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Abstract. Magnetic reconnection releases the magnetic energy through the contraction of
multi-magnetic island leading to the electron acceleration as proposed by Drake et. al in 2006.
However, how the released magnetic energy is converted into electron’s kinetic energy is still
theoretically not well understood. We model in particular the kinetic process assuming the
adiabatic contraction of magnetic island that induces electric field which is proportional to the
vector potential of the magnetic island and approximate the magnetic island with an ellipse.
Under this model, we show that the energy gain is achieved through the work of inductive
electric field. We further show that the curvature drift which is along the inductive electric
field dominates the energy gain. We compared our model with the magnetic island formed by
tearing instability in a 2.5D particle-in-cell simulation of magnetic reconnection and found the
results from the model consistent with that of the simulation.

1. Introduction

Particle acceleration is an essential phenomenon observed in various explosive events: for
example, solar flares, magnetospheric substorms, gamma ray brusts, etc. in space [1, 2, 3],
astrophysical [4, 5, 6] and also in laboratory [7, 8, 9] plasma. The magnetic reconnection (MR)
is thought to be a major driver for these explosive events [10, 11, 12]. The MR is a fundamental
plasma process that converts the magnetic energy into electromagnetic energy, heat and particle’s
kinetic energy via topological rearrangement of magnetic field lines.

In recent decades, extensive studies [8, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] have been
carried out to understand the role of MR in particle acceleration within space and astrophysical
plasmas. Specifically, the focus has been in understanding the processes involved in mildly
relativistic particle acceleration during the events such as solar flares and magnetospheric
substorms. But these studies posited an inherent challenge known as the “injection problem”
[16], as the cosmic ray acceleration mechanism proposed by Fermi in 1949 necessitates pre-
acceleration of particles to achieve a mildly relativistic speed for Fermi acceleration to occur
[25]. The contraction of multi-magnetic island acceleration mechanism proposed by Drake [15] in
2006 is one of the commonly invoked model in solar flares. This mechanism suggests that during
the contraction of multi-magnetic islands which are produced by tearing instability, electrons
are accelerated during the bounce motion within the converging island and from the repetitive
interaction among the randomly distributed magnetic islands. However, recent studies show
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that the contraction of magnetic island is an adiabatic invariant process with particle exhibiting
adiabatic motion [21, 26, 27]. The contraction timescale for a particle to exhibit such adiabatic
motion requires it to be long and hence the acceleration process due to the contraction of
magnetic island is a slow and inefficient process [19] in contrast to the Fermi acceleration which
is a stochastic process.

It is yet unclear exactly what essential physical process governs the electron’s motion in the
contracting magnetic island and specifically whether the electron can achieve stochastic motion
by the bouncing among the multiple magnetic islands. This requires the information of the time
duration of electron confinement within a magnetic island, which is governed by the electron’s
interaction with the island. Recent studies [17, 21] based on fluid model and test particles showed
that the curvature drift is a dominant source of electron heating but the underlying physics for
the energy gain is still in question. In this paper, we aim to answer this question by presenting a
model to grasp the essential physical process of the contracting magnetic island and then use test
particles to study electron interaction with the islands. We compare the results from the model
with the particle-in-cell (PIC) simulations to evaluate our model. The elongated magnetic island
in the model is initially approximated by an ellipse, and assuming adiabatic contraction, the
contracting magnetic island induces an electric field such that the curl of induced electric field
is proportional to the magnetic field of the island. Under this model, the particle moving along
the contracting magnetic island near the Alfven speed [15, 21] gets a kick intermediated by the
induced electric field every time it passes through the ends of the magnetic island. We use test
particle simulations to study particle motion, energy gain and drift velocities. The energy gain
process in this scenario is dominated by curvature drift term where the electron gains energy
through the work done by the induced electric field.

2. Modeling the contracting magnetic island

When the width of current sheets nears the ion inertial scale, the magnetic shear in current
sheets leads to the onset of tearing instability [16] triggering the formation of multiple magnetic
islands. The contraction of magnetic island is pictured by the gradual change in its geometry
from elongated to a round due to the internal magnetic tension to relax the stored magnetic
energy. The contraction of magnetic island is an adiabatic invariant process with the growth
rate v of the tearing instability being significantly smaller than the electron gyro-frequency 2.
and the time scale At of one-cycle of electron motion along the magnetic island [28].

Figure 1 shows the schematic diagram of the contraction model of a two dimensional (2D)
magnetic island. In the model, the elongated magnetic island is initially approximated by an
ellipse in xy-plane which later contracts to form a circle releasing the magnetic energy where
both the magnetic flux ® and volume V remains approximately conserved for an in-compressible
plasma with the radius of circle r = v/ab where a and b are the length of the semi-major and
semi-minor axis of the ellipse.

The corresponding vector potential A, of the elongated 2D magnetic island approximated
by an ellipse is given by,

5 T

A. = —d;B, l(fb’ —a%‘o)2 (y — yo)Q] 5 (1)

where d; is the ion inertial length, By is the asymptotic reconnection magnetic field, (xg,yo) is
the center of the island, and a and b are respectively the length of semi-major and semi-minor
axis. The magnetic field B is given by,

B=VxA.=dB, {_2(‘” )G xO)y} 2)
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Figure 1. A schematic diagram of contraction model of a 2D elongated magnetic island
described by equation (1). a) An elongated magnetic island contracts releasing magnetic energy
and becomes b) a rounded magnetic island.

The current density J can then be calculated as,

J= iv x B = constant (3)

where c is the speed of light. The slowly varying magnetic field induces electric field via Faraday’s
induction law i.e.

10B
Eipga=——F7 4
V X Bina c Ot )
Using equation 2, the induced electric field can be written as,
10A,
E., = _=
ind c Ot (5)

We assume that the induced electric field is proportional to the vector potential,

diBo | (x —x0)® | (y—w0)?| .

Eina = Cr 2t z (6)

where CRp is a coefficient and the E;,4 is out-of-plane along z-axis. The current density calculated
from the model is constant, which is not the case for a realistic magnetic island and hence it
is a model’s shortcoming. The model primarily emphasizes on the process of magnetic energy
release through the contraction of magnetic island and acceleration of electrons via the inductive
electric field, rather than exact MR process, which is better captured by the PIC simulation.
Therefore, we extract the fundamental aspects of the contraction process and illustrate that
the model effectively demonstrate the underlying physics, as we confirmed this through the
comparison with the results from the PIC simulation.
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3. Simulations

To evaluate our model, we use the electric field E and magnetic field B data calculated from 2.5D
PIC magnetic reconnection simulation using the p3d code [29]. The PIC simulation initializes
from the doubly periodic two Harris current sheets with reconnection magnetic field configuration

given by [15],
B, = By [tanh <y_Ly/4) — tanh (HLWL) - 1] (7)

wo wo
where wq represents the half-thickness of the current sheets and L, represents simulation domain

length in y-directions. The simulation is carried out in the presence of a uniform guide field
By = 1.0Byz and the particle density is given by [21],

n=ng [sech2 (y—Ly/4> + sech? (leﬂ (8)

wo wWo

where ng is a peak density at the center of the current sheet superimposed over a uniform ambient
density 0.2ng. The PIC code solves the relativistic Newton-Lorentz equations and Maxwell
equations to trace particles’ positions and trajectories in velocity space. In the simulation, the
mass ratio used is me/m; = 0.01, the speed of light is ¢ = 20v4 and the initial temperatures
are set to T, /mwi = 1/12 for electrons and T; /miv% = 5/12 for ions, where m, represents
electron mass, m; represents ion mass and v4 = By/(4mngm;)'/? denotes the Alfven speed. The
simulation spatial dimensions are L, x L, = 64d; x 32d;, where d; = ¢/(4mnge?/m;)'/? is the
ion-inertial length with ion charge e, and consists of 4096 x 2048 cells. The boundary conditions
used in the PIC simulation are periodic in both x and y-direction and the total simulation time
used is t = 64.0(2;.1 with Q. = eBy/m;c.

We carried out 2.5D test particle simulations to investigate particle motion, energy gain
and drift velocities in the magnetic islands, comparing results from both the model and PIC
simulation. We solved the Newton-Lorentz equation to advance test particle and calculate its
trajectory using Boris method [30]. We used an electron as a test particle with the same mass
ratio me/m; = 0.01 as in PIC simulation, and the charge ¢ = —e. The electron injected into
the simulation domain has the dimensions of L, x L, = 4d; x 2d; that consists of 256 x 128
cells which is sufficient for the study of one single magnetic island. The spatial and temporal
resolution in the test particle simulations are same to that of PIC simulation. The electron is
treated under guiding center limit with a velocity v given by;

V:VH—FVL-FVE-FVCW«—FVVB (9)

where the parallel velocity to the magnetic field v = B(v.B) /B2, the Larmor velocity is v,

the E x B drift is,
cE x B
VE = Bz (10)
the gradient drift is,
mevi cB xVB
VvV =
VB 2% 53

(11)

and the curvature drift is,

_ mevf (B x (b.V)b 12)
= =

respectively with the perpendicular velocity to the magnetic field v, = v — B(v.B)/B?%. The
particle drift vg acts along the zy-plane whereas the vyp and v, drift is out-of-plane along
z-axis.

VCUT
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Figure 2. Contour of out-of-plane component of a) vector potential A, from the model with
a = 2.83 and b = 1.26 and b) electron current density J., from the PIC simulation at time
Qeit = 19.8 in the presence of the guide field By = 1.0By. The highlighted square region (red)
in b) denotes the studied magnetic island.

Table 1. Field description of test particle simulations

Name Description

Model B = (=2(y —0)/b% 2(z — z0)/a? 0); E = (0,0, Eipq)
Sl B = (BIE,By’O); E = (Ovanz)

To initialize the test particle simulation, length of semi-major axis a and semi-minor axis b
of the ellipse approximating the magnetic island (as shown in figure 1) are chosen in such a way
that the specification of the magnetic island in particular the magnetic field of the model closely
matches to that of the studied magnetic island from the PIC simulation. Figure 2 shows the
magnetic islands from (a) model and (b) PIC simulation. The magnetic island in the model is
represented by an ellipse with dimension a = 2.83 and b = 1.26, centered at (zo,yo) = (2,1).
This specific choice of a and b generates magnetic field that scales close to the magnetic field
configuration of the island marked by the solid red square in figure 2 (b). We present the contour
plot of the out-of-plane vector potential A, normalized by the magnitude Ay = d; By to analyze
the modeled island in figure 2 (a) whose magnitude increases from center towards the edge of
the island. Figure 2 (b) shows the contour of out-of-plane electron current density J., obtained
from the PIC simulation which dominates the current on kinetic scale. The studied magnetic
island highlighted by the solid red square has domain size L, X L, = 4d; x 2d; equal to that
of modeled island which is also described in the xy-plane and consists 256 x 128 cells. The
magnitude of the electron current density J., is expressed in the unit of Jy = ngeva.

Table 1 shows the field description of the test particle simulations carried out in this study.
The Model (in Table 1) describes the test particle simulation performed in magnetic island
from the model whose field is given by equation 2 and equation 6. To evaluate our model, we
performed a test particle simulation S1 under similar field conditions i.e. we take into account
only x and y-components magnetic field data and out-of-plane electric field data from the PIC
simulation.



15th International Conference on Numerical Modeling of Space Plasma Flows IOP Publishing
Journal of Physics: Conference Series 2742(2024) 012015  doi:10.1088/1742-6596/2742/1/012015

‘

0.1
0.08

iy
0.06 &
0.04

0.02

d) e)

0.0 2 0.0,
X/d,

Figure 3. Top panel: a) xz-component of the magnetic field B;, b) y-component of the magnetic
field B, and c) out-of-plane electric field E, = E;,g with Cr = 0.1 from the model. Bottom
panel: d) z-component of the magnetic field B, e) y-component of the magnetic field B, and
f) out-of-plane electric field E, from the PIC simulation.

4. Comparison of results from model and PIC simulation

Figure 3 shows the comparison of fields’ components of elongated magnetic island from the
model (top panel) with that of the studied island from the PIC simulation (bottom panel).
The contours of magnetic field from the modeled magnetic island closely matches to that of the
studied magnetic island from the PIC simulation. The z-component of the magnetic field B,
for both model and PIC simulation magnetic island (see figure 3 (a) and (d)), increases along
the y-direction from the y = yo line on both sides and remains constant along the z-direction,
whereas the y-component of the magnetic field B, (figure 3 (b) and (e)), increases along the
x-direction from the x = 1z line on both sides and remains constant along the y-direction.
The near matching profiles of both the B, and B,-components of the modeled magnetic island
compared to that of simulation island confirms the elliptic configuration of the magnetic island.
Nevertheless, near at the edge of the simulation island, the magnetic field components experience
distortion as a result of their interaction with its neighbouring magnetic islands. The induced
electric field E;,q (figure 3 (c)) from the model with a coefficient Cr = 0.1 is compared with
the z-component of electric field E, from the PIC simulation. The magnitude of electric field is
expressed in the unit of Fy = v4By/c. The model E;,4 is out-of-plane along positive z-direction
whose magnitude increases from center to the edge of the magnetic island whereas the simulation
E, is more complex with its field components align in both positive and negative direction. The
color contour in figure 3 (f) shows that the positive field components dominates the E,, where
the work is done by the mean electric field on electron velocity v and hence the electron gains
energy for both the model and PIC simulation fields.

Figure 4 shows the comparison of electron trajectory, energy gain and the drift velocities
calculated from the test particle simulation Model (top panel) with that of test particle simulation
S1 (bottom panel). The electron’s trajectory (red solid line in figure 4 (a)) is plotted in the
background of induced electric field E;,4 (color contour) whereas the electron trajectory in
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Figure 4. Top panel: a) Electron trajectory, b) energy gain and c) drift velocities calculated
from the test particle simulation Model. Bottom panel: d) Electron trajectory, e) energy gain
and f) drift velocities calculated from the test particle simulation S1.

figure 4 (d)) is plotted in the background of electric field E, (color contour). For a positive
out-of-plane electric field, the electron moves along the magnetic field lines and slowly drifts
inward into the magnetic island where it gains energy every time it bounces from the edge of
the contracting magnetic island. Since the mean electric field E, in figure 4 (d) is positive,
the electron trajectory for Model is consistent with that of S1. Electron’s energy as a function
of z position is shown in figure 4 (b) and figure 4(e). The electron’s energy in figure 4 (b)
remains nearly constant throughout the orbit but except at the edge where the curvature of the
magnetic field is maximum, the electron gains energy through the work by the inductive electric
field from the contracting magnetic island which is validated by figure 4 (e) obtained from the
test particle simulation S1. Electron drift velocities evolution profile as a function of time is
shown in figure 4 (c) and figure 4 (f). The magnitude of E x B drift vg, curvature drift ve,, and
gradient drift vy p are respectively denoted by red, blue and black solid line. The curvature drift
increases as the electron drift towards the center of the island and becomes a dominant since
the magnitude of parallel velocity increases due to the acceleration of electron at the ends of the
island by the induced electric field. On the other hand the vg drift decreases as the magnitude
of field components decreases along its trajectory. The gradient drift which depends upon the
perpendicular energy of the electron (see figure 5) is very small compared to other drifts as the
contraction of the magnetic island mostly affects parallel velocity of the electron.

Figure 5 shows that the magnetic moment p and kinetic energy k.c. evolution profile from the
test particle simulations (a) Model and (b) S1. The pu is expressed in the unit of o = m;v%/By
and the k.e. is expressed in the unit of mivi. For both Model and S1, the increase in total kinetic
energy is mostly contributed by the increase in k.. due to parallel velocity. The magnitude of
parallel velocity increases as the particle slowly drifts inward into the contracting magnetic
island. The increase of parallel velocity is sharp at the ends of the magnetic island where the
curvature of magnetic field strength is maximum and therefore the kinetic energy due to this
parallel velocity increases sharply in this region. The magnetic moment p for both Model and S1
remains nearly constant throughout the trajectory except at the ends where the Larmor velocity
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Figure 5. Magnetic moment and kinetic energy evolution profile from the test particle
simulations a) Model and b) S1. The magnetic moment p (black), kinetic energy due to
perpendicular velocity k.. (red), kinetic energy due to parallel velocity k.c.| (blue) and the
total kinetic energy k.e.r.:. are shown respectively in figures above.
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Figure 6. Electron’s energy gain rate corresponding to the different velocity terms described
by equation (13) from the test particle simulations a) Model and b) S1. The contributions of
various velocity terms to energy gain, in descending order of their magnitude, are as follows:
curvature drift (blue), Larmor velocity (green) and gradient drift (black). The E x B drift (red)
and parallel velocity (orange) have zero magnitude and sum of all these terms is represented by
Sum (dashed magenta).

varies sharply.
Under the guiding center limit, the electron moving with velocity v gains energy through the
work done by the electric field E. The rate of energy gain is given by

aw
a = qE-(VH + VL +VE + Veur + VVB) (13)
Figure 6 shows the rate of energy gain of an electron obtained from the test particle simulations
a) Model and b) S1. The energy gain rate is expressed in the unit of ev? By/c. The electric
field for both Model and 81 is out-of-plane along z-direction. Hence, the ¢E.v|| and ¢E.vg term
vanishes (magnitude is zero in figure 6) as both v|| and vg are perpendicular to E. The curvature
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Figure 7. Electron’s energy gain rate as a function of time from the test particle simulations
a) Model and b) S1.

drift term dominates the electron’s energy gain. Although gradient drift term is negligible, it
decreases the electron’s energy. The Larmor velocity also contributes in net increase of electron’s
energy. Therefore, their sum results in total energy gain which can also be seen from figure 7.
The energy gain rate by the electron moving with velocity v as the function of time is shown in
figure 7. The rate of energy gain can be rewritten in the form

dd—‘:/ =gE.v = qEv, + qEyv, + qE. v, (14)
Since the electric field is out-of-plane along z-direction, only the last term i.e. ¢F,v, in
equation (14) contributes the electron’s energy gain. The resemblance of energy gain rate due to
various velocity terms between the Model and S1 in figure 6 and figure 7 suggests that the out-
of-plane electric field E, is dominated by the inductive electric field generated by the contraction
of the magnetic island and the energy gain is achieved through the work done by out-of-plane
induced electric field.

5. Conclusion

The contraction of the magnetic island in the magnetic reconnection is modeled approximating
an elliptical magnetic island together with an out-of-plane induced electric field. In the model,
the particle’s motion is nearly adiabatic and the released magnetic energy is converted into the
kinetic energy of particles via the work done by the inductive electric field. The model predicts
that the energy gain process is dominated by the curvature drift term and the prediction is
verified by the test particle simulations on the fields generated by 2.5D particle-in-cell simulation
showing electron acceleration via the contraction of a magnetic island.
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