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Abstract

Magnetic reconnection is known as an essential process to convert of
magnetic field into the Kkinetic, thermal energy of plasma and the accgferatjon @§ charged

particles in astrophysical and space plasmas. In this paper, we inve eedtures of
test particle acceleration during spine reconnection with an as sheet. To
do so, we study first the acceleration features of a test-particle and ti&g discuss acceleration
of a randomly injected population of 10,000 protons in thexWgini a null point with
input parameters for the solar corona. It is shown that erated up to tens of

keV and even higher kinetic energies, either along t axis\or on the fan surface along
specified lines. Also, we discuss the variation of energ for different strengths of
the electric and magnetic field amplitudes.
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1. Introduction

A ubiquitous and frequent dynamic process which occurs in an almost ideal plasma due to
non-ideal magnetohydrodynamic (MHD) effects such as the plasma resistivity is magnetic
reconnection. This phenomenon is responsible for a broad range of dynamic events such as
conversion of magnetic energy to the plasma kinetic, thermal and non-thermal energies by

the change of magnetic field topology in astrophysical and space plasmas such as the solar

(2D) magnetic reconnection studies involve a magnetic null poin

the magnitude of magnetic field is supposed to be zero. However,

point reconnection with its various models (to

prangsepara reconnection are the most
% [14-22]. Torsional spine (fan)

reconnection occurs due to a rotatio i anc®@round the fan plane (spine) forming a

reconnections); non-null point reconnectio

important regimes of 3D magnetic

strong current aligned to the spi
in the absence of a null poi localized non-ideal region together with a non-

nt

allel to the magnetic field. Separator reconnection occurs

in current layers ar r¥[17,23,24].

dimensiong§ focus 0 metric configurations. Asymmetric reconnections, however, are
likelyto be e rgal and natural. Frequently, spatially asymmetric magnetic fields around
recon ites in the atmosphere of the Sun have been observed [25-28]. Recently,
asymmeWjc magnetic reconnection is considered in some literatures. In 2D configurations,
the asymmetric upstream/downstream densities, magnetic field strengths, the exhaust
velocities, the thickness of current sheet and the effects of asymmetry on the rate of
reconnection have been considered. Due to the variations of magnetic field geometry, the
null point reconnection in 3D can become asymmetric either in the fields around a null
point or in the corresponding electric currents. Also, such an asymmetric current sheet can

be formed even with an initially symmetric null and a homogeneous plasma [29,30]. It is



shown that the current sheet near the null point must be asymmetric to accommodate the
observed asymmetric flows in the vicinity of the null point [29]. The symmetry and
asymmetry of the magnetic field in the vicinity of a magnetic null point have been
investigated and their profound effect on the geometry and the rate of any associated
reconnection region have been reported [31]. Already, Galsgaard and Pontin [32] have
investigated the importance of magnetic field topology in determining the accumulation

point of the electric current in a single 3D null point.

It is believed that magnetic reconnection can efficiently accelerate parjsles ghly
relativistic energies in astrophysical plasmas, in particular, in the sola nyil®hment.
There are three important mechanisms for particle acceleratio ca 1zed as the
acceleration by shocks, stochastic acceleration by waves an direcWglectric fields due to
magnetic reconnection [33-35]. There is a wealt up ata from RHESSI
observations on the particle acceleration events i lar dprona which show that a
Reen de d in electrons of some flares
et al. (2003) [37] has observed the
few MeV and even higher during the

fraction of 10% — 50% of transferred energy b

with energies about 20 — 100 keV [36

accelerated electrons and protons up

impulsive phase of an intense solafyflare.

Furthermore, asymmetric r tion W8 been observationally reported in many contexts,

for example, in situ
structure [38]. Al

sheet and the flectron, 0

rerm@uts of magnetic reconnection in the Earth’s magnetotail
ric multiscale observations of an electron-scale current
low jet for asymmetric reconnection at the subsolar
magnetopalise sh jet is unstable to an electrostatic instability which generates
intense wav@g with parallel electric field amplitudes reaching up to 300 MV /m and electric

poten to 20% of the electron thermal energy [39].

Recentlyyparticle acceleration in the vicinity of a null point for spine and fan reconnection
regimes were studied by Dalla and Browning (2005, 2006, 2008) [40-42]. They showed
that the spine reconnection is more efficient than the fan reconnection in accelerating
charged particles to kinetic energies of the order of MeV. Also, proton and electron
acceleration investigations in a nonneutral reconnecting current sheet showed that electrons
and protons were accelerated to the energies of 10 — 100 keV and 100 — 400 keV

respectively [43,44]. Moreover, two important types of 3D symmetric null point



reconnection regimes named torsional spine and torsional fan reconnections by a test
particle approach were investigated [45-47]. It has been shown that proton acceleration up
to MeV and even higher kinetic energies for typical parameters of the solar corona takes
place in less than a few milliseconds [45-47]. On the other hand, it has been shown that the
trajectory of an accelerated proton either along the spine axis or on the fan plane
significantly depends on its initial location. In fact, protons are accelerated along the

magnetic field lines away from the non-null point only at azimuthal angles,where the

relativistic Kinetic energies can be observeg 0
the particle’s trajectory is along the m. ic 184 liges. Also, we showed that the electric

drift velocity reaches its maximu

acceleration is experienced at that poWgt.

Since the naturally occ
be interesting to stu
some asymmetri
are interes (o)

approach N an asymmetric current sheet around 3D null point. Thus, by considering a

asymmetric spine reconnection given by Wyper and Jain (2013) [47],

then for & population of 10,000 protons which are randomly distributed within a cubic
spatial space around the null point with typical parameters for the solar corona. In the
following sections, we consider the configuration and properties of an asymmetric
reconnection model and give a description of the trajectory code in sec. 2, while we discuss

the results in sec. 3. A brief conclusion is presented in Sec. 4.



2. The model of spine reconnection with asymmetric current sheet and the

“trajectory code"

The aim of this study is to investigate particle acceleration in a particular model of
asymmetric magnetic reconnection based on the analytical solution of Wyper and Jain
(2013) [29] which is a linear potential with radially symmetric magnetic null field as the
background field and with a localized perturbation field. Here the symmetric etic field

solution of the following steady-state resistive MHD equations

E+VxB=rg], (1)
VXE=0, ) 2
VX B =y, (3) z
V.B=0, 4)
in the cylindrical coordinates is in 0
Bo =12(r, 0,
with B; added as tuNged fighd localized in r and is of the form

r: .
)rexp(— W)Z’

so that magnetic field is given by

Here j is a dimensionless constant to control the magnitude of B; and b, and L, are the
field strength on the boundary and the length scale, respectively. Moreover, f, and h
functions dependent only on ¢ (azimuthal angle) which are given below. With the choice

of localized non-uniform resistivity of the form



VA 242
n =1, exp(— ),

in which k determines the level of localization. We obtain the electric potential of the form

= 10 (D )], (6)

UolLo

We assume

f (@) =sin(p) ,

h(e) = L(1 +m sin(p)), (7) 2
e s 0 ; ;

where m is the parameter which determines various.d§

5 of symmetry to the magnetic
field and is limited to 0 < m < 1. In Figure 1, we illusthgte some magnetic field lines in
three dimensions with by =Ly =j =1 5. Also, the asymmetric degree of

current sheet and the electric field isd i ! S0, the symmetric case is recovered

Figure 2 (a) that the curre Ides of y = 0 axis on the fan plane are symmetric
while asymmetric cup@nt r e seen in Figure 2 (b) where m = 0.5. Using Egs. (6),

(7) and the expregSion E V@, the electric field components can be obtained as

E. = ep[c@s(ep) + s(p)sin(p)L*(1 + msin(p))*® r?]

TZ

L2(1+ msin(go))z)’

X exp(—

r

_ yCogmL v
Eq’ =+ r {( 2 (L(1+msin(<p)))

X (mcos?(¢) — (1 + msin(¢))sin(p)))

(— mrcos?(p) = mr(sin?(@)—cos?(p))
1+msin(p) L(1+msin(¢))




m2rcos?®(¢)sin(e) ., 2r?
L(1+msin(¢))?2 ( L2(1+msin((p))2)

mrcos(¢) _ r?
1+msin(go)) p( L2(1+msin(qo))2)

VTL
_Vr mcos(qo)( r )}

2 L(1+msin(¢g))

E, =0, ®) %
with ey = jnby/uoLo. Throughout the paper, we put Ly = 1, o = %} m, n=
1, j=1,L=1, By =001T, E,=1kV/mand L' = 10 km ( o and’L’ are typical
magnetic and electric field strengths, and the length scale in t CQrona, respectively).

Now, having the electric and magnetic fields E and iven"by Egs. (8) and (5), the

particle’s trajectory can be obtained by solvija allowirdg equations of motion

and rest mages

d to the characteristic length L' = 10 km corresponding to a typical

ar corona, a typical magnetic field of an active region, B, = 0.01 T, and the
istic gyroperiod of a proton, namely, T = 2mm,/(qB,) i.e., T = 6.5 us,
respectively.

3. Results and discussion

To investigate the features of particle acceleration in asymmetric spine reconnection, we

study the trajectory of a test particle injected initially in some different positions. Numerical



solution of Egs. (9) and (10) give the position and momentum (velocity) of the particle at
any running time. In Figure 3, trajectories of a proton with seven different injection
positions from the second and forth quadrants listed in table 1 are shown in the x — z plane.
Also, the pitch angle and azimuthal angle of the injected particle for all cases are 90° and
45°, respectively. Note that the initial kinetic energy of the injected particle for all cases is
100 eV and the total running time of the code is set to be Ty;, = 2000, corresponding to

~ 13ms. Trajectories of a proton for other seven injection positions from the fi

other z = constant. with
that the direction of the gle eld remains outward of the spine and loses its direction

yrected parallel to the fan plane in the first and third

quadrants while )t directs irst and third bisectors in the second and forth quadrants.
Besides, w t the ejectric field decreases as the height increases.
Moragyer, @l inetic energy of an accelerated particle dependent to its initial position.

rgy of the relativistic particle is calculated from the momentum through
equationWE, = /c2p? + mZc* — myc?, which reduces to E, = 1/2mgv? in the
nonrelativistic case. We see from Figure 6 that by increasing the injection radial distance
from the null (or the spine axis) at a constant height, z = 0.3, the kinetic energy decreases.
Here, initial pitch angle, azimuthal angle, initial energy and the total running time of the
code are as the same as before. Time variation of kinetic energy of the particle for four

different initial positions are listed in table 3.



Now, we randomly inject a population of 10,000 protons inside a cubic regionof 1 < x <
1,1 <y < 1,1 < z < 1 with dimensionless units around the null point at t = 0.
The initial velocity of the injected particles is isotropically randomized according to a
Maxwellian distribution with a mean temperature of T = 86 eV (~10° K) corresponding
to the mean thermal speed of v,,, ~ 1.3 X 10> m/s. Keeping all other parameters, the
same as before with T¢;, = 4000 and m = 0.5, Figures 7 and 8 show the final position
of the population of the particles in three and two dimensions, respectiv Figure 9
ith

pitch angle less than 6° and 23% are accelerated anti-parallel to th i lines

indicates that almost 70% of particles accelerated parallel to the magnetj

with pitch angle more than 175°. Furthermore, our study on t 0 Ing m as a

parameter of asymmetry shows that with increasing m fr the percentage of
particles tend to move anti-parallel to the magnetic field li ses. As seen from

Figure 10 (a), we see that more than ~ 99% of the les

magnetic field lines when m = 0, Whilst, lessdigan ~ 6

range divided by the total nu

of m. Figure 11 shows

magnitude of m resu e of another peak in lower energies. Almost all of the
particle populati
about ~ 65

s kinetic energies between 10 keV and 1MeV with a peak

For =1 thgyfirstgeak occurs at ~ 40 eV and the second peak at ~ 250 keV. Additionally,
itiss increasing the level of asymmetry shifts the position of the second peak
towards \guch higher kinetic energies. Finally, we study the effect of the electric and
magnetic field amplitudes, E, and B} on the variation of energy distribution. These
variations are illustrated in Figures 12 and 13 for four different values of E, =
0.1,1,10,20 kV/m, with By =0.01T and for three different values of By =
0.001,0.01,0.1T; T with E, = 1 kV /m, respectively. The strength of the electric field
magnitude has been measured for solar flares in many studies. For example, observation of

an electric field as high as 17 kV /m in postflare coronal loops is reported by Foukal et al.



(1983) [50]. Even more intensive electric fields (up to 70 kV /m) has been measured by
Davis (1977) [51]. Besides, the findings of Foukal et al. (1987) [52] from two eruptive
events show an electric field less than 1 kV /m in such structures and about 4 kV/m in a
postflare loop. Also, the intensity of flare electric field estimation by Pudovkin et al. (1998)
[53] is approximately 0.1 — 0.3 kV /m. According to Figure 12, as E, increases about two
orders of magnitude, the peak of energy distribution shifts about two orders of magnitude

to higher energies from ~ 160 keV to ~ 16 MeV. There is also a reduction inghe fraction

of the particle population with lower kinetic energies. Furthermore, Fig s that
the increase of magnetic field magnitude has no significant infludgce nergy

distribution and its corresponding peak.

4. Conclusions

Accelerated charged particles are thought to be a ificaht signature of magnetic

reconnection in the astrophysical and space partiCular, in solar flares. Therefore,
} p c

magnetic reconnection is considered as hechanism of particle acceleration in

= 0, almost ~ 99% of the particles are accelerated parallel
to magnetic field lines and for m = 1, about ~ 24% of the particles move anti-parallel to
magnetic field lines. Note that our study considers three values of m but, the results are
reported only for m = 0.5. According to the final position distribution especially in two
dimensions (Figure 8), it is seen that most of particles accelerated along the fan plane and
gain higher energies than particles which are accelerated along the spine. Unlike the results

of our previous work on particle acceleration in torsional spine reconnection where jets of

10



accelerated particles were found [54], the final distribution in asymmetric spine
reconnection does not show such jets of particles. Investigation about the final Kinetic
energy of a single particle with various injection positions for proton indicates that the final
energy decreases with increasing injection radial distance from the null and spine axis for
a constant height, z, as expected from the variation of the strength of the electric field.
However, almost all of the particles (~96%) with E, = 1kV/m and By = 0.01T,
obtain high energies, 10 kelV — 400 keV. We concluded that increasing the litude of

orders. However, there is no considerable variation for energy distri
the magnetic field magnitude. Here we investigated 3D null poi

called spine reconnection with an asymmetric current sheet, re theé electric and
magnetic fields were considered to be static. More realistic m take into account

the transient time-dependent fields.

&
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Table 1: Injection positions of a proton from the second and forth quadrants.

Case X y r z
1 -0.1 -0.02 0.1 0.99
2 0.5 0.53 0.72 -0.56
3 0.22 0.80 0.83 -0.46
4 -0.28 -0.15 0.31 0.29
5 -0.46 -0.85 0.96
6 -0.56 -0.52 0.76
7 0.97 0.57 1.12
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Table 2: Injection positions of a proton from the first and third quadrants.

Case X Y r z
8 0.33 -0.86 0.92 -0.66
9 -0.51 0.71 0.87 -0.98
10 -0.52 0.74 0.90 0.74
11 0.58 -0.90 1 0.18
12 0.62 -0.97 1.15
13 0.77 -0.83 1.13
14 -0.92 0.90 1.28

&
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Table 3: Injection positions of a proton with constant z.

Case X Y r z
1 0.01 0.03 0.2 0.3
2 0.25 0.75 0.5 0.3
3 0.35 1.05 0.7 0.3
4 0.45 1.35 0.9 0.3

&
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Figure 2: vector) plot of electric current density with by = Ly = uo =j = 1and (a) m = 0 (b)
m = 0.5.
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Figure 3: The trajectory of a proton with initial positions listed in tab
0.01T.
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