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Particle-in-cell simulations evidenced that supercritical, quasiperpendicular shocks are
nonstationary and may suffer a self-reformation on the ion gyroscale. In this brief communication,
we investigate the evolution of the electric field at a nonstationary, supercritial perpendicular shock.
The contributions of the ion Lorentz, Hall, and electron pressure terms to the electric field are
analyzed. During the evolution of the perpendicular shock, a new ramp may be formed in front of
the old ramp, and its amplitude becomes larger and larger. At last, the new ramp exceeds the old one,
and such a nonstationary process can be formed periodically. When the new ramp begins to be
formed in front of the old ramp, the Hall term becomes more and more important. The electric field
Ex is dominated by the Hall term when the new ramp exceeds the old one. The significance of the
evolution of the electric field on shock acceleration is also discussed. © 2009 American Institute of
Physics. �doi:10.1063/1.3275788�

Collisionless shocks are of great interests since in the
shock transition the bulk energy of the plasma is converted
irreversibly into thermal energy.1,2 According to �Bn �the
angle between the shock normal and upstream magnetic
field�, shocks can be separated into two groups: quasi-
parallel shocks ��Bn�45°� and quasiperpendicular shocks
��Bn�45°�. In quasiperpendicular shocks, the electric field
in the shock transition region have great effects on ion
acceleration.3–6 When the electric field is sufficiently large,
the reflected ions are accelerated by the mechanism of shock
surfing acceleration �SSA�; otherwise, the reflected ions are
accelerated by the mechanism of shock drift acceleration
�SDA�. The acceleration efficiency of SSA and SDA is dif-
ferent for ions with different energies. Therefore, the electric
field at quasiperpendicular shocks needs to be analyzed care-
fully. Recent investigation on magnetic reconnection demon-
strated that on the ion inertial scale near the X point the ions
are demagnetized while the electrons are frozen in the mag-
netic field, and the Hall term dominates the electric field. On
the electron inertial scale, even the electrons are demagne-
tized, and the electric field is dominated by the off-diagonal
electron pressure.7,8

Both particle-in-cell �PIC� and hybrid simulations
clearly evidenced that supercritical, quasiperpendicular
shocks are nonstationary and suffer a self-reformation pro-
cess on the gyroscale of the incident ions.9,10 During their
reformation process, the width of the shock ramp is on the
scale of ion inertial length and changes greatly. In this brief
communication, a one-dimensional �1D� PIC code is used to
study the evolution of the electric field at a nonstationary,
supercritical, perpendicular shock, and the contributions of
ion Lorentz, Hall and electron pressure terms to the electric
field are analyzed.

The initial and boundary conditions in the 1D PIC simu-

lation are identical to those already described in detail in Ref.
10; the shock is initiated by a magnetic piston �utilized cur-
rent pulse�. Briefly, the shock geometry is defined in the
upstream frame: the shock propagates along the x axis and a
static magnetic field is applied along the z axis. All dimen-
sionless quantities are indicated by a tilde “�” and normal-
ized as follows. The spatial coordinate x̃=x /�, velocity

ṽ=v /�pe�, time t̃=�pet, electric field Ẽ=eE /me�pe
2 �, and

magnetic field B̃=eB /me�pe
2 �. The parameters �, �pe, me,

and e are, respectively, the numerical grid size, the electron
plasma frequency, the electron mass, and the electric charge.
All basic parameters are identical to those employed by Hada
et al.:11 plasma box size length Lx=4096, velocity of light
c̃=3, and mass ratio mi /me=84. Initially, the particle density
is ne=ni=50 at each grid point. The electron/ion temperature
ratio Te /Ti=1.58 is chosen. The ambient magnetic field is

�B̃0�=1.5. The shock front is propagating in a supercritical
regime with an average Mach number about �MA=5.24�,
where MA= Ṽshock / ṼA is determined in the upstream frame;

the Alfven velocity ṼA equals 0.16 and the shock propagating

speed Ṽshock is the moving speed of the shock ramp. The

shock ramp is defined as the position with peak ��B̃z
2 /�x�. For

these initial conditions, the plasma parameters are summa-
rized in Table I for both electrons and ions. The Larmor
gyroradius in the table is calculated based on the thermal
velocity.

The nonstationarity of the perpendicular shock can be
demonstrated in Fig. 1, which shows the time evolution of

the magnetic field B̃z from t̃=900 to 1550. The shock is
propagating from the left to the right. At about t̃=1200, the

shock ramp �the old ramp� is at about X̃=5070. Later at
about t̃=1350, the relatively high percentage of reflected ions
accumulated in the foot so that the foot amplitude becomes
larger and larger, therefore a new ramp is formed. At about

t̃=1490, the new ramp, which is around X̃=5320, exceedsa�Electronic mail: qmlu@ustc.edu.cn.
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the amplitude of the old ramp. Simultaneously, the old ramp
downstream of the new ramp becomes weaker and weaker.
The shock front is characterized by a self-reformation pro-
cess with a cyclic period about 288�pe

−1�1.73 �ci
−1. The ref-

ormation of the shock front is due to the coupling between
the “incoming” and “reflected” ions, which has been demon-
strated by Hada et al.11

The evolution of the electric field in this nonstationary
perpendicular shock is investigated in this brief communica-
tion. Assuming a two-fluid model for the plasma, the electric
field can be obtained directly from the electron momentum
equation without further approximation

E = −
Ve � B

c
−

� · Pe

ene
−

me

e

dVe

dt
. �1�

Here Ve is the electron fluid velocity, B is the magnetic
field, Pe is the electron pressure tensor, c is the velocity of

light, ne is the electron density, me is the electron mass, and
e is the electric charge. If we use the total current density
J=e�niVi−neVe� �where Vi is the ion fluid velocity and ni

the ion density� and considering the 1D property of our
simulation, the normalized Eq. �1� can be rewritten as

Ẽ = −
ñi

ñe

Ṽi � B̃

c̃
+

J̃ � B̃

c̃ñe

−
1

ñe
� � ñeT̃exx

� x̃
êx +

�neT̃exy

� x̃
êy +

� ñeT̃exz

� x̃
êz	 −

dṼe

dt̃
,

�2�

where T̃exx=
i=1
ñe �ṽexi− Ṽexi�2 / ñe, T̃exy =
i=1

ñe �ṽexi− Ṽexi�
��ṽeyi− Ṽeyi� / ñe, and T̃exz=
i=1

ñe �ṽexi− Ṽexi��ṽezi− Ṽezi� / ñe are
components of the electron kinetic temperature.12 êx, êy, and
êz are unit vectors. The first, second, third, and fourth terms
in the right of Eq. �2� are ion Lorentz term, Hall term, elec-
tron pressure term, and electron inertial term, respectively.
All of the physical quantities in the right of Eq. �2� can be
obtained from the PIC simulation by a statistical method. We
choose three typical shock profiles at three different times
within one shock self-reformation cycle �from t̃=912 to

TABLE I. Upstream plasma parameters defined for PIC simulations.

Electrons Ions

Thermal velocity Ṽthx,y,z 0.2 0.017

Debye length �̃D 0.2 0.16

Larmor gyroradius 	̃c 0.4 2.91

Inertia length c̃ / �̃p 3.0 27.5

Gyrofrequency �̃c 0.5 0.006

Plasma frequency �̃p 1.0 0.11

Gyroperiod 
̃c 12.55 1055.46

Plasma beta �̃ 0.0355 0.0225
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FIG. 1. The time evolution of B̃z vs X̃. Dashed lines A, B, and C indicate the
shock profiles that are chosen in Figs. 2–4 within one cyclic self-
reformation of the shock front.
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FIG. 2. �Color� Spatial profiles of the magnetic field B̃z �top panel�, electric

fields Ẽx �middle panel�, and Ẽy �bottom panel� in the vicinity of the shock
ramp at t̃=1032, corresponding to line A in Fig. 1. The additional curves

indicate the contributions to Ẽx and Ẽy of the terms on the right of Eq. �2�,
ion Lorentz term �line 1�, Hall term �line 2�, and electron pressure gradients
term �line 3�. “O” denotes the position of the old ramp during one reforming
cycle, and the yellow and cyan highlight the regions where magnetic field is
steepening in the vicinity of ramp and foot, respectively. The electric field is
calculated in the shock-rest frame.
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1200�, and then analyze separately the corresponding contri-
butions of ion Lorentz, Hall, and electron pressure terms to

the x̃ and ỹ components of the electric field Ẽ. Although our
1D PIC simulation is performed in the upstream frame, the
electric field in the following text is calculated in the shock-

rest frame. At the same time, the z̃ component of Ẽ is not

shown because the amplitude of Ẽz is smaller than the other
components by two orders of magnitude.

Figure 2 shows the snapshots of shock profile B̃z, Ẽx, and

Ẽy at t̃=1032. At this time, the shock front includes a ramp
and a foot in front of the ramp. The width of the shock ramp,
which is measured from the beginning point of magnetic
steepening to the maximum point of the magnetic
overshoot,13 is about 15. The position of the ramp �denoted

by “O”� is at x̃=4912. The electric field Ẽx �black line� has a
positive value at the shock foot. It is dominated by the ion
Lorentz term, and the other two terms are not important.

However, near the shock ramp, the electric field Ẽx changes
greatly. Both the ion Lorentz and Hall terms are important,
and the electron pressure term is negligible. For the electric

field Ẽy, the ion Lorentz term always dominates the electric

field Ẽy, and the Hall term is negligible.

Figure 3 shows the snapshots of the shock profile B̃z, Ẽx,

and Ẽy at t̃=1116. At this time, the amplitude of the old ramp
�denoted by “O”� is decreasing, and the width of the old

ramp is about 14. Simultaneously, a new ramp �denoted by
“N”� appears and its amplitude reaches at about 60% of the
old ramp. The width of the new ramp is about 42. Now, the

electric field Ẽx has a positive value at the new ramp. The
Hall term at the new ramp becomes more and more impor-
tant, and it is comparable with the ion Lorentz term. While

the electric field Ẽx at the old ramp is decreasing, it also
changes greatly while both the ion Lorentz and Hall terms

are important. For the electric field Ẽy, similar to Fig. 2, the

ion Lorentz term always dominates the electric field Ẽy, and
the Hall term is negligible.

Figure 4 shows the snapshots of shock profile B̃z, Ẽx, and

Ẽy at t̃=1200. The amplitude of the new ramp has already
overcome the old one. The widths of the old and new ramps
are about 10 and 20, respectively. Different from the above
results, near the new shock ramp, because its width becomes

very small, the Hall term now dominates the electric field Ẽx

and other terms are negligible.
In this brief communication, we use a 1D PIC simulation

to study the evolution of the electric field at a nonstationary
perpendicular shock. At the same time, we separate the elec-
tric field into ion Lorentz, Hall, and electron pressure terms,
and their importance is evaluated. The ion Lorentz and Hall
terms are two important contributions to the electric field.
For the electric field Ex, after the new shock ramp is formed,
the Hall term becomes more and more important with the
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FIG. 3. �Color� Spatial profiles of the magnetic field B̃z �top panel�, electric

fields Ẽx �middle panel�, and Ẽy �bottom panel� in the vicinity of the shock
ramp at t̃=1116, corresponding to line B in Fig. 1. The additional curves are
as in Fig. 2. “O” and “N” denote positions of the old and new ramps during
one reforming cycle, respectively, and the yellow and cyan highlight the
regions where magnetic field is steepening in the vicinity of old ramp and
new ramp, respectively. The electric field is calculated in the shock-rest
frame.
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FIG. 4. �Color� Spatial profiles of the magnetic field B̃z �top panel�, electric

fields Ẽx �middle panel�, and Ẽy �bottom panel� in the vicinity of the shock
ramp at t̃=1200, corresponding to line C in Fig. 1. The additional curves are
as in Fig. 2. “O” and “N” denote positions of the old and new ramps during
one reforming cycle, respectively, and the yellow and cyan are as in Fig. 3.
The electric field is calculated in the shock-rest frame.
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increase of the new ramp. When the new ramp exceeds the
old ramp, its width is very small. It is comparable with or
even smaller that the ion inertial length, and the Hall term
dominates the electric field Ex. At that time, the electric field
Ex dominated by the Hall term is obviously larger than that at
other times. As pointed previously by Yang et al.,6 at that
time the SSA, where the particles are reflected mainly due to
the electric field Ex, is an important mechanism to accelerate
the reflected ions. Therefore, the contribution of the Hall
term to the electric field has important significance on SSA
acceleration at quasiperpendicular shocks. For the electric
field Ey, the ion Lorentz term is always more important that
other terms.

Recently, the ion-to-electron mass ratio has been demon-
strated to have great influence on the structures of the qua-
siperpendicular shock. If a real ion-to-electron mass ratio is
used, a modified two-stream instability on the electron iner-
tial scale may be unstable at the foot of the shock,14 and on
this scale the electron pressure term may become important.
Simultaneously, two-dimensional PIC simulations found that
a supercritical quasiperpendicular shock may be emitted
large-amplitude whistler waves,15 which may change the
structures of the shock. Their effects on the electric field at a
quasiperpendicular shock also need to be evaluated, which is
our future investigation.
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