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Abstract The electron surfing acceleration in the current
sheet with perpendicular propagating electrostatic waves is
studied using analytical theories and test particle simula-
tions. The trapped electron moving with the phase velocity
v, of wave may be accelerated effectively in the outflow di-
rection by eva x B, force until the electron is de-trapped
from the wave potential. A criterion K > 0 for the electron
surfing acceleration is obtained. The electron will escape
from the boundary of current sheet quickly, if this criterion
does not hold. The maximum velocity of surfing accelera-
tion is about the same as the electric drift velocity. Super-
posed longitudinal magnetic field along the wave propaga-
tion is favorable for the electron surfing acceleration in the

current sheet.

Keywords Particle acceleration - Electrostatic wave -
Current sheet

PACS 96.50.Pw - 94.20.Rr

1 Introduction

Magnetic reconnection can lead to a fast energy conversion
from electromagnetic fields to particles, it occurs in many
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space and astrophysical plasma systems. However, magnetic
reconnection cannot take place in an ideal magnetohydrody-
namics (MHD) plasma, because the magnetic field is frozen
in an ideal MHD plasma. The DC electric field produced
during the non-ideal MHD magnetic reconnection can di-
rectly accelerate charged particles. Speiser (1965) was the
first one who study the details of particle dynamics in the tail
current sheet with a uniform normal magnetic field, and then
the test particle simulation is accepted (Zhu and Parks 1993;
Browning and Vekstein 2001; Himilton et al. 2003), the par-
ticles are found to be accelerated by the electric field in
the current sheet with a longitudinal magnetic field. Litvi-
nenko and Somov (1993) obtained an analytical solution to
describe such electric field acceleration processes.
Recently, Horiuchi and Sato (1999) performed three-
dimensional particle simulations to study collisionless re-
connection and found that the lower hybrid drift instabil-
ity is excited in the early stage of collisionless reconnec-
tion around we.t = 510 (wc, is the electron cyclotron fre-
quency). These excited lower hybrid drift waves are electro-
static waves propagating along the direction perpendicular
to the reconnection plane. With three-dimensional particle
simulations (Drake et al. 2003) also found that the electro-
static waves can be excited in the early stage of magnetic
reconnection around the w¢¢t = 0.55 by Buneman insta-
bility, where w,; is the ion cyclotron frequency, and these
waves propagate in the direction perpendicular to recon-
nection plane. Therefore, plasma instabilities not only give
rise anomalous resistivity, but also amplify various plasma
waves during the magnetic reconnection. These waves have
been characterized in magnetic reconnections in the mag-
netotail (Farrell et al. 2002; @ieroset et al. 2002) and near
Earth’s dayside magnetopause (Labelle and Treumann 1988;
Bale et al. 2002). A magnetic reconnection event in the
tail of interplanetary magnetic cloud were analyzed with
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Wind spacecraft data (Zhong et al. 2005). It is found that
the electrons are accelerated, and the plasma waves activ-
ity enhanced near electron plasma frequency fp. and 2 f),
during the reconnection, simultaneously. These events give
observational evidences for electron acceleration in the mag-
netic reconnection, which are possible to be correlated with
plasma waves.

An important unresolved problem is that besides the par-
ticles are accelerated directly by DC electric field, whether
these excited electrostatic and electromagnetic waves have
influence on the particle acceleration during magnetic re-
connection? In fact, the electron acceleration in an electro-
static wave was studied in laser plasma (Dawson et al. 1983;
Sugihara et al. 1984). They considered that electrons can be
trapped by electrostatic waves. The trapped electrons mov-
ing with phase velocity v, of wave see an inductive electric
field UT” X By, if an uniform transverse magnetic field B,
perpendicular to wave vector is superposed. This magnetic
field deflects electrons across the electrostatic wave fronts,
thus preventing them from outrunning the wave potential,
which like surfers cutting across the face of an ocean wave.
Therefore, these trapped electrons may be accelerated con-
tinuously by # x B, force. Sometimes, this acceleration
is called surfing acceleration, or surfatron (Katsouleas and
Dawson 1983). In this paper, similar to the electron acceler-
ation by DC electric field in the current sheet (Speiser 1965;
Zhu and Parks 1993; Litvinenko and Somov 1993), we
present a model of electron movement in the current sheet
under the interaction of the shear magnetic field and the per-
pendicular propagating electrostatic waves.

The paper is organized as follows. The zeroth and first
order analytical solution of the electron surfing acceleration
trajectory are studied in Sect. 2. The test particle simulations
for electron movement are described in Sect. 3. We discuss
and summarize our results in Sect. 4.

2 Theoretical model and its analytical solution

It is assumed that the current sheet with magnetic shear lie in
the x—z plane of a Cartesian coordinate system, the magnetic
fields and electrostatic wave inside the sheet are written as
follows:

B= (éBo,By,BZ), )

E= (0, E,,0) @

where By, By, B, are constant. By = §Bo is the shear mag-
netic field component; By and B; are longitudinal and trans-
verse magnetic field components, respectively. The d is the
half thickness of the current sheet, as shown in Fig. 1. In fact,
both transverse and longitudinal components of magnetic
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Fig. 1 Sketch of the perpendicular propagating electrostatic wave in
current sheet

field vary with time and space during the magnetic recon-
nection, even if in the steady reconnection. As an approxi-
mation for the charged particle surfing acceleration in cur-
rent sheet, these magnetic field components are assumed to
be invariant in time and space, and the effects of electrons on
the electromagnetic field are neglected. These expressions
are first nonzero terms of Taylor expansion near the plane
z = 0 during magnetic reconnection. £, = Eqsin(ky — £21)
is an electrostatic wave, it is assumed that this wave is prop-
agating with phase velocity v, along the y axis direction.
Ey, £2 and k are amplitude, frequency and wave number of
electrostatic wave, respectively.

The non-relativistic motion equation for an electron can
be expressed as

dv < 1 )
m—=—e|(E,+-vxB 3)
dt T ¢

where e is unit charge and m is mass of electron. It is con-
venient to use a wave frame coordinate system (X, Y, Z) to
describe the electron moving in an electrostatic wave field.
Inthiscase, X =x,Y =y —vpt, Z=2z,and vy = Vy + v,
where v, = % is phase velocity of wave, and Vy is the Y
component of electron oscillation velocity in the wave frame
coordinate system. For simplicity, it is assumed that Ey and
v, maintain constant in the current sheet. Insertion of the
electrostatic wave field and the shear magnetic field into (3)
in the wave frame coordinate system, it yields.

dvy
dt

=—(Vy +vp)ol +v0), 4)
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dVY eE T Z (5)
— =——E,+vw1 —v;—wo,

di om0 TG

4o +(Vy +up)> ©)
— =00 Vp) =

dt x @ Y p d 0

where wy = %, w| = % and | = % are electron cy-

clotron frequency of magnetic field By, B;, By, respectively.
We assume that the electron is initially deeply trapped by
the potential of electrostatic wave E, moving with phase
velocity v,,. The trapped electron in current sheet interacts
with inductive electric fields v(—‘f X B; and %% X Bo from
the Lorentz transformation, as described in (4-6).

2.1 Zeroth order analytical solution

In the following discussion, the relation |Vy| < |v,| is usu-
ally assumed to hold within the trapping. In this case, we
take

Uy = Uy + Uyl + —,
Vy =Vyo+ Vy1 + ——, (7
Vz =Vz0 + Vg1 +—.

For the zeroth order approximation, Vyo can be negligible
in (4) and (6). Thus

d
Uxd _ —Vpw1 + V0|, ®)
dt

A% E

0 — _E20 Gin(kY) + vxows — v20 ey, ®)

dt m d

dv,o 20

d_; = —Vxow| + Vp ECUO- (10)

The vyo can be expressed as
Vx0 — Vx0(0) = —vpwit + (z0 — 20(0)w (11)

where zo(0) and v,(0) are the initial value of z¢ and vy,
respectively. Insertion of (8) into the derivative of (10), it
gives
d*v.
dt?
where 0% = |K| and

+ QZUZ():C!)”C!)J_UP (12)

K=o} - l;—”wo. (13)
The plus sign in (12) corresponds to K > 0, and the mi-
nus sign corresponds to K < 0. Equation (12) describes a
cosinoidal oscillation equation of v,o for K > 0. Under the
initial condition, v,¢(0) = 0, the solution of (12) may be ex-
pressed as

Ag(1 —cos Qt) for K >0,
V0 =

(14)
—Ag(l —coshQt) forK <0

1.4x10'"
1.2x10'"
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8x10°
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Fig. 2 The time evolution of electron velocity trajectory for the zeroth
order analytical solution of vy (dot line) and v g (solid line) with the
parameters shown in Table 1, K > 0

w] |V
where Ap = 2002

(14), we obtain

is the amplitude of v,g. Integration of

Agt 1—isith for K > 0,
[1 - grsin0] s

20 —z0(0) = L
—Agt[1 - i Sinh Qt] for K <0.

Insertion of (15) into (11), we obtain

U0 — x0(0) =

for K > 0,

2
Nl 1—-LsinQt
QZ( ot )] (16)

2
—wLvpt[1+ 5 (1 = g7 sinh 01)]  for K <0.

—(,()J_Upt[l —

The trajectory of the zeroth order electron velocity v,g
and v, have been calculated for different parameters of cur-
rent sheet, as shown in Fig. 2 and Fig. 3. The parameters
of these figures are given in the Table 1. Figure 2 is an ex-
amples for the cases of K > 0. Figure 3 is another example
for the case of K < 0. It is readily found from these fig-
ures that the electron acceleration is wholly different for the
cases of K > 0 and K < 0. In the case of K > 0, the elec-
tron can be accelerated mainly by % x B, force in the cur-
rent sheet plane (x, z), and the velocity value of v, is often
much larger than the value of |v,g|. In the case of K <O,
on the other hand, the electron can be rapidly accelerated
in the z direction, these electrons will escape rapidly from
the z boundary of current sheet, and then the electron surf-
ing acceleration process will stop. Meanwhile, the v,o < 0
in the beginning stage of acceleration, as shown in Fig. 3,
it means that the electron will be decelerated in the begin-
ning stage in the case of K < 0. Therefore, we come to the
conclusion that the K > 0 is a criterion for electrons can be
effectively accelerated in the current sheet by surfing accel-
eration processes. This criterion does not exist in the elec-
tron surfing acceleration of laser plasma. It is also identified
by the test particle simulation, as shown in Sect. 3.
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Table 1 The calculation parameters for Figs. 2 and 3

Figure wp (1/s) wy (1/s) ) (1/s) v, (cm/s) d (cm) K B./By
2 1.76 x 103 1.76 x 102 —1.76 x 10% —10° 107 >0 0.1
3 3.5 % 103 3.5 x 102 4.5 x 102 1.2 x 10° 2 x 107 <0 0.1
6x10° o
9 ' ‘.
5% 10 1.0 L
9 “ Co
,g 4x10 ~ ' P
122} 9 L
~ 3x10 4] [ /\ ' '
E 9 E 0.5 ! Vol '
~ 2x10 g SN o '., (a)
1x10° o AR N
o 0 ACG—C™ LNyt
> \ , b o\ |
SIx10° b T /AR AR
0 0.002 0.004 0.006 0.008 -0.5 Vo,
{(Sec) \yo

Fig.3 The time evolution of electron velocity trajectory for the zeroth
order analytical solution of vy (dot line) and v, (solid line) with the
parameters shown in Table 1, K <0

Considering that v, v;0 and z¢ in (9) are a known func-
tion of time. Derivation of (9), we obtain

d*Vyy 5
172 + R“Vyo
= Py + P3cos Qt — P, cos2Qt — P, Qt sin Qt (17)
where P = —w? v (l_w_ﬁ)_p Py — A2 P —2p
- 1%p QZ 2, I = Ed’ = 2

a)i Vp Q and R? = e]; Eycos(kYp). We take approximation
R? ~ R(% = fn—kEo, when condition kYy < 1 holds. R% is in-
dependent of time, so that Vyg can be solved analytically

from (17) as

Vyo — Vyo(0) = C1(1 — cos Rot) + Co(1 — cos Qr)
+ C3Qtsin Qt + C4(1 —cos2Qt)  (18)
502
where C| = —(1% —Cy —Cy, Cy = 3Q22_QR2C3 Cz = insz,
Cy=

_— QZ % are independent of time. Vy((0) is the initial
condition of Vyq. Figure 4(a) describes the time evolution
of Vyo for different Eq, but same B,. Figure 4(b) describes
the time evolution of Vyq for different By, but same Ey,
other parameters of Figs. 4(a) and (b) are the same as that
in Fig. 2. It is found from these figures that the condition
[Vyol < |vp| is only satisfied for the early stage of evo-
lution time, but |Vyq| grows with the evolution time up to
[Vyol = |vp|. Anyway, we find from Figs. 4(a) and (b) that
the condition |Vyg| < |vp| can be satisfied for the longer
evolution time, if the electrons interact with a large enough
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Fig.4 The time evolution of electron velocity trajectory for the zeroth
order analytical solution vyq. a Same By = — 1077 G and different Eg.
In the figure, the dot, dash and thick solid lines represent that case for
Ey = 40, 80, 320 mV /m, respectively. b Same Eg = 40 mV/m and
different By. In the figure, the dot, dash and thick solid lines repre-
sent that case for B, = —(0.5,1.0,5.0) x 1075 G, respectively, and
v = —v), (thin solid line). Other parameters are the same as that in
Fig.2

electrostatic wave, or a large enough longitudinal magnetic
field By.

2.2 First order analytical solution

In the following section, we will only discuss the first order
analytical solution for the case of K > 0. Insertion of (7)
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into (4), (5) and (6), we obtain the first order equations :

dvyg
dx =—Vyoo +v10|, (19
t
dVy, eEy . 20
s :—7 Sln(le)‘i_vxle_leEwO
21
o0 L op, 20
vzoda)o 20
del = VW +V Z_Oa) +U Z_la) (21)
- vae) Y0~ 0 T Up 0.

From (19) and (21), the first order analytical solution of v,
can be expressed as

vz1 — vz1(0)
= D1(1 —cos Rot) + D>(1 — cos Qt)
4+ D3(1 —cos2Qt) + D4(1 —cos3Qt)
+ D5(1 — cos(Q + Ro)t) + Dg(1 — cos(Q — Ro)t)
+ D7 Qtsin Qt 4+ Dg2Qt sin2Qt
+ Do(Q1)? cos Qt + Do Rt sin Rot (22)

C1H; +2R(2)D10.

D=———""07".
1 0 k2
(C1+Cay+Cy)H —0.5C3H;
D, =
Q2
— Dy — D3 — Dy — D5 — Dg;
p.— ~CaHi +(C2+0.5C3)Hp — 8D3 Q%
3 - 3Q2 k)
_ 3C4H2. . (1+ %)CIHZ )
*T 1607 STAQ+ R - 07T (23)

(1—2)C1Hy
Dg = o 37
2[(Q — Ro)* — 071
2D9Q? + CaHi + (Ci + C2 + 1.5C) Hy

D7 = ;
7 202
(C4—0.5C3)H,
Dy=—— 2,
302
C3(Hi + Hy) + HyC» CiH
Dy = — 3 ; Dijp=———
40 02— R?
o

where H| = ojo1 > and Hy = Ag“. D; are indepen-
dent of time. It is convenient to take the initial condition
v;1(0) = 0. Integration of (19), the first order analytical so-

lution of vy can be expressed as

vy1 — vx1(0)

1 1
= —|:C1t<l — R_ot sinR0t> + C2t<l — Esin Qt)

+ Cgé(sin Ot — Qtcos Qr)

1
+ C4l<1 — Z—Qt SiHZQl>i|a)J_

1 1
+ a1 — —sin20r ) + Dt 1 — —— sin30r
— —— Sin — ——SsIn
3 20t 4 30t

+ Dst (1 sin(Q + Ro)t>

1
(O +Ro)t

+ D¢t (1 sin(Q — Ro)t)

o
(Q — Ro)t

+ D7é(sin Ot — Qtcos Qt)
I
+ Dgﬁ(ngQt —2Qtcos20Qt)
+ Dgé(ZQt cos Ot — (Q*1? —2) sin Q1)
+ D]oRi(sin Rot — Rot cos Rot)i|a)| . 24)
0

The time evolution of electron velocity vy; = vyo + vyl
and v, = v;0 + v;1 have been calculated in Fig. 5(a) and
Fig. 5(b) for two different Ey, respectively. The trajectory
of electron velocity vyo and v, are also displayed in these
figures for comparison. It is readily found that the condition
of first order electron velocity vy1 < vx0 is usually satisfied
for the early stage of evolution time.

3 Test particle simulation

The analytical model of electron surfing acceleration by
% x B, force can only be established under the condi-
tion of |vy| < |vp| holds. Unfortunately, this condition is
seldom satisfied during the later stage of time evolution,
as discussed in above section. In this section, we describe
the results of test particle simulation, where this condition
is not assumed. In the calculation, the topology of elec-
tromagnetic fields are given by (1) and (2). The electron
moves in such fixed electromagnetic fields, but the effects
of the electrons on the electromagnetic fields are neglected.
The electron dynamics is described by (3), and this equa-
tion is solved by means of the Boris algorithm (Birdsall and
Langdonm 1985) with time step At = 0.02w,, I Initially, the
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Fig. 5 The time evolution of electron velocity trajectory for the ana-
lytical solution a vy (dash line) and vy; = vxo + vy1; b v;0 (dash line)
and v;; = v0 + vz with different Eg = 80 mV /m (dot line), 40 mV /m
(solid line), respectively. Other parameters are the same as that in Fig. 2

electron is at the point (x, y, z) = (0, 0, 0) and its velocity is
(v, vy, v;) =(0,0,0).

Figure 6 describes the results for test particle simulation
of the electron velocity in the case of K < 0. The parameters
used in Fig. 6 are the same as that in Fig. 3. we can find
from this figure that the electron will be fast accelerated in
the z direction of current sheet plane for the case of K <0,
and then the electron escapes rapidly from the z boundary
of current sheet, as it was discussed in above section and
shown in Fig. 3.

Figures from Fig. 7 to Fig. 9 are three figures for the case
of K > 0. Figure 7 makes a comparison between the v, cal-
culation results of the zeroth, first order analytical solution
and test particle simulation. The parameters used in Fig. 7
are the same as that in Fig. 2, and the amplitude of elec-
trostatic wave Eg = 50 mV/m. It is found that the zeroth
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and first order analytical solution are consistent rather well
with the test particle simulation in the early stage of time
evolution. We think that it is also an indirect evidence that
(4-6) in the wave frame are equal to (3) in the laboratory
frame. However, these calculation results are inconsistent in
the later stage of time evolution, which will be discussed in
the following paragraph.

Figure 8 describes the results of time evolution of elec-
tron velocity trajectory for different amplitude of electro-
static wave Eo and same longitudinal magnetic field. It is
worthy of note from Figs. 7, 8(a) and 9 that a growing surf-
ing acceleration velocity curve of v, often turn into a hori-
zontal oscillation curve at turning point S. That means that
the test electron de-traps from the potential of electrostatic
waves at this point, and then the electron cannot be accel-
erated continuously in the current sheet plane by ez” X B;
force after this point. The turning point S does not display in
the analytical solution because the approximation condition
of [Vyo| < |vp| does not hold at this point. We find from
Fig. 8(a) that the v, velocity value at the turning point S in-
creases with the increasing of Ey, so that the electron can
be accelerated up to higher energy when it interacts with a
stronger electrostatic wave. On the other hand, the electron
will be de-trapped easily from the potential of a weak elec-
trostatic wave, as shown in the solid line of Fig. 8(a). It is
found from Fig. 8(b) that the velocity of accelerated elec-
tron v, is usually much larger than v, for the case of K > 0
in the same way as that in Fig. 2 and Fig. 5.

Figure 9 describes the time evolution of electron veloc-
ity for different By and same Ey. It is readily to find that the
longitudinal magnetic field By also play an important role in
the electron surfing acceleration in current sheet. The elec-
tron acceleration velocity has a larger turning point, when
a stronger By is superposed, as shown in the dot line and
dish line of Fig. 9. The observations of @ieroset et al. (2002)
found that the longitudinal magnetic field By at magnetotail
may be rather large up to By ~ 0.5B¢ (Pritchett 2006).

4 Discussions and summary

It was assumed in above section that the electron was
trapped within the electrostatic wave potential during the
surfing acceleration processes. The criterion for the trapped
electron can be estimated by examining the ¥ component of
the force on the electron in the wave frame

Fyz—iEosinkY—i—vxa)J_ —vziwo. (25)
m d

The first term in the right hand of (295) is the trapping term,

the second and third terms are the de-trapping term. For

small oscillation case, we can use approximation Fy >~ 0 in

the left hand of (25), and the zeroth order analytical solution
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Fig. 6 The time evolution of T T
electron velocity vy and v,
trajectory by test particle
simulation for K < 0 with

Ep =80 mV/m. Other
parameters are the same as that
in Fig. 3

v(1 Ogcm/s)

0.000

v, (10%cm/s)

% 001 002 003 004 005 006
t(s)

Fig. 7 Comparison of the time evolution of electron velocity trajec-
tory between analytical solution and test particle simulation with same
Ep =50 mV/m. Other parameters are the same as that in Fig. 2. In
the figure, the solid, dash and dot lines represent that case for the ze-
roth order analytical solution v,(, amount of the zeroth and first order
analytical solution vy; = vy0 + vy and test particle simulation, respec-
tively

Vx0, U0, 20 instead of vy, v;, z in the right hand of (25). In
the case of longitudinal magnetic field By — 0, it is found
v;0 — 0 from (14), so that the third term in (25) approaches
to zero. Hence, if the relation
E
V0 < Ve =~ (26)
B Z
holds, the initial trapped electron never de-traps from wave
potential. It is worth noting that the Vg is the Eg x B, elec-
tric drift velocity (Dawson et al. 1983). We find that Vg

T T
0.010 0.015 0.025

Time (sec)

value of (26) is about the same as the v, value at the turning
point S from test particle simulation, as shown in Fig. 8(a).
In the condition of Eg = 80 mV /m and other parameters are
the same as that in Fig. 2, the maximum velocity of elec-
tron surfing acceleration is about 20 keV. In consideration

2
t S
of vy = % from (16), the acceleration limitation time
of electron de-trapping t; can be expressed as
eEyQ3%d
mw’ wovy,

It is proportional to the amplitude of electrostatic wave Ey.
The value t; is also about the same as the time at turn-
ing point S. Otherwise, it also explain qualitatively that the
stronger amplitude of electrostatic waves Eq corresponds to
the larger de-trapping velocity vy, as shown in Fig. 8(a).

In the case of By # 0, itis found that vyow_ often has the
same sign as v;q Z—Owo, so that the second and the third term
cancel each other in the right hand of (25). Using (14), (15)
and (16), we obtain

<0
VxW L — Vz0— @0

d
Vx0W L for Qt =2nm,

~ 202 28
(1—%)%00& for Ot =2(n+ 7. (28)

Therefore, the electron will de-trap from wave potential at
larger velocity vy, when the stronger longitudinal magnetic
field By is superposed in the current sheet. This conclu-
sion has been further identified by test particle simulation,
as shown in Fig. 9.

Another limitation of the electron surfing acceleration in
current sheet is caused by the electron escapes from the z
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4 . . . Fig. 9 The time evolution of electron velocity trajectory v, by test
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t(sec)

Fig. 8 The time evolution of electron velocity trajectory by test parti-
cle simulation for K > 0 with different Eo and same By. Other para-
meters are the same as that in Fig. 2. In the figure, the solid, dash and
dot lines represent that case for Eg = 10, 40, 80 mV /m, respectively:
avy, b,

boundary of current sheet. It was discussed in above section
that the electron could be rapidly accelerated in the z direc-
tion for the case of K < 0, it makes electron escapes rapidly
from z boundary of current sheet. Otherwise, the electron
should escape from z boundary of current sheet yet, when
|zo — z0(0)| > d, even if the electron is mainly accelerated
in the x direction for the case of K > 0. We obtain another
acceleration limitation time of electron escaping 7, in the ze-
roth order approximation (15) as
2
te < i 29)
WLO|Vp

Insertion of (27) into v, of expression (16). We find the lim-
ited electron velocity v,y in the x direction may be written
as

By
Uy < B—yvp. 30)
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particle simulation for K > 0 with same Ey = 40 mV/m and dif-
ferent B,. Other parameters are the same as that in Fig. 2. In
the figure, the solid, dash and dot lines represent that case for
By =(-5.0,-1.0, -0.50) x 1075 G, respectively

Third limitation of electron surfing acceleration in cur-
rent sheet is the spatial size of the acceleration region. The
maximum attainable energy may be expressed as

Emax < —2B,L (31)
C

where L is the spatial size of acceleration region in the x
direction of current sheet.

The electron surfing acceleration in magnetic reconnec-
tion region has also been investigated by Hoshino (2005)
and Fu et al. (2006). He think that a polarization electric field
near X-type magnetic reconnection are induced. The elec-
trons are trapped by the potential of the polarization field.
These trapped electrons can be accelerated in the perpendic-
ular direction to current sheet by surfing acceleration. How-
ever, we can find that the direction of electrostatic field and
acceleration velocity for two kinds of surfing acceleration
suggested by Hoshino (2005) and Fu et al. (2006) and dis-
cussed in this paper are quite different.

It was assumed in the above simplified theoretical model
that the amplitude of electrostatic waves and perpendicu-
lar magnetic field B, are homogeneous in the current sheet,
and they are invariant in time. The shear magnetic field B,
in the current sheet is also independent from time. In fact,
these assumption are inconsistent with the particle simu-
lation results of the magnetic reconnection. Horiuchi and
Sato (1999) found from three dimensional particle simula-
tion of collisionless reconnection that the lower hybrid drift
electrostatic waves will evolve after the linear growth stage.
Drake et al. (2003) found that the Langmuir waves excited
by Buneman instability at the central current sheet in the
linear stage, and then this instability evolve into a nonlin-
ear electron hole. Imada et al. (2005), Drake et al. (2006)
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showed that the electron acceleration in the magnetic recon-
nection region occurs not only around the X-point, but also
in more wider region. These results show that electron surf-
ing acceleration in the current sheet may be very compli-
cated. Meanwhile, other electron acceleration mechanisms
may play an important role in the different evolution time of
reconnection (Hoshino 2005). It is required to further study
the influence of these factors on the surfing acceleration in
current sheet.

Here, we summarize the conclusion based on the above
calculation:

(1) The electrons can be fast accelerated in the current
sheet plane (x, z) by ez” X B, force, when they are trapped
in the potential of electrostatic waves and an uniform per-
pendicular transverse magnetic field B, is superposed. This
surfing acceleration process is only effective when the crite-
rion of K = a)ﬁ — %wo > 0 holds. Otherwise, the accelera-
tion electron will escape from the current sheet quickly for
the case of K < 0.

(2) The approximation condition |Vy| < v, of analytical
solution is usually satisfied in the early stage of time evo-
lution. The surfing acceleration velocity of electron v, in
the current sheet is often much larger than v, for the case
of K > 0. In the case of By — 0, the maximum velocity
of electron by surfing acceleration in current sheet is about
the same as the electric drift velocity, which is proportional
to the amplitude of electrostatic wave Eq. The acceleration
process will continue until the electron de-traps from po-
tential of electrostatic wave at the turning point, or escapes
from the x and z boundaries of current sheet.

(3) Superposed a longitudinal magnetic field By along
the propagating direction of wave may be favorable for the
electron surfing acceleration in the current sheet.
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