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Abstract

A twisted magnetic flux rope embedded in the lower corona is thought to be a frequent
ingredient of a coronal mass ejection(CME). We wish to study in a chromosphere-transition
region-corona setup how a magnetic flux rope is formed, and evolves into the corresponding
structure of a CME. We study the formation, evolution, and eruption of a magnetic flux rope
by 2.5 dimensional resistive MHD simulation. We adopt an initial arcade-like linear force-
free configuration in a rectangular simulation box, and drive the system by imposing slow
motions which converge towards the magnetic inversion line on the bottom boundary. The
convergence imposed to the footpoints of the magnetic arcades brings opposite-polarity
magnetic flux to the polarity inversion. After a phase of quasi-static evolution, the con-
vergence gives rise to the formation of a twisted flux rope by magnetic reconnection and
finally to the eruption of a CME. In the eruptive phase, the closed magnetic field is severely
stretched, leading to the formation of a current sheet, and this in turn enables fast recon-
nection. We observe the internal structure of the current sheet formed during the eruption
process in our simulation. We confirm that the converging flow is a potential mechanism
for the formation of magnetic flux ropes, and a possible triggering mechanism for CMEs
when a realistic atmosphere is included. Our simulation covers a wide range of scales, from
the small-scale current sheet structure to the global-scale magnetic disruption, achieved by

the use of the adaptive mesh refinement technique.

Introduction

Flares, coronal mass ejections (CMEs) and eruptive prominences (or filaments) are usually
associated in many cases, thus a self-consistent unified model linking these energetic phenom-
ena should be considered.

Because of the rapid development of the magnetic reconnection theory, significant improve-

ments have been made to the "standard" CSHKP senario of flare (e.g., see Benz 2008) since
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Kopp and Pneuman (1976). Many theories have been proposed to determine the detailed mech-
anisms for reconnection (for a review, see e.g., Priest & Forbes 2000). Both observations (e.g.,
Karlicky & Kliem 2010 ) and simulations (e.g., Ni et al. 2012a; Guidoni et al. 2016) show the
processes of the fragmentation of a current sheet, the formation of multiple magnetic islands of
different sizes, and the coalescence of plasmoids in unsteady reconnection.

In the solar eruptive process, a current sheet develops between the flare arcade and the CME
(Forbes & Acton 1996). CMEs are large-scale energetic phenomena in the solar corona, ac-
companied by drastic energy release and characterized by mass and magnetic flux ejecting
processes. It is believed that a helical magnetic flux rope (FR) buried in the low corona is such
an ideal model for the CME progenitor.

Most CME models require the existence or formation of a FR (e.g., Forbes 2000). It is still a
debatable question about the formation processes of FRs on the Sun. Two hypotheses have been
formulated for the formation of the FRs, i.e., FR emergence from the convection zone and FR
formation as a result of photospheric motions.

In this study, we focus on FR formation and eruption, and energy accumulation and dissi-
pation driven by photospheric converging motion, more specifically, an FR is formed at first,
then erupts. The relevant prominence formation, flare, CME and reconnection processes were
investigated in our study. We studied the formation and eruption processes of FR driven by
photospheric converging motion in a chromosphere-transition-corona setup, accounting for the
effects of radiative cooling, thermal conduction, gravitational stratification, resistivity and vis-
cosity. Current sheet fragmentation and magnetic islands contraction were also observed in our
simulation. Our simulation covers the complete process from FR formation to CME initiation,

including the energy accumulation part and dissipatition part.

Numerical Setups
The MHD simulations presented here are performed in a rectangular, Cartesian geometry, ig-
noring the curvature of the solar surface and the variation of physical variables along z-direction.
The evolution of the system can be adequately described by a 2.5D thermodynamic MHD model
including gravity, heat conduction, radiative cooling, heating terms, viscosity and resistivity.
The energy equation reads
de

LV (et pt B = pg VY (6 VT) —QHHA (V) vl ()

Here, 7 is the viscous stress tensor, and 7 is resistivity. Other quantities, the dimensionless

factors of the equations, and the initial conditions of the system now adopt the same setups
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Figure 1: Evolution of temperature with magnetic field lines (solid black lines) overlaid on it.

as Fang et al. (2013) with a characteristic magnetic field strength 20 G. The dimensionless
viscosity is 0.0002 while the resistivity is given by

iy
tanh(2—7) 4 1], )
Whtra

N = Newro + (ncor _2nchro) [

where N¢pro = 0.002 , Neor = 0.0002 , and wy, = 0.05, with all quantities in normalized units.

The computational box is located in the x-y Cartesian plane. The x-axis is parallel to the
solar surface, while the y-axis is vertical. The computational domain is X, < X < Xpa, and
Ymin <V < Ymax> Where Xpin = —10.0,Xpax = 0.0, Viin = 0, Vimax = 25.0 with the length unit
10Mm. Using a mirroring boundary condition at x = 0, we obtain a doubled box with an effective
domain of —10 < x < 10 and 0 < y < 25. The mirroring boundary condition is also applied to
the left side.

We use closed boundary condition at top side. As for the bottom boundary conditions, our

boundary motions are chosen to converge toward the inversion line x = 0 at the velocity,

—vosin(27x/Ly,), x| < Ly
Vx = ; 3)
0, |X| > L4

where L; = %,La = 50Mm, vy is the amplitude of the driving velocity, and vy, = v, = 0.
The amplitude of the driving velocity vq increases linearly from O to 6.5km/s, and keeps vo =
6.5km/s ever since. The boundary magnetic field is obtained by zero-gradient finite difference

extrapolation. The density and pressure are determined by assuming a hydrostatic atmosphere .
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Results

As 1is illustrated in Figure 1, the mag-
netic fields of opposite polarity are brought
to the magnetic inversion line by the photo-
spheric converging motion, which has been
reported from many observations (e.g., Koso-
vichev and Zharkova 2001), then collide in
the photosphere or above. Subsequently mag-
netic reconnection is driven there, leading to
the formation of a helical FR which is ca-
pable of supporting the prominence plasma.
Afterwards, the newly formed FR erupts, and
evolves into the corresponding structure of a
CME, which takes on the "three-component”
morphology, i.e., an inner bright core, a dark
cavity, and a bright leading front. As the
reconnection proceeds, plasmoids of differ-
ent scales are produced, contracted and con-
vected away repetitively.

Figure 2 indicates the cusp-like structure
observed in our simulation, which was first

discovered by Yohkoh (Masuda et al. 1994)
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Figure 2: Temperature with magnetic field lines
(solid black lines) overlaid on it. The white ar-

row indicates cusp-like structure.
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