEs, but it requires further
study. Non-kinematic flux emergence simulations show that, due
to the weight of photospheric plasma which is trapped in dips
of the flux rope, its axis hardly emerges (Fan 2001; Magara &
Longcope 2001; Archontis et al. 2004), whereas this appears to
be necessary to drive an eruption in kinematic models. If the flux
rope is not strongly curved, the only way for the lower part of the
flux rope to emerge is to dispose of the dense plasma trapped in
its windings. According to the “resistive flux emergence model”
this may take place through magnetic reconnection photospheric
U-loops (e.g., Pariat et al. 2004; Amari et al. 2005; Isobe et al.
2007).

1.4. MHD Models Based on Tension Reduction

Instead of increasing the current to a value I > I, for a given
external magnetic field B, an alternative approach is to reduce
the restraining tension of coronal arcades which overlie initially
stable current-carrying magnetic fields. Most eruption models
actually fall into this class.

The first possibility is the breakdown of ideal MHD in the
vertical current sheet that forms within a shearing arcade (Amari
& Aly 1990), resulting in tether-cutting reconnection in the
corona (Sturrock 1989; Moore & Roumeliotis 1992; Moore
et al. 2001). This non-ideal effect creates and feeds a current-
carrying flux rope from the flux of the arcades, thus reducing
their downward tension. This effect has indeed been shown
to trigger eruptions in 2.5D Cartesian (Amari et al. 1996a)
and axisymmetric (Mikic & Linker 1994; Jacobs et al. 2006)
MHD simulations, as soon as non-ideal effects are included.
However, even though tether-cutting reconnection has been
found to sustain the formation of twisted field lines in 3D MHD
simulations of sheared non-eruptive fields (DeVore & Antiochos
2000), and of emerging erupting fields (Manchester et al. 2004;
Archontis & Torok 2008), it has so far not been identified to be
a main eruption driver in any 3D MHD simulations.

A second possibility is to remove the overlying arcades
by coronal reconnection, e.g., in a coronal magnetic nullpoint
(Antiochos et al. 1999). This “breakout” mechanism has been
found to work in MHD simulations, both in 2.5D (e.g.,
MacNeice et al. 2004; van der Holst et al. 2007) and in 3D
(e.g., Lynch et al. 2008). Other models also explain eruptions
by the lowering of the magnetic tension through coronal null
point reconnection, but in those the reconnection takes place
aside of the current-carrying flux tube (Chen & Shibata 2000;
Lin et al. 2001; Jacobs et al. 2009) instead of above it. Still, such
models cannot account for all CMEs, since they require the exis-
tence of a multi-polar configuration (which not always present,
see, e.g., Démoulin et al. 2002), as well as the pre-eruptive acti-
vation of the nullpoint (which is not always observed, see, e.g.,
Li et al. 2006; Ugarte-Urra et al. 2007).
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A third way is to reduce the length scales of the whole
photospheric magnetic bipole in which the overlying arcades
are rooted. This leads to a faster decrease of the magnetic field
with height, and therefore facilitates the development of non-
equilibrium of twisted force-free flux ropes (Forbes & Priest
1995; Torok & Kliem 2007). Eruptions of current-carrying fields
subject to converging motions have been found in both 2.5D
(Inhester et al. 1992) and 3D (e.g., Amari et al. 2003a) MHD
simulations.

A fourth class of models, sometimes referred to as “flux
cancellation,” but in reality based on the “disappearance of
magnetic flux,” is also able to produce eruptions of pre-
existing detached flux ropes (in axisymmetric geometry, see
Lin et al. 1998), as well as the formation and subsequent
eruption of anchored flux ropes (in 3D Cartesian geometry,
see Amari et al. 2000; Lin et al. 2002). These models rely
on an ad hoc homogeneous magnetic field decrease all over
the photosphere, which is imposed either by reducing the
magnetic momentum of the external subphotospheric magnetic
field sources, or by prescribing adequate horizontal electric
fields in the photosphere. The disappearance of flux yields
a diminution of the magnetic energy of the open field to a
value which is below that of the whole magnetic field, thus
triggering an eruption (Amari et al. 2000). The physical validity
of these models, however, has yet to be established. A significant
decrease of magnetic field amplitudes over large areas preceding
a CME has been observed (Schmieder et al. 2008), but such a
decrease can also support the model described in the following.

1.5. Flux Cancellation Model

The “flux-dispersal” model for solar eruptions incorporates
several features of the models described above. It is based on
the observed evolution of magnetic flux concentrations in the
photosphere, e.g., within or between bipolar active regions (e.g.,
Démoulin et al. 2002; van Driel-Gesztelyi et al. 2003). Over
time periods of weeks or months, flux concentrations disperse
in all directions, and their total magnetic flux slowly and weakly
decreases through local flux convergence and cancellation
at polarity inversion lines (hereafter PIL). In that respect,
observationally speaking and unlike the flux disappearance
model, the flux dispersal model is a “flux-cancellation” model,
so this is how we refer to it in this paper.

Flux convergence and cancellation have been shown to
yield the formation of a flux rope through tether-cutting-like
photospheric reconnection between previously sheared arcades
in a 2.5D geometry (van Ballegooijen & Martens 1989). This
process forms a “bald patch” (BP) in the PIL, along which
magnetic field lines are curved upward and are tangent to the
photosphere (Titov et al. 1993).

Converging motions and flux cancellation at the PIL (without
flux dispersal or decrease) have been found to trigger eruptions
in 2.5D circuit models (Forbes & Isenberg 1991; Isenberg et al.
1993). Flux ropes have been also found to form and erupt in
fully 3D line-tied MHD simulations, if the large-scale decay
of a symmetric photospheric magnetic field is modeled by
a homogeneous photospheric diffusion term that applies to
the vertical component of the magnetic field in the induction
equation (Amari et al. 2003b; Mackay & van Ballegooijen
2006).

1.6. Aims of This Study

Numerous physical effects take place in 3D MHD flux-
cancellation simulations of solar eruptions: current increase
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through footpoint shearing; flux disappearance through can-
cellation; tether cutting; and maybe circuit-type loss of equi-
librium. Since they all constitute fundamental mechanisms of
several eruption models listed above, the nature of the actual
driving mechanism of the eruption (i.e., the mechanism which
is responsible for the rapid acceleration of the erupting flux) has
never been formally identified in the flux cancellation model.

In this paper, we identify the order in which these effects
take place when line-tied shearing footpoint motions and pho-
tospheric diffusion occur simultaneously in a system that does
not possess artificial symmetries. This investigation justifies the
long review of storage-and-release eruption models presented
above and allows us to identify the driving mechanism in flux-
cancellation models.

Our model settings are described in Section 2. The time
evolution of the magnetic field in the pre-eruptive and in the
eruptive phase is described in Sections 3 and 4, respectively.
More specifically, the identification of the eruption driver is
achieved in Section 4.3. The description of the complex time
sequence of events in the model requires us to briefly illustrate
the complex topologies and 3D reconnection regimes which
develop during the evolution of the system. A full analysis of
these issues is, however, beyond the scope of the present study
which focuses on the eruption mechanisms. It will be the object
of a future dedicated paper.

In order to test our model against observations, we analyze
in Section 5 the shapes and dynamics of both magnetic field
lines and electric current layers and compare them to fine-scale
structures in coronal sigmoids, as observed in soft X-rays before
and during their eruption (Manoharan et al. 1996; Rust & Kumar
1996; Sterling & Hudson 1997; Hudson et al. 1998; Sterling
et al. 2000; Moore et al. 2001; Canfield et al. 1999; Gibson et al.
2002; Kim et al. 2007). Our asymmetric model settings allow
a nearly direct comparison with an erupting sigmoid observed
on 2007 February 12 by the X-Ray Telescope (XRT; see Golub
etal. 2007) on board the Hinode satellite (Kosugi et al. 2007). We
interpret the wealth of high-resolution soft X-ray features which
were reported for this single event by McKenzie & Canfield
(2008), and we compare them to previously published MHD
interpretations for sigmoids (as reviewed by Green et al. 2007).

2. MHD FLUX-CANCELLATION MODEL
2.1. Equations and Initial Conditions

We model the formation and eruption of a coronal flux rope
using the zero-B (pressureless) time-dependent 3D MHD code,
which is extensively described in Aulanier et al. (2005a). This
code solves the following equations in Cartesian coordinates,
where z is the altitude and z = 0 is the photospheric plane:

ap
vl =V (pw) + {A(p — po) (H
ou ,
pgz—p(u~V)u+1xB+pv®u 2)
oB
g:Vx(uxB)+nAB 3)
VxB=uy, “4)

where p is the mass density (o, is its initial value at ¢t = 0),
u is the plasma velocity, B is the magnetic field, j is the
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electric current-density, and 7 is the magnetic resistivity. Here
¢ A(p — po) is an artificial diffusion operator for the density,
whose inclusion is necessary to smooth the sharp density
gradients which develop during the evolution. Its form ensures
that only density variations with respect to t = 0 are diffused.
V'® is a diffusion operator for the velocity, which has a
Laplacian form that applies to mesh units rather than to physical
units. This ensures that the pseudo-viscosity v’acts on the local
size of mesh intervals (see Aulanier et al. 2005a, for details). The
equations are solved in their fully developed form, suppressing
all V - B terms.

The boundary conditions at z = 0 are line-tied (with the
addition of a diffusive effect, see Section 2.2), those at the five
other faces are open, and they are implemented using two layers
of ghost cells at each boundary. The simulation is done in a
physical domain x;y € [—10, 10] and z € [0, 30], using a
highly non-uniform mesh withn, x n, xn, = 251 x 251 x 231
points without ghost cells. The mesh intervals vary in the range
dx;dy € [6x 1073, 0.32]anddz € [6x 1073, 0.6], expanding
from x = y = z = 0 following d’*'/d' = dJ*' /d} ~ 1.032
and d**!/d* ~1.02.

We use an initial current-free (potential) magnetic field
B(t = 0), which results from two unbalanced monopoles placed
at a horizontal distance L = 2 from each other, and at different
depths z < 0. It is given by

B(t=0)=3_,Ci(x —x)r>,

Byt =0)=%2,Ci(y—y)r s

B.(t=0)=3,Ci(z—z)r",
=0 —x)?+ (= 3P+ @ -z

where (x; = 1.025; y; = 03; z; = —0.9; C; = 15) and
()Cg = —0.775; Y2 = —0.3; 2 = —1.3; Cz = —14). This
results in an asymmetric magnetic field configuration, which
was motivated by our desire to make a model first that is not
potentially biased by artificial symmetries, and second that can
be applied to observations of active regions (which typically
show a more compact leading polarity).

In order to prevent the Alfvén speeds at large z from dropping
to values smaller than those prescribed in the photosphere
(see Section 2.3), which would create undesirable steepening
of wavefronts into shocks at high altitudes, we prescribe an
arbitrary initial density profile

®)

p(t = 0) = B(t = 0). (6)

This yields a uniform initial Alfvén speed c4(t = 0) = 1
and defines the time unit 4, = 1 as the transit time of Alfvén
waves over the half-distance, ~L /2, between the centers of the
magnetic polarities at z = 0.

Within the domain, we fix n = 4.8 x 1074, ¢ = 1.5n,
and v/ = 25. At the scale of the smallest mesh interval
d = 6 x 1073 and of the distance L = 2, these coefficients

result in small characteristic diffusion speeds of ug = 0.08,

ul = 2.4 x107%, and u; = 1.5u,. The pseudo-viscosity

leads to a large characteristic diffusion speed uff, = 0.15. This
value is unnecessarily large in the pre-eruptive phase, but is
required to ensure numerical stability during the eruption (as in
Aulanier et al. 2005a). The viscous coefficient had to be doubled
for t+ > 138¢4 in the present simulation to ensure numerical
stability during the development of large plasma velocities (see

Section 4.1).
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2.2. Photospheric Magnetic Flux Cancellation

At a line-tied boundary, the vertical velocity u, is zero, the
horizontal velocities w; = (u,; u,) are prescribed, and the
resistivity n is zero by definition. In this paper, we allow a
finite and two-dimensional (2D) resistivity at the photospheric
plane, n(z = 0) = nP". With these settings, Equation (3) at
z = 0 turns into

0B
a_zh(z =0)=n""y(t)ALB, — (u, - V)By

— B, (V-u)+(B - V)u, @)

0B

<@ = 0) = 1™ y(O) AL B, — (us - V1)B;

— B, (Vy -uy), ®

where & = x ory, V. = (3/0x;9/9y),and A, = (3%/9x% +
3%/0y?). In our code, the boundary conditions for the z deriva-
tives imply that 82/9z> = 0 at z = 0, i.e., the equation for the
diffusive term is the same at and above z = 0. y(¢) is a ramp

function:
(t)—ltanh<2t_tl>+l ©)
=3 n )2
with 1; = 104 and #, = 3¢4, that allows the initial field to reach
a numerical equilibrium before the photospheric diffusion starts
to take place.

The effect of the term nP"*' AB is to diffuse all three compo-
nents of the magnetic field in the photosphere. This leads to a
horizontal expansion of both magnetic polarities and to a grad-
ual decrease of the field amplitudes at their centers. Around the
PIL (defined by the curve B,(z = 0,) = 0), it naturally re-
sults in the annihilation/cancellation of vertical magnetic fields
of opposite sign. This diffusion therefore reproduces the ob-
servational properties of CME-prolific decaying solar active re-
gions (Démoulin et al. 2002; van Driel-Gesztelyi et al. 2003;
Schmieder et al. 2008).

We have chosen a photospheric resistivity nP"* = 375 ~
1.44 x 1073, Thus, the photospheric diffusion occurs faster
than the coronal one, and slower than the shearing motions

(prescribed in Section 2.3). The associated characteristic dif-

fusion timescale for the vertical magnetic fields is tf,’hm =

(K? nPhoty=1 ~ 2801, calculated by using K ~ 2m/H for
the wavenumber of the magnetic field configuration perpendic-
ular to the PIL, for which the relevant horizontal length scale
H = 2L = 4is twice the distance between the center of the two
polarities. Using Equation (8), the evolution of B,(z = 0) can
be calculated in two dimensions, independently of the coronal
evolution. By r = 110¢4, this results in a ~10% drop of the
magnetic flux, due to flux cancellation at the PIL, and a de-
crease of the vertical field maxima by ~25% (resp. 50%) in the
negative (resp. positive) polarity.

Our method of modeling flux cancellation in the line-tied
photosphere differs from previous approaches (see e.g., van
Ballegooijen & Martens 1989; Forbes & Isenberg 1991; Amari
et al. 2000). But it is of the same form which Amari et al.
(2003b) and Mackay & van Ballegooijen (2006) applied at
their photospheric boundary, except that they only diffused the
vertical component of the magnetic fields, due to their use of
a staggered mesh in which the horizontal components of the
magnetic field are not prescribed at the same layer.

Even though the modeled photospheric magnetic fields evolve
like those of decaying active regions, our method (and the ones
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to which it is similar) does not necessarily contain the physics
of flux dispersal in the photosphere. First, magnetic field decay
in active regions is a result of the random walk and possible
reconnection of magnetic flux concentrations around convective
cells. This is not necessarily equivalent to magnetic diffusion.
Second, the drop in resistivity by a factor of 3 between z = 0
and z = d = 6 x 1073 generates spurious finite V - B above
the boundary (since no Vn term was included in the induction
equation). Fortunately, they do not generate large errors in the
simulation (owing to the small rate at which V - B increases, as
compared to that at which it is diffused by the resistivity). Also,
since all MHD equations are written in their fully developed
form in our code, i.e., with all V - B terms being removed, these
small errors do not cause unphysical induction or acceleration.
The same behavior is found in other MHD codes, which include
so-called “Powell terms” as source terms on the right-hand side
of the equations written in the conservative form.

2.3. Photospheric Shearing Motions

In addition to the photospheric diffusion, we prescribe a
time-dependent horizontal boundary velocity u,(z = 0; ¢). It
is defined by

u(z=0;1)=y@)u ) (10)

U (1) = ug™ Yo [VLy ()] x e an
B.(z=0:1) \?

Y(r) = exp [—W (m) i| (12)

where e, is the unit vector along the z axis. We set ¥} = 3.5,
u?™ = 0.05, and we choose the ramp function y(¢) as in
Equation (9).

The latter results initially in infintesimal shearing velocities,
which then increase and stay nearly constant for r > 15¢4. ¥o(¢)
is changed at each time step, such that the maximum value of
Yo(t) VL ¥ (t) x e, is always 1. The maximum shearing velocity
is then ju (z = 0;1)] = 0.05 = 5%cs(t = 0). Since the
velocities follow isocontours of B,(z = 0; t), the shape of the
flow changes in time, according to the diffusion-driven evolution
of B,(z = 0).

At all times during our simulation, the photospheric flows
consist of two asymmetric, incompressible (V, -u; = 0),
clockwise-rotating, and annular-shaped vortices (see Figure 1).
Their shapes vary slowly in time, but remain qualitatively
the same throughout the simulation. The vortices are centered
around the maxima of | B,(z = 0; t)| in the magnetic polarities,
but their annulus shape results in not twisting the strong vertical
field regions. So unlike in other models where round-shaped
vortices twist the central parts of flux concentrations (Amari
et al. 1996b; Torok & Kliem 2003; Aulanier et al. 2005a), the
field line bundles that are rooted in the strong field regions here
do not expand due to twist injection, so their downward magnetic
tension can confine field lines located below them. The vortices
are rather of the same type as used by Amari et al. (2003a), but
here they are asymmetric and more circular, so they do not lead
to a local quasi-2.5D geometry around the PIL. Since the vortex
velocities follow isocontours of the vertical magnetic field, i.e.,
(uy - V1)B, =0, and since the vortices are incompressible, the
vertical magnetic field in the photospheric plane z = 0 evolves
merely through the effect of diffusion (see Equation (8)).
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Figure 1. Left: grayscale rendering of the norm of the prescribed photospheric velocity u.(t = 0) at z = 0, outlining the annular shape of the vortices. The pink
contours stand for u, = 0.01; 0.02; 0.03; 0.04c4(t = 0). Middle/right: top view on selected magnetic field lines at 1 = 0; 25¢4. The grayscale image shows the
vertical photospheric magnetic field component B;(z = 0), where white/black depicts positive/negative B,. Cyan contours stand for B, = 2; 4; 6, and pink contours
for B, = 2; 4; 6; 8; 10; 12; 14; 16. The yellow contour shows the inversion line B, = 0. Red/blue field lines are plotted with fixed footpoints in the negative/positive
polarity, chosen such that their conjugate footpoints are located in regions of large velocity within the vortices.

Figure 1 shows the amplitudes u,( = 0) in the annular-
shaped vortices, as well as the evolution of magnetic field
lines between ¢ = 0 and 25¢4. It shows in particular that the
asymmetry of the magnetic field configuration is such that
the vortices are not magnetically connected to each other by
coronal field lines, except near the PIL. This “non-mapping”
of the vortices into one another progressively amplifies the
asymmetry of the magnetic field along the PIL (see Section 4.2),
which is not present in most MHD simulations of shearing,
twisting, and erupting bipoles mentioned above. The effect of the
photospheric magnetic field diffusion is visible by the changing
shapes of the isocontours for the vertical magnetic field. Since
the velocity magnitudes depend only on the horizontal gradients
of B,, and since the magnetic configuration is defined by the
sum of two submerged monopoles that are close to one another
(see Section 2.1), the fastest motions occur close to the PIL,
leading there to the largest accumulation of magnetic shear and
electric currents. Around the PIL, the shearing motions are of
a few percents of c4(r = 0), the maximum value 5%c4(t = 0)
occurring only at one point within the positive polarity. Field
lines rooted in vortex areas farthest from the PIL are also sheared
(in the opposite sense than those close to the PIL), but since the
imposed velocities are small in these areas, and since these field
lines are relatively long, their shearing does not yield strong
electric currents.

We do not claim that our line-tied evolution necessarily
corresponds to a realistic solar evolution. First, large and
coherent shearing and twisting motions are not frequently
observed on the Sun (although see Brown et al. 2003; Roudier
et al. 2008, for some observations). Second, photospheric
motions may not be able to induce a very large magnetic shear
in the corona, due to significant departures from line-tying in the
photosphere (as discussed in Grappin et al. 2008). Nevertheless,
we choose this method because it ensures that magnetic shear
develops mostly around the PIL of the photospheric bipole,
while outer arcades remain close to potential (e.g., Schmieder
et al. 1996; Schrijver et al. 2008).

2.4. Dimensionalizing the Model to Solar Active Regions

Our calculations are achieved in a dimensionless form (the
magnetic permeability is set to 4 = 1). The extrema of the
vertical magnetic fields at B,(z = 0) are —B, = —6.93 and
2.45B, in the negative and positive polarity, respectively. The

magnetic fluxes through the photospheric plane, ([ |B.(z =
0;¢t = 0)|dxdy, are F, = 37.3 and 1.23F, in the negative
and positive polarity, respectively (their ratio does not match
that of C,/Cj, as defined by Equation (5), because of the
subphotospheric connection between the sources). The initial
magnetic energy E,,(t = 0)is E, = 166.

By dimensionalizing the simulation with physical values
typical solar active regions, i.e., L = 60 Mm, B, = 500 G, and
ca(t = 0) = 1000 km s~!, we obtain F, = 2.4 x 10?> Mx for
the magnetic flux of the negative polarity, E, = 1.9 x 10°® erg
for the magnetic energy of the potential field, ™ = 50 km s~
for the maximum horizontal velocity in the photosphere, and
ta = 30 s for the Alfvén time. The applied photospheric
velocities are much faster than observed ones, but still very
sub-Alfvénic, which puts them in the right physical regime of
the corona. During the simulation, the photospheric shearing
motions generate the induction of strong horizontal fields as
well as the dilution of the plasma density. Both contribute in
increasing the Alfvén speed by a factor ~2-5 at low altitudes
within the highly stressed fields in the corona.

3. FLUX ROPE BUILDUP PHASE

In this section, the pre-eruptive energy storage phase of
the magnetic field configuration is described. A corresponding
view of the evolution of representative field lines in the whole
numerical domain is shown in the top row of Figure 2.

3.1. Flux Rope Formation through Flux Cancellation

During the long buildup phase of the system, the kinetic
energy remains roughly constant, showing some very weak
oscillations, and the magnetic energy increases quasi-linearly,
as shown in Figure 3. The velocities do not grow above a few
percents of ca[t = 0], so the magnetic field evolves quasi-
statically. At early times (¢ < 22t,), the photospheric diffusion
has no noticeable effect, and the magnetic field evolves solely
in response to the slow shearing motions (Figure 1). Due to
the resulting increase of magnetic pressure, the initially flat
sheared field lines which are located close to the PIL slowly
bulge upward (1, < 0.0lcs[t = 0]) and develop an “inverse
tear drop” shape when seen along the PIL. As a result, the
horizontal field component perpendicular to the PIL changes
from negative to positive values at the footpoints of these field
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Figure 2. Magnetic field evolution of the shearing and diftusing bipole, before and during the eruption. The grayscale indicates B;(z = 0), light/dark gray standing for
positive/negative values. The yellow curve shows the polarity inversion line (PIL) B,(z = 0) = 0. Pink/cyan field lines are drawn from the same footpoint positions
(x,y,z = 0) in the weak/strong magnetic fields in the positive polarity at z = 0. Red/green field lines and the dark blue one are drawn from the same footpoint
positions in the weak/strong magnetic fields in the negative polarity at z = 0. Both footpoints of the dark blue line are rooted close to the center of the annular vortices
(where the velocity is negligible). Pink/red field lines belong to a forming and erupting weakly twisted flux rope, and cyan/green (resp. blue) field lines belong to
moderately sheared (resp. unsheared) overlying arcades. The top and middle rows show 3D projection views. The bottom row shows a nearly 2D projection view

along the flux rope axis (i.e., y-direction).
(An animation of this figure is available in the online journal.)

lines, which permits the photospheric diffusion to modify the
topology from that of a simple sheared arcade to that of a 3D
BP, just as in 2.5D flux cancellation models (Forbes & Isenberg
1991; van Ballegooijen & Martens 1989), and in 3D models
which used very elongated magnetic polarities (Amari et al.
2003b; Mackay & van Ballegooijen 2006).

BPs are characterized by (B, - V,)B; > 0 along the PIL,
at which B, = 0. Magnetic field lines are therefore concave
upward and tangential to the photosphere along a BP. In our
simulation, the BP appears at t = 2314, first at one point at the
PIL, close to (x, y) = (0, 0), where the shear is strongest. Due
to the combined effects of flux cancellation at the PIL and of

the shearing motions, it grows linearly in size until ¢+ = 70¢4
(to a length comparable to half of the distance between the two
photospheric polarities), before it shrinks and finally disappears
at t = 76t4 (see below). The left panels of Figure 4 show the
3D shape of the BP separatrix (BPS; yellow and green field
lines), close to the time at which the BP is the longest along the
PIL. This separatrix is composed of two joint curved surfaces,
the photosheric footprints of which display an S-shaped pattern.
The field lines rooted at the ends of the BP (in red and pink in
Figure 4) are J-shaped as viewed from above. Forr = [23-75]t,4,
the topology of the magnetic field is therefore the same as
described in Titov & Démoulin (1999).
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Figure 3. Evolution of magnetic (E,,) and kinetic (Ey) energy, normalized by
the magnetic energy of the initial potential field (E,), and plotted with “+” and
“x” symbols, respectively. Key periods of the system’s evolution (as annotated)
are separated by vertical dotted lines.

Once the BPS has formed, electric currents quasi-
spontaneously develop along it. A current sheet forms due to
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the differential displacements of the field lines in the corona,
which is induced by the photospheric shearing motions on
both sides of the BPS (as explained in Low & Wolfson 1988).
Figure 4 shows a vertical cut of the currents across the separatrix.
There, the currents display a U-shaped pattern, with their maxi-
mum being located at the BP. This is consistent with other MHD
simulations of current sheet formation within BPSs (Pariat et al.
2009). We note that the current sheet forms in our simulation
long before the eruption occurs. It is therefore not a by-product
of the eruption.

Magnetic field lines reconnect at the BP during its whole life
time. This BP reconnection abruptly changes the connectivity
of the sheared field lines which pass through the growing
BPS, as exemplary visible in the top panels of Figure 2:
the red and pink field lines reconnect at the BP (between
t =~ [50-75]t,), yielding new field lines which are typically
twice as long. This “photospheric tether-cutting” effect of the
BPreconnection leads to a sudden, short-lasting (t &~ [23-25]t4)
vertical acceleration of the sheared field lines (and in turn of the
overlying arcade) at the onset of the BP reconnection. However,
it does not yield any eruption. The vertical coronal velocities
remain approximately constant (u, =~ 0.015c4[t = 0]), until
t ~ 8014, when standard coronal tether-cutting reconnection
sets in (see Section 3.2), since the tension force of the overlying
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Figure 4. Evolution of the magnetic field topology at two different times during the energy buildup phase of the system. The colored panels show projection and top
views of selected field lines, which pass through a photospheric BP (indicated by an arrow) at t = 65¢4, and through a hyperbolic flux tube (HFT, indicated by an
arrow) at r = 90¢4, which has formed after the BP has disappeared (see text for details). In these panels, the grayscale plane indicates B,(z = 0), light/dark gray
standing for positive/negative values, and the cyan line is the photospheric inversion line B.(z = 0) = 0. At t = 65¢4 (resp. 90¢4), the field lines are integrated from
footpoints at z = 0 along the BP (resp. across narrow current layers that correspond to QSL footpoints). In the projection views, a vertical stretching by a factor 2 was
applied to obtain a better visibility of the field line geometry. In the bottom panels, the two grayscale images show a negative rendering of vertical cuts of the electric
currents normalized to the magnetic field j/B. Att = 65t4 (resp. 90z4) the U-shaped (resp. X-shaped) current pattern corresponds to the BP (resp. the HFT).
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Figure 5. Top: evolution of the altitude z (“+” signs) and the vertical velocity
u; (“x” signs) of the apex of the same blue field line as shown in Figure 2. This
field line is located above the forming and erupting flux rope. The time periods
indicated by dotted lines are the same as in Figure 3. Bottom: evolution of the

wy

maxima of |B;(z = 0)| (shown by “x” and “+” signs), and of the magnetic
fluxes [ |B;(z = 0)|dxdy through the photosphere (shown by “A” and “{”
signs), for both the negative (“x” and “A”) and positive (“+” and “{”) polarity.

arcade field lines confines the sheared field lines at low altitudes
(as discussed in Section 2.3). Rather, the BP reconnection in our
simulation progressively builds a weakly twisted coronal flux
rope of less than 27 twist, which is anchored in the photosphere
at both ends, surrounded by the hooks of the S-shaped BPS
plotted in Figure 4. We note that the BP reconnection does not
accelerate plasma jets, since it occurs right at the photospheric
boundary. This is probably an artifact of our treatment of flux
cancellation, which is presumably present also in the other
models cited above.

Analytical arguments (Aly & Amari 1997) predict that
a shearing BPS eventually bifurcates into two intersecting
separatrices, which for 2D configurations intersect at an
X-point. Such a bifurcation indeed occurs in our 3D simula-
tion, but forming a quasi-separatrix layer (QSL) rather than an
X-point, as briefly described in Section 3.2. As a result, the BP
eventually shrinks within less than 10 Alfvén times, until it com-
pletely disappears at t = 76z4. At this time, 6% of the vertical
magnetic flux has been canceled by the photospheric diffusion
(Figure 5), and 80% of this canceled flux has been added to the
axial flux of the flux rope.

3.2. Tether-cutting Slip-running Reconnection

Before its disappearance, the BPS footprint at z = 0 has
an asymmetric S-shape. Its hook at (x, y) > 0 has a smaller
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curvature radius than the one at (x, y) < O (see the left panels
of Figure 4). This asymmetry is a simple consequence of the
smaller magnetic flux density in the negative polarity. When
the BP fully disappears at t = 76t,, its whole separatrix turns
into one narrow QSL, which is a narrow volume across which
magnetic field lines have strong connectivity gradients (see e.g.,
Démoulin et al. 1996; Titov et al. 2002; Aulanier et al. 2005b).
The QSL displays two J-shaped footprints at z = 0, which
initially perfectly match the hooks of the previous BPS, and
which later expand as more and more magnetic flux reconnects
through the QSL. Representative QSL field lines are plotted in
Figure 4, at 14 Alfven times after the BP has disappeared, which
allows to better see the low-lying sheared (blue) field lines that
cross the PIL above the location of the previous BP. The field
lines plotted in Figure 4 indeed trace a QSL, since the distance
between their footpoints far from the PIL is much larger than
the short segment located close to the PIL, along which their
initial footpoints are anchored. These field lines display a double
J-shaped pattern, and they surround the twisted flux rope. Such
flux-rope-related QSLs have first been identified in non force-
free (Démoulin et al. 1996), as well as in force-free (Titov
2007) flux rope models, and more recently in MHD simulations
of erupting flux ropes (Kliem et al. 2004).

The topological transition from an S-shaped BPS to a double
J-shaped QSL also occurs when force-free flux ropes rigidly
emerge through a reference boundary (Titov 1999, 2007). The
mechanism at the origin of this topological transition in our
simulation will be described in a future paper. The associated
photospheric current layer also bifurcates from a full S-shape
into two J-shaped patterns, whose footprints are visible in
Figure 6.

In the simulation, these QSL-related currents are weaker than
those which develop in the strong field regions of the bipole.
This is due to the relatively weaker B in the QSLs than in the
middle of the flux concentrations. In the latter, the currents ; are
extended, whereas in the former they form thin layers in which
J/B is maximum. In the QSLs, we expect ; to be even larger
for higher grid resolutions.

A coronal hyperbolic flux tube (HFT; see Titov et al. 2002)
exists within the core of our flux rope related QSL, just as in the
model of Titov (2007). The HFT is the generalization of a 2.5D
X-point or a 3D separator. The middle part of the HFT is located
above the photospheric plane, where the red/yellow and pink/
green systems of field lines converge around the blue arcade. The
electric currents display a 2D X-shaped pattern around the HFT
(see the right panels of Figure 4). This is the same as what was
found in Aulanier et al. (2005b) for HFTs being due to a complex
distribution of the photospheric magnetic field, instead of being
due to the presence of a coronal flux rope. At t &~ 100z,4, the
electric currents within the HFT start to develop in an elongated
(vertical) layer (as in Aulanier et al. 2005b), in which 3D
finite-B reconnection (as opposed to null point reconnection)
takes place. In the HFT, this naturally results in slipping and
slip-running reconnection, which manifest as sub- and super-
Alfvénic field line slipping motions, respectively (as identified
in Aulanier et al. 2006, 2007). Slip-running reconnection starts
from ¢t = 76t4, when the HFT forms. However, the rate at which
field lines reconnect through the HFT, as well as the norm of
the current density within it significantly increase at ¢ = 100z4,
once the vertical current layer has developed.

Just as in BP reconnection, slip-running reconnection con-
verts J-shaped field lines (e.g., red and pink field lines plotted
in the right panels of Figure 4) into longer S-shaped field lines,
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Figure 6. Top: the grayscale indicates j,(z = 0), dark/light gray standing for negative/positive values. The orange/green field lines have fixed footpoint positions in
the weak/strong magnetic fields in the positive polarity at z = 0. The yellow field lines, and the same dark blue one as in Figure 2, have fixed footpoint positions in
the weak/strong magnetic fields in the negative polarity at z = 0. Orange/yellow field lines form a double-J pattern in the pre-eruptive stage, and turn into sheared
flare loops during the eruption through slip-running reconnection. Middle: negative grayscale rendering of [ j(z)dz, emulating pre-eruptive and eruptive features in
solar sigmoids as observed in soft X-rays. Darker gray indicates more intense currents. Note the thinning and dimming of the sigmoid ends, the brightening of the
sigmoid axis, and the detachment of an eruptive loop-like feature (ELLF; see text for details) from the sigmoid center, marked by arrows starting at fixed positions.
Bottom: XRT observations of the 2007 February 12 erupting sigmoid (which have been rotated by 142° clockwise) with an inverse grayscale where dark (resp. light)
gray areas show bright (resp. faint) soft X-ray emissions. The soft X-ray ELLF is marked by arrows.

(Animations of this figure are available in the online journal.)

which feed the previously formed flux rope with new magnetic
flux. Since it occurs in the corona, this reconnection forms also
small sheared arcades below the flux rope (see the blue field
line at t+ = 90z4 in Figure 4, or the yellow and orange ones
at t = 145¢, in Figure 6). These can be related to flare loops,
which typically form both under activating sigmoids and in the

wake of CMEs (e.g., Manoharan et al. 1996). This reconnection
therefore corresponds to the standard tether-cutting reconnec-
tion, occurring in the corona.

Owing to the QSL-related finite and sharp gradients in the
connectivity of the sheared magnetic field lines that run parallel
to the PIL, we argue that 3D tether-cutting reconnection that
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takes place in the corona (as proposed by Sturrock 1989; Moore
& Roumeliotis 1992; Moore et al. 2001) must always occur in
a slipping or/and slip-running regime.

After the bifurcation of the BP into the QSL, the time
derivative of the magnetic energy d E,, /ot decreases (Figure 3).
At the same time, the kinetic energy leaves its plateau and slowly
increases, and the vertical expansion of the system becomes
faster (Figure 5), even though it does not lead to an eruption yet.
We have checked that the configuration is stable by performing
relaxation simulations at different times ¢ < 110¢,4, resetting
u™* = pPhot — (), This shows that even though tether-cutting
reconnection can help feeding a flux rope from the flux of its
surrounding sheared arcade, it does not lead to its eruption. Still,
our simulation at later times shows that the pre-eruptive tether-
cutting slip-running reconnection is exactly of the same nature
as the flare reconnection that takes place below the CME, even
though it occurs at a higher rate than during the pre-eruptive
phase.

The relation between QSL and slip-running tether-cutting
reconnection, before and during the eruption, will be analyzed
in our forthcoming paper.

4. FLUX ROPE ERUPTION

In this section, the energy release phase that corresponds to
the eruption of the previously formed magnetic flux rope is
described. The evolution of representative field lines is shown
in the middle and bottom rows of Figure 2.

4.1. Eruption Dynamics

From about t ~ 100¢,, the system gradually enters a phase of
fast expansion, during which both the flux rope and the overlying
arcade field lines accelerate to heights much larger than the size
of the bipole (Figure 2). Energetic signatures of the beginning
eruption become also visible around this time (Figure 3): the
kinetic energy gradually enters a phase of exponential rise, and
the time derivative of the magnetic energy starts to diminish
at a faster rate. The decrease of magnetic energy by the field
expansion and by magnetic reconnection eventually overcomes
its increase caused by the shearing motions, and the magnetic
energy starts to decrease att = 138¢4. The energy curves shown
in Figure 3 are very similar to those obtained by Lynch et al.
(2008) for their 3D breakout model.

We quantify the upward expansion of the system by the
evolution of the apex of the field line rooted in the centers
of the annular vortices (shown in dark blue in Figure 2). This
field line is not affected by the shearing motions, and can
hence easily be followed in time. Also, it can correspond to
the front of the CME, which is the feature which is commonly
tracked in coronographic observations. Its rise behavior is very
similar to both the flux rope and to other overlying arcade field
lines. Figure 5 shows that, after the slow rise phase during the
pre-eruptive evolution, the apex velocity quickly increases to
~ 0.1lcs(t = 0) for t = 100-120t4, then further increases
(almost linearly), until it saturates at & 0.4c4(t = 0) (about 20
times the average photospheric shear velocity) att ~ 155¢4. By
t = 165t¢,4, the apex has reached z & 16, which is ~ 4.6 (=~15)
times its altitude at t ~ 120t4 (t = 0). If we dimensionalize
the simulation as in Section 2.4, these values correspond to a
velocity of 400 km s~! and to a height of 0.7 R, above the solar
surface.

The large velocity increase during the eruption triggers
numerical instabilities, which develop at large z and which
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halt the simulation at r = 142¢4. This problem was solved by
restarting the calculation from ¢ = 138¢4 with a twice as large
viscosity v/, which did not seem to have a significant effect on
the dynamics of the system (see Figures 3 and 5).

We have checked that the eruption is not driven by the
footpoint motions, by performing two relaxation calculations
(see Section 3.2), starting from ¢ = 120 and 125¢4. These
relaxations result in very similar dynamics, with the magnetic
energy naturally decreasing right from the beginning of the
relaxations.

Once the system has sufficiently expanded, both the arcade
field lines overlying the flux rope (Figures 2 and 7) and the
coronal electric current densities (Figure 7) display a wide
inverse tear drop shape, when seen along the y-direction. Such
a shape is typical for CMEs observed above the solar limb.
In the simulation, it outlines the sum of two distinct electric
current systems. The first one is a growing arc of relatively
weak and extended currents that is generated by the footpoint
motions, within the sheared field lines that overlie the flux rope
(shown in green in Figures 6 and 7). These extended electric
currents are nearly aligned with the magnetic field, and they do
not form along QSLs. In the model, this CME-like tear drop
shape, manifested by a horizontal expansion which is smaller
at lower than at larger heights, is a natural consequence of the
relatively lower magnetic pressure surrounding the flux rope at
large heights. The model therefore states that the legs of CMEs
do not strongly expand horizontally, and that the overall CME
shape is not that of a “cone model” as sometimes used for
observational analyses.

The second current system is a relatively strong and narrow
current system that starts to develop at the BP surface, around
the forming flux rope at + =& 30t4, and which develops an
oval shape after t &~ 50¢4 (see Figure 4). As this oval rises in
altitude and tends to detach from the photospheric plane, a small
current layer develops beneath it, and starts to stretch vertically,
at t ~ 85t4, with a rate that increases during the eruption (see
Figure 7). This evolution corresponds to the transformation of
the BPS into an HFT (see Section 3.2), with the vertical layer
forming within the HFT (as in Torok et al. 2004).

4.2. Asymmetric Eruption

The asymmetry of the initial potential field (Section 2.1)
results in asymmetries of the erupting magnetic field.

A first asymmetry occurs in the direction of the PIL. The
middle row in Figure 2 shows that the part of the flux rope (pink
and red field lines) located above y < 0 rises faster than the one
located above y > 0. Figure 6 shows that this behavior is also
evident in the overlying arcades (green field lines). It results
from the asymmetric buildup of the pre-eruptive flux rope. The
asymmetry of the shearing motions, combined with the BP
reconnection, results in a sheared /twisted flux tube whose center
is offset in the negative y-direction from the center of the bipole
(see Figures 2 and 4). Since the magnetic field strength, and
hence the restraining tension of the overlying arcade, decreases
with the distance from the bipole center, the part of the flux
rope above y < 0 expands faster than the rest of the rope.
Such a variation of the magnetic tension of the overlying arcade
along the PIL may be the origin of “zipping-like” prominence
eruptions (Lyot 1937; Tripathi et al. 2006; Liu et al. 2009), in
which one end of a prominence (or filament) starts to rise before
the other end.

A second asymmetry of the eruption occurs in the direction
perpendicular to the PIL (see bottom panels in Figure 2). It is
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Figure 7. Top: negative grayscale rendering of a cut of the electric currents ; at y = 0. Darker gray indicates more intense current. The white curves show magnetic
surfaces along which j = 0, which separate the regions of positive and negative ; - b. Bottom: two-dimensional projection along y of the same field lines as drawn in

Figure 6.

caused by the flux imbalance of the bipole (see Section 2.4),
which increases in time as a result of the flux cancellation, from
23% att = 0, t0 27% att = 110z, (Figure 5, bottom panel).

This imbalance is the cause for the existence of a wide area
within the positive polarity, from which field lines leave the
domain through the open boundaries, hence resembling “open”
field lines, as in solar coronal holes.

This imbalance results in a negative magnetic pressure gra-
dient along x, which prevents the flux rope to expand in the
positive x direction to the same amount as in the negative x di-
rection. This asymmetry matches the observed non-radial rise
of erupting filaments and CME:s (e.g., Williams et al. 2005), as
well as the observed CMEs deflection from radial trajectories,
caused e.g., by coronal holes located on one side of the CME
(Subramanian et al. 1999; Delannée et al. 2000; Schmieder et al.
2000).

4.3. Evidence for the Torus Instability

From the energetics and dynamics of the system (Section 4.1)
and from the relaxation runs (Sections 3.2 and 4.1) one can
deduce that the eruption is triggered between t = 110 and 120¢,4.
This shows that the onset of increased dynamics at ¢ & 100¢4
does not correspond to the onset of the eruption. In the following,
we consider ¢ = 12014 as the start time of the eruption.

It is clear that the BP reconnection is not responsible for the
eruption, since it takes place between t = 23 and 75¢4, long
before the eruption is triggered (see Section 3.1). The same
can be concluded for the coronal tether-cutting reconnection,
since it sets in already at + = 75¢4 and does not lead to an
eruption if both the photospheric diffusion and shearing motions

are stopped at any time ¢ < 110z4. Finally, even though the
strongest photospheric magnetic fields significantly decrease
due to the imposed photospheric diffusion, the disappearance of
total magnetic flux through cancellation at the PIL is not very
large during the whole simulation, being of the order of 10% at
the time when the eruption starts (Section 2.2 and Figure 5,
bottom). This relatively small drop is unlikely to diminish
the energy of the open field below the energy of the system
at the start of the eruption; a condition which appears to be
necessary for an eruption to be driven by flux disappearance
(according to Amari et al. 2000). We therefore argue that
neither BP reconnection, nor tether-cutting reconnection, nor
flux disappearance are responsible for the eruption in our model.
Nevertheless, all three effects contribute in building a flux rope
from sheared arcades and to slowly lift it up in altitude.

On one hand, the pre-eruptive acceleration of the magnetic
fields between + = 100 and 120¢4 is an indication that the
system behaves as predicted by the non-equilibrium circuit
models (see Section 1.2). It strongly resembles the behavior
of a line current which approaches the critical point (4.; 1) of
the equilibrium curve A([7), as driven by a constant increase of
I. Close to the critical point, dh /91 gradually increases, so that
a linear increase of /() must lead to an upward acceleration of
the line current. But on the other hand, this behavior could also
be consistent with the simple existence of a steep equilibrium
curve with no critical point (e.g., Aulanier et al. 2005a). We
therefore test if either the Cartesian (van Tend & Kuperus 1978)
or the axisymmetric (Bateman 1978; Kliem & Torok 2006)
condition for non-equilibrium is satisfied in our fully 3D line-
tied simulation.
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Figure 8. Left: vertical dependence of the norm of the total (solid line) and horizontal (dashed line) potential magnetic field Bpo (extrapolated from
B.(z = 0;t = 120t4)), at the (x, y) position that corresponds to the fastest magnetic field expansion during the eruption. The altitude z = 2 above which the

magnetic fields drop faster than z=3/2

is indicated by the vertical dotted line. The insert shows the vertical dependence of the decay index n(z) = —0In By /0 1Inz

(see text for details). Right: evolution of By (z) at the same (x, y) position as in the left panel. The diamonds at r = 120z, indicate the position of grid points along z.
The altitude z = 1.9 of the flux rope axis at which B, = 0 at t = 120t is indicated by a vertical dotted line.

To do so, we first have to identify the location of the flux rope
axis at the time of the eruption. This is important for making the
analogy with a circuit model, since the rope axis would there
correspond to the line current around which the magnetic field
is twisted. At r = 120¢z4, the fastest vertical expansion of the
magnetic field within our asymmetric flux rope takes place above
(x, = —0.25, y, = —0.9). This gives the x and y positions of
the flux rope apex at the onset of eruption. In the right panel of
Figure 8, we plot B, (x,, y,, z) at various times. The increasing
separation of the curves there confirms the start of the eruption
att = 120¢, as derived from the relaxation runs. Since the rope
is twisted, and since its central part runs nearly parallel to the y
axis at the times represented in Figure 8, the altitude of the rope
axis Zaxis must be located where B, (x,, y,, Z) changes sign from
>0 to <0 with increasing z. Note that, except for t &~ 120¢4,
this altitude yields only an approximate height of the axis apex,
since the flux rope does not ascend vertically (see Section 4.2).
At the onset of the eruption at + = 120¢,, Figure 8 shows that
Zaxis = 1.9.

Next we have to obtain the external magnetic field, which
provides the restraining tension on the flux rope, and hence
corresponds to the external potential field in the circuit models.
Since this field cannot be easily separated from the field created
by the flux rope current itself, we approximate it by the potential
field By, that corresponds to the vertical photospheric magnetic
field at + = 120t4 (as done by Fan & Gibson 2007). This
potential field is calculated using the fast Fourier transform
(FFT) method (Alissandrakis 1981), with 2048 x 2048 Fourier
modes in the (x; y) horizontal directions, using a horizontal box
which size is 250 x 250, in which the boundary condition is
B.(z =0) = B,(z = 0;¢t = 120¢t4) in (x; y) € [—10, 10] and
B,(z = 0) = 0 elsewhere. This very large box size, more than
two order of magnitude larger than L, was used to minimize the
aliasing effects which are intrinsic to this FFT method.

We then calculate n(z) = —9 In Bpo(X4, Ya» 2)/9 Inz, which
is a local measure of the magnetic field drop-off along the
z-axis (see Torok & Kliem 2007). Due to the asymmetry of
the initial magnetic field configuration (see Section 2.1), all

three components of By, are # 0 along (x4, yq, z) for all z,
in contrast to the circuit models, for which the external field is
purely perpendicular to the current. Therefore, we calculate n(z)
not just for the total field By, but also for its horizontal part

Bpoi, 1 = (Bgot’x +BZ, y)l/ 2. These two field profiles are plotted
in the left panel of Figure 8. Their corresponding n(z) are plotted
in the insert of this panel. The resulting field profiles are nearly
indistinguishable between z = 1 and 3. Note that n(z) for By x
and By, 1 are almost exactly superposed to one another for
all z. The critical heights at which the external field starts to
drop faster than 7~V and z73/2, are zi = 1.2, and z§/2 = 2,
respectively.

In summary, when the eruption starts, at ¢ 120¢4, the
apex of the axial field line of the flux rope has reached the
altitude z,4s = 1.9, which is very close to the critical altitude
z5 n = 2 for the onset of torus instability, as estimated from
the potential component of the magnetic field. So our analysis
strongly suggests that the flux rope eruption can be described
in terms of the loss of stability of a toroidal current, which
has previously developed during a long energy storage phase,
and which has eventually reached the altitude at which the
magnetic field decreases sufficiently fast with height above the
photosphere for the torus instability to develop (Bateman 1978;
Kliem & Torok 2006).

4.4. Remarks

In this section, we discuss four issues raised by our identifi-
cation of the torus instability as the driver of the eruption is our
flux cancellation model. First, it is noteworthy that this critical
height is slightly larger that the one obtained by considering
the initial potential field B(x,, y,,z,t = 0): the latter gives
25 n= 1.85 instead of 2. On the one hand, the increase of z§ P
in time between ¢t = 0 and 12074 shows that the effect of flux
dispersal in the photosphere (that results from the magnetic dif-
fusion), actually acts against, and not in favor of, the onset of the
torus instability, since it puts its threshold to larger and larger
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heights. On the other hand, this effect is not very large, since the
increase of z§ 2 is of ~8% only. To be conservative, we argue
that in the flux dispersal and cancellation model, an eruption can
eventually be triggered by the torus instability only if the slow
rise in altitude of the flux rope during the pre-eruptive phase
occurs at a faster rate than that of the critical height, the latter
being directly related to the rate of dispersal for photospheric
magnetic flux.

Second, even though our simulation finds a strong CME
acceleration by the time the current-carrying flux rope has
developed a semi circular shape, its physics greatly differ from
that of the circuit model of Chen & Krall (2003), which also
predicts a similar behavior. Indeed, the latter is not a storage-
and-release model. This family of circuit models requires a
dynamic injection of significant poloidal flux around the flux
rope to drive its eruption (Forbes et al. 2006), whereas our
relaxation runs (Sections 3.2 and 4.1) indicate the existence of
stable equilibria for ¢ < 110¢4 and free eruptions for ¢ > 120z4.

Third, our simulation cannot be conclusive regarding the
following theoretical question: is the torus instability triggered
when the flux rope just enters an unstable branch of the
equilibrium curve, or is it triggered when the rope just passes
an unstable critical point where a stable and unstable branch
of the equilibrium curve meet, beyond which no equilibrium
would exist? In other words, is the eruption a manifestation of
an instability, or of a catastrophic loss of equilibrium? Even
though the initial torus instability theory has been developed
for unstable equilibria (Bateman 1978; Kliem & To6rok 2006),
the possible existence of associated critical points has been
proposed by Isenberg & Forbes (2007), so a catastrophe scenario
cannot be ruled out.

Fourth, we do not disregard the possibility that in other
configurations, initially flat and slowly rising flux ropes might
erupt before developing a semi-circular shape and reaching a
height at which the decay index of the external field becomes
~3/2. Such eruptions are suggested by the Cartesian circuit
model, which contains a straight line current and predicts
n(z) = 1. In our simulation, the total flux rope current might be
simply too small, or not sufficiently twisted for this particular
loss of equilibrium to occur while the rope is still flat. We leave
this question to a future study.

5. DECONSTRUCTING OBSERVATIONS OF SIGMOID
ERUPTIONS

5.1. Case Study of the 2007 February 12 Event

In this section, we use simplified soft X-ray signatures of our
simulation to interpret the eruption of a sigmoid, which was ob-
served by the X-Ray Telescope (XRT; see Golub et al. 2007) on
board the Hinode satellite (Kosugi et al. 2007) on 2007 Febru-
ary 12, around 7:00 UT. XRT images of the sigmoid around
the time of its eruption are shown in Figure 9. This event was
analyzed by McKenzie & Canfield (2008), modeled by nonlin-
ear force-free fields by Savcheva & van Ballegooijen (2009),
and compared to a flux emergence model by Archontis et al.
(2009).

The photospheric vertical magnetic field associated with
the sigmoid is composed of a single bipolar decaying active
region (see the SOHO/MDI magnetograms in McKenzie &
Canfield 2008; Savcheva & van Ballegooijen 2009), which is
consistent with our flux cancellation simulation. Note that for
comparison with our model, we rotated the XRT observations
by 142° clockwise (see the right panels of Figure 9 and the
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bottom row of Figure 6). In the following, we refer to the
eastern (western) part of the sigmoid as its top (bottom) part,
respectively.

The comparison of our fully 3D asymmetric eruption model
with the observations yields new interpretations of various
observed features in this particular sigmoid. Based on past
observations of other erupting sigmoids, we argue that these
interpretations probably apply to most soft X-ray sigmoids.

5.2. Slip-running Reconnection in J-shaped Loops

The studied sigmoid is not a transient feature that brightens
only during its eruption. XRT observations show its presence
from at least February 10, 11:00 UT (McKenzie & Canfield
2008). However, at this time it is not yet composed of an
ensemble of long S-shaped coronal loops, but it is rather formed
by the alignment of numerous J-shaped loops (see the bottom
left panel in Figure 6). Note that the sigmoid is asymmetric, as
its top loops are shorter than its bottom loops. During a time
period of & 24 hr before the eruption, several transient thin, fully
bright S-shaped loops in the middle of the sigmoid are visible,
each lasting ~ 0.5—1 hr. Only after ~19:00 UT on February 11,
persistent fully S-shaped loops can be observed.

The long-lasting double-J pattern led McKenzie & Canfield
(2008) to suggest that the sigmoid emissions are due to steady
heating within a BPS surrounding a flux rope (as in model
of Titov & Démoulin 1999). The existence of many threads
within each J has been reproduced in the high-resolution flux
emergence simulation by Archontis et al. (2009). The double-
J pattern was there formed at the location of a BPS in the
early stage of the emergence, and the occurrence of multiple
threads within the sigmoid was associated with reconnection at
numerous small-scale current layers within the main double-J
pattern, which developed during the emergence.

In our simulation, a double-J ensemble of field line bundles
forms right before the onset of the BP reconnection, due to the
shearing of the magnetic field. These field lines reconnect at
the BP, and later on at the HFT (see Section 3), and should
therefore be heated and be filled with hot plasma, i.e., become
visible in soft X-ray emission. Examples of such field lines are
plotted in red and pink in Figure 4, as well as in yellow and
orange in Figures 6 and 7 from ¢t = 85t4, shortly after the BPS
has bifurcated into a QSL (see Section 3.2). The middle row in
Figure 6 shows an integration of the current density along the
z direction in our simulation. We use this quantity as a simple
proxy for the expected soft X-ray emission (see Section 5.3 for
detailed discussion).

Both field line and integrated current plots show a relatively
good match between the simulated sigmoid and the one observed
by XRT on 2007 February 11. Different information can be
grasped from both types of plots (see below), so that none is
sufficient to understand to observations when considered alone.
The different sizes of the two Js are reproduced. Our synthetic
sigmoid significantly grows in size during the simulation.
This is due to the continuing shearing motions, which yield
reconnecting field lines of progressively increasing length (see
top views in Figures 4 and 6). During the energy buildup
phase, the vertically integrated current maps show a striking
resemblance to observations of forming sigmoids (see e.g.,
Figure 2 of Green & Kliem 2009). During the eruption phase, we
regard our not observed continuing growth of the sigmoid as an
artifact of our model, which is probably caused by unrealistically
fast photospheric diffusion and motions (as compared to solar
values), applied to an initially unsheared bipolar field (whereas
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Figure 9. XRT observations of the 2007 February 12 erupting sigmoid, with an inverse grayscale where darker (resp. lighter) areas show brighter (resp. fainter) soft
X-ray emissions. The six panels on the right have been rotated by 142° clockwise, i.e., solar north is toward the bottom-right of these images. The arrows indicate the

central part of the ELLF.

many solar active regions are already far from being potential
when they form).

We find that some magnetic loops rooted in the bottom J,
that have one end which passes below (and farther from) the
top J along the PIL, are found both in the model and in the
observations (see the orange lines which pass below the yellow
lines at t = 85-105t4, and the faint loop between the two Js on
February 11, at 12:00:59 UT (see Figure 6). This “cross-over”
of J-shaped field lines only occurs after the disappearance of the
BPS in our simulation.

These J-shape field lines eventually endure tether-cutting
reconnection (see Sections 3.2 and 4.1). Two new stable field
lines form, once their fast slippage resulting from the slip-
running reconnection through the HFT (as in Aulanier et al.
2006) has ended: one long S-shaped loop, and one lower lying
shrinking sheared field line which is of the flare loop type (see
the bottom rows of Figures 2 and 7). The amount of flux that
reconnects at the HFT gradually increases from ¢ = 85¢4 up to
the time of the eruption. This is consistent with the gradual pre-
eruptive formation and brightening of S-shaped loops between
February 11, 19:00 UT and February 12, 6:00 UT, as well as
with the sudden brightening of the sigmoid during the eruption
between 6:00 UT and 8:00 UT on February 12 (see McKenzie
& Canfield 2008; Archontis et al. 2009; and Figures 6 and 9).

In summary, our simulation suggests that the observed sig-
moid is formed by pairs of J-shaped field lines, which can indeed
be heated through photospheric BP reconnection as proposed
by McKenzie & Canfield (2008), but which can also be heated
through coronal tether-cutting slip-running reconnection at later
times, resulting in their merging into full S-shaped loops and in
the formation of small flare loops below the sigmoid. We argue

that the later process can account for the evolution of many ob-
served sigmoids before they erupt (Manoharan et al. 1996; Rust
& Kumar 1996; Sterling & Hudson 1997; Sterling et al. 2000;
Gibson et al. 2002).

5.3. Extended and QSL Currents in Thinning Sigmoid Hooks

The sigmoid eruption on 2007 February 12 shows in its later
phase the formation of round-shaped twin dimmings (often
referred to as “transient coronal holes”) (see also Manoharan
et al. 1996; Sterling & Hudson 1997; Sterling et al. 2000;
Hudson et al. 1998). Before the occurrence of these dimmings,
the sigmoid ends (which we refer to as “hooks” hereafter)
progressively thin. This thinning is best visible in the top
hook between 07:01 and 07:41 UT, but also in the bottom
hook between 07:21 and 07:41 UT (see Figures 6 and 9). In
retrospective, we find that such thinning of sigmoid hooks in the
early stages of their eruption is also visible in previously studied
events observed by Yohkoh/SXT and GOES/SXI, see e.g.,
Figures 2(c) and (d) in Manoharan et al. (1996), Figures 2(a)
and (b) in Sterling et al. (2000), and Figure 4 in Moore et al.
(2001), as well as Figure 2 (last column) in Liu et al. (2007).

On one hand, the thinning of sigmoid hooks might simply cor-
respond to the first stages of the formation of the dimmings. On
the other hand, the difference in shape between dimmings and
hooks may imply a different mechanism. Our MHD simulation
provides a possible interpretation for the thinning of sigmoid
hooks in the early stage of their eruption that is not based on a
drop in plasma density.

Our interpretation relies on a very simplified ad hoc modeling
of the soft X-ray emission, presuming that the emission is
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proportional to the line-of-sight integration of the Joule heating
term 772 obtained in the simulation. For simplicity, we assume
that the direction of integration is along z, and in order to allow
the simultaneous visualization of both bright and faint features,
we integrate the square root of the Joule heating term, [ j(z)dz.

A similar approach was used in other sigmoid (Aulanier et al.
2005a; Magara 2006; Archontis et al. 2009) and sheared active
region (Schrijver et al. 2008; DeRosa et al. 2009) models. We
do not claim that the real soft X-ray emissivity is given by
this quantity. It is well known that the X-ray brightening of
individual flux tubes also occurs as a natural consequence of
the increase of their plasma density, following some heating
episode. Nevertheless, we argue that there must be also a
monotonic contribution of the electric current density in the soft
X-ray emissivity in sigmoids, since sigmoids are observable
only in very hot EUV lines and in soft X-rays, which indicates
that they are hotter than the surrounding corona, while at the
same time they are associated with large-scale sheared or twisted
flux tubes, which indicates that their field-aligned currents are
larger than those in the surrounding corona.

Figure 6 shows that [ j(z)dz displays a sigmoidal shape long
before the eruption starts, just like the magnetic field lines do.
The regions of strongest [ j(z)dz are located above the PIL.
At their locations, the photospheric currents are small, which
confirms that the central part of the modeled sigmoid is located
at coronal heights (as in Aulanier et al. 2005a; Schrijver et al.
2008). The sigmoid hooks are more complex: from the field line
point of view, they are associated with the ends of highly sheared
field lines; from the electric current point of view, they are
formed by two distinct current systems, which evolve differently
as explained in the following.

First, extended regions of strong [ j(z)dz are present in the
inner parts of the sigmoid hooks, located above the regions
where strong B.(z = 0) and j,(z = 0) coincide. Before the
eruption, these low altitude currents increase as the magnetic
shear increases. Owing to the asymmetric, sub-Alfvénic annular
vortices, magnetic shear develops close to the middle of the
positive polarity, even though the shearing motions are zero
there. This apparent contradiction can be explained as follows.
Let us consider the blue field lines shown in Figure 1. Since
they are rooted in the vortex within the negative polarity, and
since the motions are both slow and line-tied, nearly force-
free electric currents ; naturally develop all along them. This
implies the generation of ; >~ AB, with A being nearly constant
along a given field line. This means that electric currents can be
generated at z = 0, along the arc-shaped ensemble of footpoints
of these blue field lines. This initially arc-shaped current layer
eventually develops a spiral pattern as the field line footpoints
move within the positive polarity (as explained in Aulanier
et al. 2005a). During the eruption, these low-altitude currents
decrease quickly as a direct consequence of the expansion,
since it reduces the magnetic twist per unit length, which is
proportional to the current density (see Klimchuk & Sturrock
1989; Aulanier et al. 2005a).

Second, thin loop-like threads of [ j(z)dz are also present
along the modeled sigmoid (see Figure 6), both before and
during the eruption. Two of these threads have C shapes, and
each of them constitutes the outer edge of one hook. They
perfectly match with the photospheric current layers, which are
visible as narrow j,(z = 0) layers in the top row of Figure 6
and which are formed within the QSLs (see Section 3.2). The
related currents slowly increase as a function of time due to the
decrease of the scale lengths of the magnetic gradients (which
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are of the order of B/V x B) within the vertical current layer
(which are shown in Figure 7). These scale lengths decrease
during the dynamic pinching of the HFT caused by the fast
expansion of the flux rope above it (see Section 4.1)

In summary, assuming that the quantity [ j(z)dz is a mono-
tonic proxy for the soft X-ray emissions observable in sigmoids,
our model predicts that the extended inner parts of sigmoid
hooks should dim during the eruption, as a result of current de-
crease driven by the expansion, whereas the thin outer edges of
the hooks should brighten as a result of the collapse of the flare-
related vertical current layer. This behavior perfectly matches
the XRT observations of the 2007 February 12 event (see
Figure 6), as well as those of previously studied erupting sig-
moids.

5.4. Deploying Coronal Currents in the Erupting
Loop-like Feature

An elongated feature that detaches from the center of the
sigmoid around 06:21 UT is visible during the 2007 February
12 eruption (McKenzie & Canfield 2008). It accelerates toward
the southwest (i.e., toward the left in Figure 6), while it
progressively faints until it becomes invisible after 07:41 UT.
Due to its narrow shape, we call it an “erupting loop-like feature”
(hereafter ELLF). This ELLF is visible only in five XRT frames,
which are shown in Figure 9. Such ELLFs have already been
reported from past Yohkoh/SXT sigmoid observations (see, e.g.,
the features labeled with D in Figures 3—6 of Moore et al. 2001)
and have been generally associated with an erupting flux rope
(Moore et al. 2001; McKenzie & Canfield 2008).

Based on the ~9° clockwise rotation of the ELLF axis, and the
forward S shape of the sigmoid, McKenzie & Canfield (2008)
suggested that the flux rope might have erupted due to a kink
instability (e.g., Fan & Gibson 2004; Toérok & Kliem 2005;
Williams et al. 2005; Green et al. 2007). The frames of Figure 9
(which are less saturated than the corresponding ones shown
in Figure 4 of McKenzie & Canfield 2008) highlight that the
bottom part of the ELLF seems to curve in the same way as
the nearby sigmoid hook. This ELLF “elbow” is slightly offset
from the outer edge of the sigmoid hook (see the bottom right
panel in Figure 6). The apparent continuous connection between
the straight part and the elbow of the ELLF is best visible at
06:41 UT. In the kinking flux rope interpretation, this elbow
would correspond to one of the flux rope ends.

Figure 6 shows that the our [;(z)dz proxy for the soft
X-ray intensity (see Section 5.3) readily reproduces the shape
and the dynamics of the ELLF, including its rotation and its
curved elbow, even though the modeled flux rope does not be-
come kink-unstable during the whole simulation. Hereafter, we
analyze the relation between the magnetic field lines and electric
currents in our model, and we provide a new interpretation for
this puzzling ELLF.

Figures 6 and 7 indicate that the straight central part of
the modeled ELLF is not part of the erupting flux rope, but
a signature of the tear-drop-shaped extended current layers that
overlie the flux rope. The figures show that this “current shell”
is located within the green field lines, which are rooted in the
positive polarity (see below), and within the strong electric
currents, which first amplify and later diminish in the inner parts
of the thinning sigmoid hook (see Section 5.3). The currents
within the straight part of the ELLF are volumetric and decrease
during the field line expansion, which shows that this feature
does not form within a QSL. In our model, the straight part of
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t = 150 tA

0 2 4 —z -2 ¢ 2 ‘

Figure 10. Relation between the field lines and the electric current layers deploying in the corona during the eruption at ¢+ = 150z4. Left: projection view along the
y-axis (approximately along the flux rope axis). The grayscale image shows j,(z = 4.5), dark/light gray standing for positive/negative values. The height of the box
is z € [0; 11]. The blue field line is the same as in Figures 2, 6, and 7. The other field lines change color, from pink to red and from cyan to green, as they cross z = 4.5
within two prominent elongated current layers j, < 0 located along y in x € [—4; —2]. The pink/red (resp. cyan/green) field lines belong to the flux rope system
drawn in red /pink in Figures 2 (resp. to the overlying sheared arcades drawn in green in Figures 6 and 7). Middle: top view of the same field lines, superimposed on a
grayscale image of [ j(z)dz (as in Figure 6). Right: image of [ j(z)dz, overlaid with two curved dashed lines. The cyan line outlines a long bar that detaches from the
sigmoid and which rotates clockwise during the eruption. It corresponds to the location of the vertical portions of the cyan/green overlying arcades, and to the ELLF
(see Figures 6 and 9). The red hook shows a loop-like feature that slowly stretches during the eruption. It corresponds to the lowermost parts of the flux rope field lines.

the ELLF is actually orthogonal to the local magnetic fields.
The detachment of the modeled ELLF from the sigmoid center
is a consequence of the non-radial, asymmetric eruption of
the magnetic field perpendicular to the PIL. It is best visible
above the negative photospheric magnetic flux concentration
(see Figure 6).

In order to confirm the association of the green field lines
shown in Figures 6 and 7 with the ELLF, we consider in
Figure 10 the shape of the vertical currents j,(z = 4.5) at
t = 15024, as well as the field lines which pass through these
regions of intense currents. At this time, the ELLF pattern has
clearly detached from the modeled sigmoid. The altitude z = 4.5
was chosen because it corresponds to the middle section of the
region where the current shell is mainly vertical on the left-hand
side of the sigmoid, so where the currents give the strongest
contribution to f J(2)dz and therefore to the modeled ELLF.
Note that z = 4.5 is lower than the altitude of the apex of
the overlying blue field line (z = 10; see Figure 5), and it is
comparable to the altitude of the apex of the erupting flux rope
(z = 6; see Figure 8). When dimensionalized to solar units (see
Section 2.4), z = 4.5 corresponds to 135 Mm (~0.2 Ry) above
the photosphere, which is fairly high.

The left panel of Figure 10 shows a projection view of the
currents j.(z = 4.5) and of selected field lines which pass
through them. Two narrow current layers are visible. Field lines
which pass through the layer which is closer (resp. farther) to
the sigmoid are plotted in red/pink (resp. green/cyan). The
right panels of Figure 10 clearly confirm that the green/cyan
field lines correspond to the straight part of the ELLF. These
field lines are almost the same as the green lines shown in
Figures 6 and 7. The red/cyan field lines, however, clearly
belong to the erupting flux rope. They are associated with
the elbow of the ELLF. Figures 6 and 10 show that both the
gradual rotation of the straight part of the ELLF (reported by
McKenzie & Canfield 2008) and the deformation of its elbow
are a simple consequence of the asymmetry of our configuration
(Section 4.2).

In summary, assuming that the quantity [ j(z)dz can indi-
cate the locations of soft X-ray brightenings during sigmoid
eruptions, and that it can lead to observable signatures at large
altitudes in the corona (in a similar way as proposed by Delannée
et al. 2008, for EUV emissions), our model nicely reproduces
the shape and dynamics of the weakly rotating ELLF that was
observed by XRT on 2007 February 12, as well as the generic dy-
namics of previously observed ELLFs (e.g., Moore et al. 2001).
The model therefore suggests that an ELLF is not a direct ob-
servational signature of an erupting flux rope, but rather of a
CME-related current shell that develops within the expanding
sheared arcades which overlie an erupting flux rope.

6. SUMMARY

Numerous physical effects constitute fundamental ingredi-
ents of distinct MHD models for the triggering of solar coronal
mass ejections (CME). Most of them are known to take place
in 3D numerical simulations of the so-called “flux-cancellation
model” for CMEs, and also in other models. Moreover, circuit
models predict that CMEs are driven by a loss of equilibrium of
a concentrated current, which ends are most often not line-tied to
the photosphere. But the non-equilibrium conditions of these cir-
cuit models are not straightforward to identify in time-dependent
full MHD simulations. Indeed, coronal electric currents are not
prescribed in MHD. They rather develop as a consequence of the
plasma motions, which create departures from non-potentiality
in line-tied magnetic fields.

In this paper, we presented a new 3D MHD numerical
simulation of the flux cancellation model. In our simulation, an
initially bipolar, current-free, and asymmetric coronal magnetic
field evolves in response to simultaneous sub-Alfvénic annular
vortex motions and to slow diffusion of the three magnetic
field components, which were both prescribed at a line-tied
photospheric boundary.

Our first aim was to investigate which of the distinct phys-
ical mechanisms occurring in the simulation contribute to the
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gradual formation and eruption of a weakly twisted flux rope.
The complexity of the dynamic evolution required us to discuss
the roles of topology and reconnection, but a full description
of the related theory is beyond the scope of this study, and will
be the object of a future paper. Our results can be summarized
as follows.

1. As aconsequence of the imposed photospheric shear flows,
magnetic field lines expand upward. Once they have bulged
enough to adopt an inverse tear drop shape (as viewed in
projection along the PIL), the photospheric magnetic field
diffusion changes their topology from that of sheared arcade
to that of a BP. A current sheet forms all along the resulting
S-shaped BPS. Due to magnetic reconnection occurring at
the BP, individual field lines suddenly double their length,
and their middle parts detach from the photosphere. A
weakly twisted coronal flux rope then forms and grows
both in altitude and in length. Since the BP disappears long
before the flux rope erupts, the BP reconnection is merely
responsible for its formation, and not for its eruption.

2. The BPS later bifurcates into a QSL, which contains a HFT
below the flux rope. The HFT slowly rises in altitude, and
the field lines display a X-type pattern around it (as viewed
in projection along the PIL). A short vertical current layer
quickly forms within the HFT, and slip-running reconnec-
tion occurs through it. This latter process is fully 3D and
a finite-B property of tether-cutting reconnection. During a
relatively long time, this tether-cutting reconnection is not
very energetic. Only shortly before the eruption, a moder-
ate increase of the dynamics takes place, which, however,
might be mainly caused by the flux rope current itself which
has come close to the point of non-equilibrium. Since the
tether-cutting reconnection starts long before the eruption,
and since it does not significantly change the growth rate of
the magnetic energy, it does not appear to drive the eruption.

3. Flux dispersal due to the imposed photospheric diffu-
sion leads to a significant and asymmetric decrease of
the maximum photospheric magnetic field strength within
the two polarities, of 25% and 50%, respectively, up
to the start of the eruption. Flux cancellation at the PIL,
however, yields a relatively weak disappearance of photo-
spheric flux of 10% only, during the same time period. This
implies that the magnetic tension of the overlying arcade
should still be able to confine the flux rope at the onset
time of the eruption, if merely flux cancellation at the PIL
would occur in the simulation. Photospheric flux cancella-
tion alone is therefore unlikely to produce the eruption of
the flux rope.

4. The flux rope eruption starts when the highest part of
its axial field line reaches the altitude z above which
the decay index of the overlying magnetic field becomes
n=—9IlnB/dInz 2 3/2. At this time, the flux rope has
developed a nearly semi-circular shape. Both conditions
are in accordance with the onset criteria of the “torus
instability,” which can drive the free radial expansion of
an electric current ring in axisymmetric circuit models.
This instability occurs when the decrease in altitude of the
downward magnetic tension, in the external magnetic field,
becomes faster than that of the upward magnetic pressure, in
current-carrying magnetic fields during their rise in altitude.
Our analyses lead to the conclusion that this mechanism is
the actual driver of the eruption.

5. In summary, we have shown that a weakly twisted flux
rope forms and erupts in the flux cancellation MHD model
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for solar eruptions (Forbes & Isenberg 1991; Amari et al.
2003b; Mackay & van Ballegooijen 2006), even if the
photospheric flux concentrations are not symmetric. The
flux rope forms and rises slowly due to photospheric BP
and coronal slip-running tether-cutting reconnection, which
both do not trigger its eruption. The flux rope finally erupts
as a result of the development of the torus instability in its
highest portion (Kliem & Torok 2006; Isenberg & Forbes
2007). Our simulation qualitatively reproduced the distinct
rise phases typically observed in CMEs and allowed us
to attribute distinct physical mechanisms to each of these
phases.

In the second part of the paper, we modeled observational
signatures for soft X-ray sigmoids in our simulation. These
signatures are based first on the structure of magnetic field
lines that have already reconnected, or that are reconnecting,
and second on the time evolution of deploying electric cur-
rent systems, which we have proposed to be visible in soft
X-rays at the zeroth order as the line-of-sight integration of
the Ohmic heating term (or of its square-root). We have used
these proxies for interpreting a specific event that was ob-
served on 2007 February 12 with Hinode/XRT (McKenzie &
Canfield 2008). This event had several features already reported
in past observations of erupting sigmoids at lower resolution
(e.g., Manoharan et al. 1996; Moore et al. 2001). Our physi-
cal interpretations, which are a priori not specific to one single
event, are given below.

1. During their pre-eruptive stages, sigmoids consist of an
envelope of a double-J loop pattern. In our model, these
coronal loops are J-shaped field lines, which have been
heated through BP reconnection during the early formation
of the sigmoid. In other models, another source of heating
has to be invoked for these loops to be observable. At a
given time, these loops are not necessarily a trace of a BPS,
but can also be located within a QSL that has a coronal HFT
above the PIL. These field lines eventually merge into full S-
shaped loops by a slip-running tether-cutting reconnection
in the coronal HFT.

2. When sigmoids erupt, the early thinning of their two hooks
(before the formation of transient coronal holes) is caused
by two effects. First, the inner portions of the hooks dim
in soft X-rays as a result of a decrease of electric currents
in expanding sheared loops. Second, the thin outer edges
of the hooks brighten because they are formed within a QSL,
the currents of which increase as a result of the thinning of
the current layer during the eruption.

3. Based on the premise that layers of strong electric current
correspond to soft X-ray emissions, our model suggests
that the ELLF that detaches from the center of erupting
sigmoids does not trace the erupting flux rope, for the most
part. The short and curved end of an ELLF can still be
a signature of one stretching leg of the erupting flux rope.
Nevertheless, the straight and longest part of the ELLF does
not correspond to any magnetic loop. The straight part of
the ELLF is rather the observational signature of a CME-
related tear-drop-shaped current-shell, which forms within
the expanding sheared arcades overlying the erupting flux
rope. In the absence of artificial symmetry in the system, the
integration along the line of sight of these electric currents
naturally results in one narrow and straight ELLF well
detached from the sigmoid. The main axis of an ELLF
can weakly rotate with respect to the PIL, solely due to the
differential expansion of the current shell.
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4. Our interpretations for the features observed during the
erupting stage of sigmoids are neither specific to the
formation mechanisms of non-potential fields in active
regions (e.g., flux emergence versus footpoint shearing),
nor to the trigger mechanism of the eruption, apart from the
asymmetry in the photospheric magnetic field. So, we argue
that they apply to all erupting sigmoids, whatever the origin
of non-potentiality in the active region and the driver of
their eruption are. Indeed, the field line and electric current
patterns resulting from our MHD model during the pre-
eruptive energy buildup phase of the system are compatible
to those obtained by Savcheva & van Ballegooijen (2009)
with a nonlinear force-free reconstruction of the same
sigmoid to which we applied our model. It follows that
further observational diagnostics and comparison between
different models will be needed to better quantify the
mechanisms responsible for the formation and eruption of
sigmoids.
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