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We discuss a new acceleration or energization mechanism of charged particles in space and astro-
physical plasmas. In the presence of an electrostatic potential gradient and a circularly polarized
electromagnetic monochromatic wave, particles are accelerated efficiently by keeping cyclotron reso-
nance with the wave due to the electrostatic dragging force. In addition, particles can propagate against the
electrostatic potential even if they have smaller parallel energy. This mechanism is potentially widely
applicable, in terms of particle acceleration and transport, to various space and astrophysical phenomena,
such as shock environment and short-large amplitude magnetic structures. We introduce the basic physical
process of the acceleration or energization mechanism theoretically and numerically.
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Diffusive shock acceleration (DSA) is widely accepted
as a major cosmic ray acceleration mechanism in astro-
physical and solar system plasmas [1]. It is essentially the
first order Fermi acceleration, and predictions of DSA
agree well with the observed cosmic ray spectra.
According to the angle between the upstream magnetic
field and the shock normal direction �B, the shock geome-
try falls into two classes, quasiparallel (�B < 45�) and
quasiperpendicular (�B > 45�). The DSA is associated
mainly with quasiparallel shocks, while shock drift accel-
eration plays a main role of particle acceleration at the
quasiperpendicular shocks [2]. Plentiful nonlinear wave
phenomena are observed at upstream of the Earth’s bow
shock [3], a relatively small and weak nonrelativistic ver-
sion of the astrophysical shocks. Especially quasiparallel
shocks show rather complicated wave activities. Direct
in situ measurements give clear evidence that the quasipar-
allel shock can be presented as a patchwork of short-large
amplitude magnetic structures (SLAMS) rather than a
continuous transition [4]. An important opened issue is
related to the injection mechanism of cosmic rays. To be
efficiently accelerated, particles should have a large initial
energy and be well separated from the thermal background;
that is, so-called ‘‘seed’’ population should exist. Although
the formation of this population has been discussed exten-
sively [5,6], in the context of ion acceleration at quasipar-
allel shocks, the electrostatic potential of shock is quite
often ignored since the potential is believed to decelerate
ions, and also because of the difficulties of observation [7].
Recent Cluster satellites carried out the first direct mea-
surements of the electric field of SLAMS at a quasiparallel
shock [8]. On the other hand, in situ studies of particle
distribution functions allowed one to identify several ion
populations and their relation to different forms of the
wave activity at the quasiparallel shock front [9]. Diffuse
ions with broader distribution in energy and pitch angle are
accompanied by large amplitude, low-frequency, wideband
spectral waves. Before this diffusive stage, intermediate or
so-called ‘‘gyrating’’ ions with narrower distribution are
observed associated with low-frequency quasimonochro-
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matic waves. Since the direct in situ observations of par-
ticles and related wave activities are impossible in
astrophysical plasmas, a key to understanding the injection
problem and further acceleration of cosmic rays is to reveal
the relation between the observed populations and shock
structure including the wave activities by using in situ
observations.

In this Letter, we focus on the ion motion at shock-type
structures accompanied by an electromagnetic circularly
polarized wave. To model an effect of such a shock front on
particle motion, we present it as an electrostatic potential
profile. We propose an acceleration or energization mecha-
nism due to a combined action of electrostatic potential
and circularly polarized electromagnetic wave. We de-
scribe its major features theoretically and numerically.

Let us consider a monochromatic electromagnetic wave
propagating parallel to a background magnetic field and
also to an electrostatic potential profile varying along the
same direction. The basic equations are the equations of
ion motion,

m
dv
dt

� e
�
E�

v

c
�B

�
; (1)

with the electric and magnetic fields given by E �

��@’=@x; Ey; Ez� and B � �B0; By; Bz�, where B0 is a
magnitude of background magnetic field. Here we do not
take into account wave amplitude and wavelength change
while crossing the shock front or SLAMS. The electro-
magnetic wave is written as follows:

~b � by � ibz � b exp�i�kx�!t��w�	; (2)

where b is the wave amplitude normalized to the back-
ground magnetic field, k is the wave number,! is the wave
angular frequency, and �w is the phase constant. The
transverse electric field is determined from k�E �
!B=c. Using complex variable ~v � vy � ivz, we write
the perpendicular component of Eq. (1) as
2-1  2005 The American Physical Society
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FIG. 1. Resonant (solid lines) and near-resonant (dashed lines)
ion trajectories are shown in x� vx space with electrostatic
potential (dotted line) (a), and in perpendicular plane (b). Time
evolution of vy (solid lines) and Ey (dotted line) are shown in (c).
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d
dt
�~vexp�i�t�	��i��cp�vx�b

�exp�i�kx�!t��t��w�	; (3)

where cp 
 !=k is the wave phase velocity, and � is ion
gyrofrequency. We focus on the resonant particles satisfy-
ing the condition !� kvx �� � 0. These particles in the
presence of a finite amplitude wave are trapped; thus, the
parallel velocity in the absence of any other forces oscil-
lates around the resonant velocity. If one could force
particles to keep the exact resonant condition, such a
wave particle interaction will lead to a particle accelera-
tion. To show this, let us assume that vx � vr 

�!���=k, and thus x � x0 � vrt. Integrating Eq. (3)
gives

~v � �i
�2b
k
t exp�i��w ��t�	 � v?0 exp�i��p ��t�	;

(4)

where v?0 and �p are determined by initial conditions,
and we set x0 � 0. If we assume that this ‘‘forced reso-
nance ‘‘ is kept by supplying an electrostatic potential, it
can be found to have the form

e’
m

�
�3b2

2kvr
x2 ��bv?0x sin 0; (5)

where  0 � �w ��p is the initial phase difference be-
tween the wave and the particle and time is related with
space as x � vrt. The first and second terms of the right-
hand side of Eq. (4) give oscillation with growing ampli-
tude and Larmor motion, respectively. We can write the
first term of vy as �2bt sin��w ��t�=k and Ey that the
particle will see as cpBw sin��w ��t�=c. Thus, in the
presence of such an external force, particles can be accel-
erated monotonically in a perpendicular direction by the
wave electric field, similar to the surfing acceleration
[6,10]. In the conventional mechanism particles are accel-
erated by a tangential component of the electric field
induced by the motion of the front perpendicular to the
magnetic field. In our case particles are accelerated by
wave electric field, rotating in phase with the electric field
of the electromagnetic wave. We refer to this acceleration
or energization mechanism as a gyroresonant surfing ac-
celeration. We start from illustrating that not only particles
in exact resonance can gain energy but also those close to it
with the potential Eq. (5); then we extend the results to
general form of potential at parallel shocks.

We show in Fig. 1 trajectories of a resonant (solid lines)
and a near-resonant (dashed lines) ion in x� vx space
together with the electrostatic potential (dotted line) 1(a),
in perpendicular velocity space 1(b), and time evolution of
vy and Ey 1(c) obtained by numerical integration of
Eq. (1), where the electrostatic potential is given by
Eq. (5). We normalized all the variables using B0, jcpj,
and � evaluated at B0. From now on we omit these con-
03110
stants. Parameters are b � 0:3, k � 2, cp � 1,  0 � 3 [in
1(c)  0 ranges �0; 2�	 ], v � 1, vx � 0:5 for the resonant
ion, and vx � 0:6 for the near-resonant ion. In Fig. 1(a), the
resonant ion propagates against the electrostatic potential
(dotted line) keeping the parallel velocity constant. From
Fig. 1(b), the ion accelerates monotonically in the perpen-
dicular direction while satisfying the cyclotron resonance
condition along the trajectory. On the other hand, for the
near-resonant ion, although the derivation of Eq. (5) is not
exact, we still see similar trajectories; the ion is accelerated
quite efficiently while propagating against the electrostatic
potential and keeping the parallel velocity approximately
constant. In Fig. 1(c), we can see the phase synchronization
as we described above. Ions become oscillating in phase
with electromagnetic electric field as time has passed
resulting in efficient energy gain.

The acceleration of near-resonant ions suggests that
gyro-resonant surfing can take place in the presence of a
wider class of potential fields. Growing electric potential
fields, such as dotted lines in Fig. 1(a), are common in the
vicinity of quasiparallel shocks [11], as well as circularly
polarized electromagnetic waves [12]. Thus we assume a
model electric field of the form as

Ex � �a sech2
�
x
l

�
; (6)

which gives a tanh-type electrostatic potential with a po-
tential difference �’ � 2al. Let us define a reference
system with the profile at rest as the S system and a
upstream plasma frame as the P system. We choose the
2-2
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system such that both the wave and the ions are convected
to the profile by the plasma flow vu. To study character-
istics of the acceleration, we consider a shell distribution
with a thermal velocity vt as a part of upstream plasma. We
inject the ions from far upstream of the profile.

At first we choose the parameters so that the initial shell
includes the resonance velocity in order to show the basic
properties of gyroresonant surfing. Parameters are b � 0:2,
cp � �1, k � 0:4, vr � �3:5, vt � 4 in the P system,
and vu � 4 in the S system. Figure 2(a) shows the initial
velocity distribution of the ions (blue crosses) and the
distribution after interaction (red dots) in the S system.
When the electromagnetic wave is absent, i.e., b � 0,
particle reflection is determined by the parallel energy;
ions with mv2x=2> �e’ go through the potential, other-
wise are reflected ‘‘specularly,’’ vx ! �vx [green circles
in Fig. 2(a)]. When the electromagnetic wave exists, we
can see an efficient perpendicular acceleration around the
resonant velocity (dotted line). Figures 2(b) and 2(c) show
trajectories of a resonant ion (vx � vr � 0:5 in the S
system) from Fig. 2(a). The initial phase difference is
chosen to  0 � kx0 ��w ��p � 3. In Fig. 2(b) (x�
v? space), the ion propagates against the potential even
though the parallel energy is much smaller than the poten-
tial, and is accelerated efficiently at the profile. Figure 2(c)
shows ions trajectory in the velocity space, where S, W, P,
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FIG. 2 (color). Blue crosses and red dots (green circles) rep-
resent the ions’ velocity distribution before and after interaction
with the model electric field in the presence (absence) of the
electromagnetic wave (a). Resonant ion trajectories are shown in
x� v? space (b), in velocity space (c), and in perpendicular
velocity space (d).
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and R represent the S system, the wave phase velocity, the
P system, and the resonant velocity, respectively. The ion
is accelerated in the perpendicular direction, keeping the
parallel velocity around the resonant velocity (dotted line).
In Fig. 2(d) (perpendicular velocity space), one can see a
trajectory similar to those in Fig. 1(b), although the poten-
tial shape is considerably different. Figure 3(a) shows the
dependence of perpendicular acceleration of ions in Fig. 2
on the initial pitch angle and phase. Here % is the pitch
angle cosine in the P system. The color scale represents
perpendicular velocity of ions after interaction with the
profile. Figure 3(b) shows ion trajectories upstream of the
profile in the same phase space. Ions are trapped around
%� vr=v and  � � in the phase space. There is clear
evidence that gyroresonant surfing acceleration is espe-
cially efficient for trapped particles.

We now apply the mechanism to Earth’s bow shock,
choosing parameters appropriate to ion beam-excited
Alfvén waves (k � 0:1, cp � �1, vu � 5:5, vt � 1, b �

0:5, 2al � mv2u=2, kl � 1) [4,8,11–13]. Figure 4 shows
distributions of the particles before and after interaction as
the same as Fig. 2(a). There are distinct two components:
one is thermal, low energy particles, and the other is non-
thermal, high energy particles. Some of the thermal parti-
cles have parallel velocity less than zero; however, this is
simply due to oscillations in the large amplitude wave. All
the thermal particles are downstream particles and all the
nonthermal particles are reflected upstream ones.
Characteristic energy of nonthermal particles is �5 times
the energy of upstream flow, which is consistent with the
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FIG. 3 (color). Initial pitch angle and phase dependence of
gyroresonant surfing acceleration is shown (a). Trajectories of
upstream ions in the same phase space are shown (b).
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typical energy of observed intermediate ions [9]. Note that
all the particles do not satisfy the resonance condition,
where vr � �5:5 (�11) in the S (P) system. Thus, ions
are not trapped by the wave initially. Interacting with the
potential, the reflected nonthermal particles are trapped
before and after reflection, resulting in efficient
acceleration.

We have discussed a new acceleration or energization
mechanism due to the combination of two effects: the
trapping of particles by the circularly polarized electro-
magnetic wave and the dragging by the electrostatic elec-
tric field to keep the resonance condition. This results in the
efficient perpendicular acceleration of particles, and allows
them to propagate downstream even when they have
smaller kinetic energy than the potential field. This can
be understood as follows. From the perpendicular compo-
nent of Eq. (1) we calculate the time derivative of perpen-
dicular particle energy,

d
dt

�
1

2
v2?

�
� ��cp � vx��vybz � vzby�: (7)

When dvx=dt� 0, we can replace ��vybz � vzby� by
�e=m�@’=@x. Furthermore, if the parallel velocity of par-
ticles is close to the resonant velocity, �cp � vx� in Eq. (7)
can be written as �=k, which is considered to be positive.
Under such conditions particles are accelerated in the
perpendicular direction. Moreover, in the presence of el-
liptically, linearly polarized waves, and turbulence (de-
scribed by the superposition of monochromatic waves)
the gyroresonant surfing can take place. A similar mecha-
nism can also potentially accelerate electrons using the
whistler precursor wave. Furthermore, the gyroresonant
surfing can operate in the same way if the dragging force
is provided by a magnetic mirror. It is worth noting that the
03110
same mechanism can accelerate pickup ions in a cometary
or solar wind plasmas [6].

The gyroresonant surfing can provide an efficient injec-
tion mechanism. The particles from the thermal back-
ground can be energized to form a seed particle
population that can be further accelerated by DSA. This
Letter provides the essential idea of gyroresonant surfing
acceleration. The full theory of the formation of the seed
particle population should include several additional ef-
fects, such as the inhomogeneity of the ambient magnetic
field and/or oblique wave propagation. To develop the
theory for astrophysical applications, it is necessary to
include relativistic effects.
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