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FLUX ROPE ACCELERATION AND ENHANCED
MAGNETIC RECONNECTION RATE

C. Z. CHENG!, Y. REN!, G. S. CHOE!, AND Y.-J. MOON23

ABSTRACT

A physical mechanism of flares, in particular for the flare rise phase, has
emerged from our 2-1/2D resistive MHD simulations. The dynamical evolution
of current sheet formation and magnetic reconnection and flux rope acceleration
subject to continuous, slow increase of magnetic shear in the arcade are studied by
employing a non-uniform anomalous resistivity in the reconnecting current sheet
under gravity. The simulation results directly relate the flux rope’s accelerated
rising motion with an enhanced magnetic reconnection rate and thus an enhanced
reconnection electric field in the current sheet during the flare rise phase. The
simulation results provide good quantitative agreements with observations of the
acceleration of flux rope, which manifests in the form of SXR ejecta or erupting
filament or CMESs, in the low corona. Moreover, for the X-class flare events
studied in this paper the peak reconnection electric field is ~ O(10* V/m) or
larger, enough to accelerate particles to over 100 keV in a field-aligned distance of
10 km. Nonthermal electrons thus generated can produce hard X-rays, consistent
with impulsive HXR emission observed during the flare rise phase.

Subject headings: Sun: flares—Sun: coronal mass ejections (CMEs)—MHD—
methods: numerical

1. Introduction

Solar flares are intense, abrupt release of energy occurring usually in a solar active region.
In the last decade the Hard X-Ray Telescope (HXT) and Soft X-Ray Telescope (SXT) on
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board the Japanese Yohkoh satellite have revealed many important flare processes. Tsuneta
et al. (1992) found that long duration event type flares observed in the solar limb often
have cusp-like soft X-ray (SXR) loops. The height and the footpoint separation of the
SXR loops increase as a function of time, and the outer loops have a higher temperature.
Masuda et al. (1994) found that in impulsive flares a hard X-ray (HXR) source is located
above the SXR loop. The region around the loop-top HXR source has higher temperature
than in the SXR flare loop. Impulsive flares also have an HXR double-source structure
at the footpoints and the separation of the two sources increases with time in most flares.
These observations clearly support the classical “CSHKP” (Carmichael-Sturrock-Hirayama-
Kopp-Pneuman) model of magnetic reconnection (Sturrock 1992) with the location of a
reconnection site above the top of the SXR loops in the low corona. Particles are accelerated
to high energy (> 10keV) by the reconnection electric field in the reconnecting current sheet
region. The loop top HXR source results from the bremsstrahlung emission of nonthermal
electrons (> 10keV). The two-ribbon structure of HXR emission forms when nonthermal
electrons follow the newly reconnected field lines and hit the dense and cold chromosphere
to emit hard X-rays by bremsstrahlung.

The magnetic reconnection model of flares is further supported by the recent observation
of a long duration X5.7 class flare event in the solar disk on July 14, 2000 (called the Bastille
day event). For the Bastille day event TRACE (Transition Region And Coronal Explorer)
observed an arcade structure in the EUV wavelength range with the width and length being
~ 30,000 km and 180, 000 km, respectively, and the Yohkoh HXT observed for the first time
a two-ribbon structure in the chromosphere in HXR emission with energy above 30keV
during the flare’s impulsive phase (Masuda et al. 2001). The HXR spectrum is harder at the
outer edge (corresponding to newly reconnected field lines) of the ribbons than at the inner
edge (corresponding to field lines reconnected earlier). The results indicate that nonthermal
electrons move to the chromosphere from the acceleration site in the magnetic reconnection
region, which is above the SXR loop, along the whole length of the arcade, not merely in a
particular dominant loop.

Most arcade reconnection models of flares predict a plasmoid, which is a flux rope with
helical field lines in 2-1/2D or a helical magnetic structure loosely connected to the solar
surface in 3D, is formed above the reconnection current sheet by reconnection of line-tied field
lines. The flux rope is identified in the Yohkoh observations as an SXR plasma ejecta which
is frequently observed above the SXR loops (Hudson 1994; Shibata et al. 1995; Ohyama &
Shibata 1997, 1998). Some SXR plasma ejecta were launched well before the flare impulsive
phase. In particular, the SXR plasma ejecta have two phases of rising motion: the first
phase with slow rising speed coincides with the preflare phase, and the second phase with
accelerated rising speed coincides with the flare impulsive phase with the HXR emission
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impulsively enhanced. Thus, the Yohkoh observations establish a correlation between the
flare energy release and SXR plasma ejecta upward motion.

Observations have also revealed that a significant percentage (> 50%) of coronal mass
ejections (CMEs) are accompanied by X-ray flares (Munro et al. 1979; Sheeley, Jr. et al.
1983; Webb & Hundhausen 1987; St. Cyr & Webb 1991; Harrison 1995). The apparent asso-
ciation between CMEs and X-ray flares suggest that there is a common physical mechanism
underlying both phenomena (Kahler 1992; Gosling 1993; Dryer 1994; Hundhausen 1999).
Recently, the cause-effect relationship between CME propagation and X-ray flare emission
has been actively examined based on the combined observations of SOHO LASCO, SOHO
MDI, SOHO EIT, BBSO H,, TRACE, GOES, Yohkoh SXT and HXT, and the Ramaty
High Energy Solar Spectroscopic Imager (RHESSI) (Alexander et al. 2001; Neupert et al.
2001; Zhang et al. 2001; Moon et al. 2002; Yurchyshyn 2002; Gallaghar et al. 2003). In
particular, Moon et al. (2002) have studied the cause-effect relationship between CME prop-
agation and X-ray flare emission for a set of homologous flares and their associated CME
motion, and found that CMEs are accelerated in the low corona during the flare rise phase.
Figure 1 shows the correlation of the CME acceleration in the low corona in the form of
filament eruption with the rise phase of the 2000 November 24 X1.8 X-ray flare (Moon et al.
2002). An impulsive hard X-ray emission was also observed around 21:52UT during the
flare rise phase. Similarly, a rapid acceleration of a CME in the low corona is found to be
associated with the rise phase of the 2002 April 21 X1.5 flare (Gallaghar et al. 2003). The
event is first observed as a rapid rise in GOES X-rays, followed by simultaneous conjugate
footpoint brightening connected by an ascending flux rope feature. The most intense peak
in hard X-rays (> 25keV) observed by RHESSI (Gallaghar et al. 2002) occurs at the time
of maximum acceleration of the CME upward motion. It is thus quite convincing that the
CME-flare observations have established a correlation between the flare energy release and
CME upward motion.

From these observations we note that the association of impulsive CME acceleration
in the low corona with the flare rise phase is similar to the the association of impulsive
SXR ejecta acceleration with the impulsive hard X-ray emission (Ohyama & Shibata 1997).
Based on the magnetic reconnection model, both the CME and SXR plasma ejecta motions
in the low corona can be considered as the motion of a flux rope. Thus, these different
physical phenomena reduce essentially to a common fundamental physical mechanism that
the impulsive flux rope acceleration is associated with the flare rise phase and the impulsive
hard X-ray emission. It is thus the objective of this paper to examine the physical mechanism
of the flare X-ray emission and flux rope upward motion.

Although the flare morphology supports the CSHKP-like field configuration in the vicin-
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ity of and under the reconnection site, the observation of flux rope acceleration and associated
reconnection rate cannot be interpreted within the scope of the CSHKP model. The possi-
bility of flux rope formation and its rising motion has indeed been confirmed by several 2D
and 2-1/2D numerical simulations (Mikic et al. 1988; Forbes 1990, 1991; Inhester et al. 1992;
Mikic & Linker 1994; Linker & Mikic 1995; Kusano et al. 1995; Choe & Lee 1996; Amari
et al. 1996; Magara et al. 1996; Choe & Cheng 2000; Chen & Shibata 2000; Cheng & Choe
2001), but the correlation between the flux rope motion and reconnection rate has not been
studied systematically. In the CSHKP model, the rise of the flux rope can be considered
as a process of approaching a new equilibrium state after a change in field topology. Thus,
the flux rope rising motion must eventually decelerate unless the reconnection of arcade field
lines under the flux rope continues indefinitely.

To understand the observations of impulsive flux rope acceleration in the low corona,
which can occur in the form of filament eruption or X-ray plasma ejection or CME, and its
correlation with the enhanced flare X-ray emission, we present a flare model in terms of the
dynamical evolution of flux rope motion and magnetic reconnection rate. Our flare model is
based on 2-1/2D resistive MHD simulations, and we found that the magnetic reconnection
rate in the current sheet is enhanced when the flux rope upward motion is impulsively
accelerated in the low corona. The acceleration of flux rope can be further enhanced if it
merges with a pre-existing upper flux rope. The reconnection electric field, which can reach
~ O(10%) V /m, is essentially directed along the ambient magnetic field in the reconnecting
current sheet, and can easily accelerate electrons to a hard X-ray emitting energy of 100 keV
in a distance of > 1km along the ambient magnetic field to produce the impulsive hard
X-ray emission during the flare rise phase. It should be emphasized that our simulation
results are the first to provide an explanation for the observed correlation between the flux
rope acceleration and enhanced magnetic reconnection rate.

2. Flux Rope Acceleration and Enhanced Reconnection Rate

Our model for understanding the observations of impulsive flux rope acceleration in the
low corona and its correlation with the enhanced flare X-ray emission is based on resistive
2-1/2D MHD simulations of the evolution of a bipolar arcade (Choe & Cheng 2000; Cheng
& Choe 2001). The evolution of our model corona is governed by resistive MHD equations
including gravity and resistivity and assuming the plasma to be isothermal. The magnetic
field B is normalized by By which is the maximum magnitude of the initial boundary normal
field, the mass density p is normalized by the initial density py at the bottom boundary, the
velocity v is normalized by vg = By/(4mpo)'/?, the time t is normalized by to = Lg/vo, and
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the resistivity n is normalized by Lgvg, where Lg is the length unit. A non-uniform grid is
employed to resolve the current sheet structure.

We consider the evolution of an initially closed arcade field configuration in the (x,y)
plane and the magnetic field is invariant in the z-direction. The gravity is pointing down-
ward in the y-coordinate. The magnetic field can be expressed as B = Vi (x,y,t) x Vz +
B.(z,y,t)Vz, where 1 is the poloidal magnetic flux. A non-uniform anomalous resistivity
model (e.g., Ugai 1985; Scholer & Roth 1987; Yan et al. 1992; Yokoyama & Shibata 1994;
Choe & Lee 1996; Schumacher & Kliem 1996; Ugai 1999) is employed with n = no(j,/j. —1)?
for j. > j.and n = 0 for j. < j., no = 1075, j. = 1.5. We focus on the evolution of flux ropes
not totally expelled from the sun. By imposing a shear-increasing footpoint motion with
a shearing velocity V,(z) = V,oz exp[(1 — z?)/2] and Vo = 103wy, magnetic reconnection
takes place to create flux ropes, and merging of flux ropes also occur in the corona as shown
in Fig. 2, which shows the flux rope’s O-line height versus time. There are four reconnection
events in the simulation, and the cross sign in the figure indicates the formation of a new
flux rope and the circle sign indicates the completion of the merging of two flux ropes. It
is clear that each reconnection event occurs in a very short time scale. We note that in the
first reconnection event there is no flux rope merging involved.

As the X-line and the current sheet below the newborn flux rope rise, the field structure
in the current sheet changes rapidly. When a flux rope is formed, the toroidal flux originally
contained in the line-tied flux arcade is redistributed into two flux systems: the flux rope and
the underlying line-tied arcade field. The magnetic shear is thus reduced in the underlying
arcade after flux rope formation. A further increase of the magnetic shear takes place in the
lower arcade flux system, and above a critical value of magnetic shear magnetic reconnection
causes a new flux rope to form as shown in Fig. 3, which shows the 3D field lines of flux ropes
and closed arcade fields as well as their projection in the (x,y) plane. We note that in the
flux ropes the toroidal field (B,) is larger than the poloidal field (B, = |V]). In the current
sheet below the newborn flux rope, B, > B, and the field line is almost along the neutral
line direction (the z-direction). But, in the arcade below the current sheet, B, ~ B,. When
magnetic reconnection continues, the newborn flux rope rises with an accelerated velocity
and eventually merges with the overlying flux rope to form a single integrated flux rope.
This process of new flux rope formation and its merging with a pre-existing flux rope can be
repeated as long as the magnetic shear is continuously supplied.

Figure 4 shows the detailed time evolution of the flux rope’s O-line height, velocity,
acceleration (a) and magnetic reconnection rate (0v/0t, where 1 is the magnetic flux at the
X-line) for the four magnetic reconnection events shown in Figure 2. From the Faraday’s law
the reconnection electric field at the X-line is related to the magnetic reconnection rate by
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E, = —01/0t in our 2-1/2D model. We note that for the first three reconnection events the
flux rope is first accelerated and then decelerated, while for the fourth reconnection event
after the first acceleration the flux rope’s velocity saturates and then it is re-accelerated and
then decelerated again. From Figure 4 we see that the reconnection rate increases during
the flux rope first acceleration phase and then gradually decreases for a longer duration
after the first flux rope acceleration subsides for all these four reconnection events. The
acceleration of the newborn flux rope’s rising motion is similar to the accelerated motion
of soft X-ray ejecta in the flare impulsive phase observed by Yohkoh (Ohyama & Shibata
1997, 1998) and the accelerated CME motion in the rise phase of X-ray flares (Moon et al.
2002; Gallaghar et al. 2003). We also note that the flux rope acceleration and reconnection
rate are further enhanced when the magnetic merging process occurs. The reconnection
electric field is peaked in the current sheet below the newborn flux rope. Moreover, because
the reconnection electric field is mainly parallel to the magnetic field in the current sheet,
particles can be accelerated to very high energy along the field line if the reconnection electric
field is large. If we assume that the flare X-ray emission is proportional to the magnetic
reconnection rate, our simulation results of flux rope acceleration and associated enhanced
reconnection rate resemble the observations of flux rope acceleration in the low corona and its
association with the flare rise phase and impulsive hard X-ray emission (Ohyama & Shibata
1997, 1998; Moon et al. 2002; Gallaghar et al. 2003).

From the simulation results, the phase of the newborn flux rope creation and its slow
rise is regarded as the preflare phase, the accelerated newborn flux rope rise phase is inter-
preted as the impulsive phase, and the phase with a longer period of weaker reconnection
rate is considered as the main phase of a flare. The sequence of the above flaring events
(reconnection processes) can be repeated as long as the magnetic shear is replenished, and
we propose that they constitute a set of homologous flares.

3. Comparisons with Observations

Now, we make quantitative comparisons of the modeling results with observations during
the X-ray flare rise phase. We first compare the third model reconnection event shown in
Figure 4 with the flare-CME observations shown in Figure 1 for the 2000 November 24
X1.8 X-ray flare (Moon et al. 2002). We consider a two million degree coronal background
plasma, and choose the maximum magnitude of the lower corona boundary normal field
to be By = 300G, the lower boundary electron density to be ng = 10° cm™3, and the
length scale normalization Ly = 6 x 10* km. Then, the distance between the opposite main
magnetic patches in the corona base is 2Ly = 1.2 x 10° km, the velocity normalization
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is Vo = Bo/(4mm,yng)t? = 2 x 10*km/s, the time scale normalization is to = Lo/Vy =
3s, the acceleration normalization is ay = Vp/tg = 6.7 X 10° km/sQ, and the electric field
normalization is Fy = VyBg/c = 6 x 10° V/m. From the third reconnection event shown
in Figure 4, we obtain the maximum acceleration of a4, =~ 4.3 km/s2 at the flux rope
height of ~ 2.4 x 10°km, and the maximum velocity reaches V.. ~ 2200 km/s the flux
rope height of ~ 10°km. The maximum velocity is reached in a flux rope acceleration
period of about 15min, which compares well with the active acceleration period of about
15min between 21:45 and 22:00 UT shown in Fig. 1. For the 2000 November 24 X1.8 X-ray
flare event, the distance between the opposite main magnetic patches in the active region is
about 1.1 x 10° km (Moon et al. 2002). From Figure 1 the acceleration reaches a maximum
value of apmee =~ 4.5km/s? at the height of ~ 2.2 x 10°km, and the maximum velocity
Vinaz = 2300km/s is reached at the height of ~ 1.1 x 10°km. The maximum velocity is
reached in a flux rope acceleration period of about 15 min. Therefore, the modeling numbers
agree quite well with the observation. Moreover, at the time of maximum reconnection rate
the reconnection electric field is E.pq, ~ 1000V /m, which is much larger than the Dreicer
electric field of ~ 1072V /m for coronal parameters of a background proton number density
of n, = 10!°cm™ and an electron temperature of 7, = 1keV. Thus, the collisional drag
force to the electron motion in the acceleration region can be neglected. With this magnetic
field-aligned electric field electrons can be accelerated to ~ 103 keV in a field-aligned distance
of > 1km in the current sheet.

Next, we compare the first model reconnection event shown in Figure 4 with the Yohkoh
observation of the 1993 November 11 C9.7 flare that showed an accelerated SXR ejecta
motion and associated impulsive HXR emission as shown in Figure 3 of Ohyama & Shibata
(1997). For this flare event the SXR ejecta rises to a height of ~ 2.6 x 10?km with a
velocity of ~ 60km/s at 11:16UT, rises to ~ 3 x 10" km with a velocity of ~ 110km/s at
11:17UT, to ~ 3.8 x 10*km with a velocity of ~ 140km/s at 11:18UT, to ~ 4.9 x 10*km
with a velocity of ~ 160km/s at 11:19UT, to ~ 5.8 x 10 km with a velocity of ~ 180km/s
at 11:20UT, and then rises almost linearly to ~ 9 x 10* km with a velocity of ~ 200km/s
at 11:23UT. Thus, there is a SXR ejecta acceleration phase during 11:16 - 11:23UT. The
maximum acceleration occurs at about 11:17:30UT. Note that HXR emission in the 14-23
keV HXT energy band is enhanced during 11:15 - 11:26UT and for the 23-33 keV HXT
energy band it is enhanced during 11:15 - 11:18UT. To compare the first reconnection event
shown in Figure 4 with this Yohkoh event, we choose the maximum normal magnetic field at
the corona base to be By = 200 G, the lower boundary electron density to be ng = 10% cm =3,
and the length scale normalization to be Ly = 2.2 x 10*km. Then, the distance between
the opposite main magnetic patches in the corona base is 2Ly = 4.4 x 10* km, the velocity
normalization is Vo = By/(4mm,ng)Y/? = 1.3 x 10*km/s, the time scale normalization is
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to = Lo/Vo = 1.7s, the acceleration normalization ag = Vp/tg = 7.6 x 103km/s?, and the
electric field normalization is Ey = VoBy/c = 2.6 x 10" V /m. For the first model reconnection
event shown in Figure 4, if we assume that the flux rope begins to be accelerated at 11:16UT,
then the maximum velocity reaches V4, ~ 210km/s at the flux rope height of 8.4 x 10* km
at about 11:23UT. The maximum acceleration a,,q, =~ 0.73 km/s2 occurs at the flux rope
height of 5 x 10 km at about 11:20UT. At the maximum reconnection rate the maximum
reconnection electric field is E,pnq ~ 23V /m at about 11:26UT. These model numbers are

in reasonably good agreement with the observations shown in Figure 3 of Ohyama & Shibata
(1997).

These two encouraging quantitative comparisons between our modeling results and ob-
servations strongly suggest that the magnetic reconnection model is responsible for the ob-
served flux rope acceleration and flare rise phase because the reconnection rate is impulsively
enhanced during the flux rope acceleration and the enhanced reconnection electric field is
large enough to accelerate particles to high energies. On the other hand, we emphasize that
the simulated flux rope motion is compared with observations only in the low corona because
our simulations address only the flare mechanism and not the escape of flux rope from the
sun as in the CME observation. In our simulation, the flux rope speed decreases as the re-
connection rate decreases. The issue of flux rope escape would require the flux rope to break
through the overlying fields possibly by the expansion of the overlying fields and continuing
magnetic reconnection below the flux rope, which is beyond the scope of the present study.

4. Summary and Discussion

A physical mechanism of flares, in particular for the flare rise phase, has emerged from
our 2-1/2D MHD simulations with nonuniform anomalous resistivity. The simulation results
are very encouraging because they directly relate the flux rope’s accelerated rising motion
with an enhanced magnetic reconnection rate and thus an enhanced reconnection electric
field in the current sheet during the flare rise phase. Moreover, the peak reconnection electric
field is ~ O(10> V/m) or larger, enough to accelerate particles to over 100 keV in a field-
aligned distance of 10 km. Nonthermal electrons thus generated can produce hard X-rays,
consistent with impulsive HXR emission observed during the flare rise phase. It should
be emphasized that our simulation results are the first to provide a good agreement with
observations of the acceleration of flux rope, which manifests in the form of SXR ejecta or
erupting filament or CMEs, in the low corona during the flare rise phase.

Several important issues must still be addressed in the proposed magnetic reconnection
model for the dynamics of flux rope and current sheet during the flare rise phase. First



-9 —

of all, how current sheet configurations are formed dynamically and how fast reconnection
occurs. In our MHD simulation model we supply magnetic shear in the coronal arcade field
by the photospheric shear-increasing footpoint motion and above a critical magnetic shear,
current sheet is formed to allow magnetic reconnection to occur. Observations also support
the emergence of pre-sheared magnetic flux through the chromosphere into the corona (e.g.,
Kundu et al. 1989; Kurokawa 1989). MHD simulations have also shown that buoyant emerg-
ing flux can create a current sheet by interacting with the existing coronal magnetic field
(Yokoyama & Shibata 1996). Thus, it is important to study the effect of magnetic shear
increasing process on current sheet formation and fast reconnection by considering more gen-
eral footpoint motion as well as the emergence of pre-sheared magnetic flux. Moreover, we
need to improve our simulation model to 3D geometries with a spherical boundary as in the
real sun. In particular, the geometry of the current sheet and magnetic reconnection process
in a 3D geometry can be significantly different from the 2-1/2D case, and 3D simulations
can provide a much more realistic assessment of the flux rope structure and how flux rope
motion is related to the flare energy release.

This work was supported by the DoE Contract No. DE-AC02-76-CHO3073. Y.-J. M.
is supported by a MURI grant of AFOSR and by National Research Lab. M10104000059-
01J000002500 of the Korean government.
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Fig. 1.— The time evolution of height (relative to the solar limb), speed and acceleration
of the filament eruption in the low corona and CME in the higher corona associated with a
2000 November 24 X1.8 flare and the corresponding GOES X-ray flux. The impulsive HXR
emission occurs around 21:52 UT which coincides with the peak CME acceleration.
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Fig. 2.— The height of O-lines of the flux ropes versus time for the MHD simulation with a
non-uniform anomalous resistivity model with the resistivity parameters ny = 107°, j. = 1.5,
and the photospheric velocity shear parameter V.q = 1073 V5. The slope of the curves
represents the rising speed of the flux ropes. The cross sign indicates the formation of a new
flux rope and the circle sign indicates the completion of the merging of two flux ropes.
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in a 2-1/2D MHD simulation with the maximum shearing velocity V.o = 1073V, and the
non-uniform resistivity parameters ny = 107°, and j, = 1.5.
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