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Introduction 
!
!
Diffusive Shock Acceleration (DSA) process  
assumed to provide work at nonrelativistic shocks  
and provide the main part of Galactic cosmic-ray  
flux. 
!
!
!
Attributes relevant for DSA:!

- efficient acceleration requires strong magnetic turbulence that needs  
to be self-generated by accelerated particles 

- particle pre-acceleration needed: electron injection constitutes the central unresolved 
issue 

!
!
!

HESS:	SNR	RX	J1713.7	

injection



Outline 
!
• PIC simulation method 
• nonrelativistic quasi-perpendicular shocks 

• high Mach number, low beta plasmas 
• low Mach number, high beta plasmas 
!

• nonrelativistic quasi-parallel shocks 
!



• Fully self-consistent description of collisionless plasma:!
- Vlasov equation (kinetic theory; time evolution of particle distribution function f(x,v,t)  

in phase-space) + Maxwell’s equations!
!
• Particle-In-Cell modeling - an ab-initio method of Vlasov equation solution through:!

- integration of Maxwell’s equations on a numerical grid!
- integration of relativistic particle equations of motion in collective self-consistent EM field  
 
 

 
 

 
 
 
 
 
 
 
 
 
 

Particle distribution function represented by macroparticles on a numerical grid.  
(Macroparticles represent a small volume of particle phase-space; equations of motion as for realistic particles)

Method of Particle-In-Cell Simulations



PIC Numerical Model
Definition of plasma:  !
!
Typical astrophysical system ND >> 1  (e.g. ionosphere ND~104)!
!
Basic plasma condition:!
!
!
                                                      Is ND~10 enough? How else obtain                 ?!
!
!
!
• numerical grid for EM fields!
• finite-size particle shape model - effective elimination  

of short-range forces 
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FIG. 3: Geometry of an ideally perpendicular supercritical shock showing the field structure and sources of free energy. The shock is a
compressive structure. The profile of the shock thus stands for the compressed profile of the magnetic field strength |B|, the density N ,
temperature T , and pressure NT of the various components of the plasma. The inflow of velocity V1 and outflow of velocity V2 is in x

direction, and the magnetic field is in z direction. Charge separation over an ion gyroradius r

ci

in the shock ramp magnetic field
generates a charge separation electric field E

x

along the shock normal which reflects the low-energy ions back upstream. These ions see
the convection electric field E

y

of the inflow, which is along the shock front, and become accelerated.The magnetic field of the current
carried by the accelerated back-streaming ions causes the magnetic foot in front of the shock ramp. The shock electrons are accelerated

antiparallel to E

x

perpendicular to the magnetic field. The shock electrons also perform an electric field drift in y-direction in the
crossed E

x

and compressed B

z2 fields which leads to an electron current j

y

along the shock. These di↵erent currents are sources of free
energy which drives various instabilities in di↵erent regions of the perpendicular shock.

Figure 3 shows a sketch of some of the di↵erent free-energy sources and processes across the quasi-perpendicular
shock. In addition to the shock-foot current and the presence of the fast cross-magnetic field ion beam there, the
shock ramp is of finite thickness. It contains a charge separation electric field E

x

which in the supercritical shock is
strong enough to reflect the lower energy ions. In addition it accelerates electrons downstream thereby deforming the
electron distribution function.

The presence of this field, which has a substantial component perpendicular to the magnetic field, implies that
the magnetized electrons with their gyro radii being smaller than the shock-ramp width experience an electric drift
V
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z2 along the shock in the ramp which can be quite substantial giving rise to an electron drift current
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z2 in y-direction. This current has again its own contribution to the magnetic
field, which at maximum is roughly given by B

z

⇠ µ0jye

�x

n

. Here we use the width of the shock ramp. The electron
current region might be narrower, of the order of the electron skin depth c/!

pe

. However, as long as we do not know
the number of magnetized electrons which are involved into this current nor the width of the electric field region
(which must be less than an ion gyro-radius because of ambipolar e↵ects) the above estimate is good enough.

The magnetic field of the electron drift current causes an overshoot in the magnetic field in the shock ramp on the
downstream side and a depletion of the field on the upstream side. When this current becomes strong it contributes
to current-driven cross-field instabilities like the modified two-stream instability.

Finally, the mutual interaction of the di↵erent particle populations present in the shock at its ramp and behind
provide other sources of free energy. A wealth of instabilities and waves is thus expected to be generated inside the
shock. To these micro-instabilities add the longer wavelength instabilities which are caused by the plasma and field
gradients in this region. These are usually believed to be less important as the crossing time of the shock is shorter
than their growth time. However, some of them propagate along the shock and have therefore substantial time to

Nonlinear perpendicular high MA shock structure 
!
• portion of incoming ions reflected from the shock-potential electric field !
• reflected ions accelerated in the upstream convection electric field (grad-B drift)  

B☉

Treumann & Jaroschek (2008) 
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• portion of incoming ions reflected from the shock-potential electric field !
• reflected ions accelerated in the upstream convection electric field (grad-B drift)  
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Fig. 1. Supercomputer simulations of a strong
collisionless shock revealing spontaneous turbu-
lent reconnection. (A) Electron number density
profile with magnetic field lines in the x-y plane (solid
line) around the shock front. The z component of the
vector potential was used to represent the in-plane
magnetic field components. Each axis was normal-
ized to the upstream ion inertia length li, and the
number density was normalized to the upstream
value and color-coded on a logarithmic scale. This
snapshot was taken at time T = 1125 Wge

−1, where
Wge is the electron gyro frequency in the upstream
region. (B) Enlarged view of the region at 42.0 ≤ x ≤
43.7 and 4.5 ≤ y ≤ 5.5.
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x Fig. 2. Mechanism of current sheet formation.
(A) Ion phase space (x – vx) density around the
shock front in the shock-rest frame along y =
3.4. The number of particles in each bin is color-

coded using a logarithmic scale. The population departing from the shock
front (x ∼ 42) toward the upstream region (vx > 0) is the reflected ions. (B)
Ion phase space density for vz, using the same format as in (A). There also
exists a large dispersion in the velocity space, owing to the gyrating
reflected ions. (C) Illustration of the current sheet formation mechanism
via the ion beam Weibel instability. The Bx and Bz components of the
magnetic field were generated and saturated at amplitudes much larger
than the upstream field strength (By0). Folded field lines in the shock
transition region are depicted with gray lines, and the field strength in the
x-y plane is color-coded in arbitrary units.

RESEARCH | REPORTS

• gyrating reflected ions excite ion beam 
Weibel instability that generates thin current 
sheets (magnetic filaments) in the shock 
ramp 

• interaction between reflected ions and 
incoming electrons leads to electrostatic 
Buneman instability in the shock foot

B☉

Treumann & Jaroschek (2008) 

Matsumoto et al. (2015) 



Shock structure 

Forward shock at t=4.8 Ωi-1

By

Ex

Ne

electrons

ions

Wieland et al. 2016; MA=28

overshoot

ramp

foot



• cyclic shock self-reformation caused 
by non-steady dynamics of ion 
reflection from the shock and 
governed by the physics of current 
filament mergers in the shock ramp 

!
• period of ~1.5 Ωi-1 
!
• electron injection efficiency time-

dependent

Ex

Bz

Ne

Shock reformation… 



Electron injection 

• electron shock-surfing acceleration (SSA) 
- stochastic acceleration of particles trapped 
in strongly nonlinear electrostatic Buneman 
waves 
- electrons escaping upstream further  
  accelerated in the motional electric field 

!
• both instability and trapping conditions 

need to be met !
• acceleration efficiency strongly depends 

on dimensionality effects

Matsumoto	et	al.	2013

Ex

Ey

electrons

trapping for EB≫cB0

instability for 𝛥V>vthe



2D PIC simulations of perpendicular shocks 

Simulations with different magnetic field geometry: 
  𝞅 = 0o - in-plane 
  𝞅 = 45o 
  𝞅 = 90o - out-of-plane 

!
              MA=32, Ms=1550 (50) Bohdan et al. (2017a, b) 



Electron acceleration efficiency

• acceleration most efficient for  
out-of-plane magnetic field configurations !!
• spectra vary with the phase of the cyclic 
shock reformation and plasma beta 𝜷p  
(temperature) !!
• maximum efficiency (nonthermal 
electron fraction) in moderate-temperature 
plasmas (𝜷p=0.5) varies from  
~0.5% for 𝞅 = 0o and 45o   
and ~7% for 𝞅 = 90o 
!
•in cold plasmas (𝜷p≪1) acceleration 
efficiencies a factor of 2-3 smaller

𝞅 = 90o!

45o!
        0o

𝞅 = 90o!

45o!
        0o

Downstream spectra:

normalized to particle number

normalized to dowstream temperature



90o 

45o 

0o 
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Buneman wave structure 



𝞅=90o

• double interaction with Buneman waves (red and violet particles) followed by adiabatic 
acceleration in the shock ramp through grad-B drift



• interaction with Buneman waves (red and violet particles) followed by non-adiabatic 
acceleration in collissions with moving magnetic structures

𝞅=45o!

(and 𝞅=0o)



• magnetic reconnection takes place in current sheets within filamentary shock transition and 
downstream. As a result, magnetic islands are formed along current sheets. !

• turbulent reconnection observed only for in-plane (0o) and oblique (45o) configurations !
• the process is intermittent, effectiveness vary with the phase of cyclic shock reformation !
• additional electron energization occurs (Matsumoto et al. 2015)

Spontaneous turbulent reconnection 

𝝑=45o ~0.4Ω-1



dE

dt
= e~v · ~E

vk =
~v · ~B
|B|

• typically, stochastic acceleration 
through collissions with magnetic 

structures…

v? =
~B ⇥ (~v ⇥ ~B)

B2

• …but also within reconnection 
structures
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Figure 10. Upstream conditions of Runs A–D and the recent two-dimensional
PIC simulations as a function of the mass ratio and the Alfvén Mach number.
The solid line indicates the marginal condition of Equation (8). Dashed lines
indicate the marginal condition of the Buneman instability (Equation (5)) for
selected βe conditions (βe = 0.5, 4.5, 25).

which is based on the linear and nonlinear theories of cold
plasma, and detailed analysis of the saturation mechanism
of the Buneman instability with finite electron temperature
effects is necessary. Extrapolating from the recent and present
two-dimensional PIC simulations, Figure 10 indicates that the
electron shock surfing acceleration is an effective mechanism
for producing relativistic particles in extremely high Mach
number shocks in SNRs, provided that the upstream electron
temperature is reasonably low.

In addition to the shock surfing acceleration in the foot,
the adiabatic accelerations are found to be effective for the
pre-accelerated, relativistic electrons in the super-high Mach
number shock. The process is a combination of the shock
drift acceleration and the betatron acceleration by the time
variation of the ramp due to the shock reformation process.
Since the mechanism itself is an adiabatic one, the maximum
attainable energy by this process is limited by the amplitude of
the magnetic field at the overshoot:

γ 2
ft

Bft
= γ 2

ov

Bov
, (10)

γov = γft

!
Bov

Bft
, (11)

where the subscripts “ft” and “ov” denote the foot and the
overshoot, respectively. γft is the energy after the shock surfing
acceleration in the foot. The magnetic field strength at the
leading edge of the foot does not strongly depend on the Alfvén
Mach number and our simulation runs exhibit Bft ∼ 2B0, which
agrees with the multi-fluid model of Leroy (1983). In Leroy’s
model, the field strength at the overshoot was also estimated to

leading order as

Bov ∼ αB0M
7
6
A, (12)

where we assume α is a constant. This scaling can be applied to
our simulation runs up to MA = 30; for instance, Bov = 8.0B0
for MA = 14.4 in Run A and Bov = 20.0B0 for MA = 30.0 in
Run C give α ∼ 0.4. Equations (11) and (12) are combined to
give the maximum energy attained by the adiabatic acceleration
around the overshoot as

γov =
√

0.2M
7
12
A γft, (13)

which suggests that the electrons accelerated in the foot can be
further energized by an order of magnitude in extremely high
Mach number shocks in SNRs. Note, however, that the high
energy particles reside in the vicinity of the shock surface and
their energy decreases as they are transmitted in the downstream
far away from the overshoot owing to the conservation of the
magnetic moment. Non-adiabatic processes, such as a pitch
angle scattering of the particles by electromagnetic waves at the
shock surface, are necessary in order to observe the relativistic
electrons in the entire downstream region.

In our two-dimensional purely perpendicular shock simula-
tions with the out-of-plane magnetic field configuration, only
drift waves along the shock surface are allowed to exist. Growth
of the drift waves (e.g., the lower hybrid drift instability) is
observed in the super-high Mach number shock (not shown);
however, relationships between the waves and the electron heat-
ing or acceleration were not clearly found in the present study.
A similar point of view must be introduced if one examines
the in-plane magnetic field configuration in which electromag-
netic waves are allowed to propagate along the shock surface. In
supercritical shocks, two-dimensional hybrid simulations have
revealed ion-scale rippled structures at the shock surface asso-
ciated with strong electromagnetic perturbations, and the ripple
is observable only in the in-plane magnetic field configuration
(Lowe & Burgess 2003; Burgess 2006). In this case, the an-
gle between the shock normal and the magnetic field direction
changes locally, thereby, the reflection rate of the ions is en-
hanced in some locations feeding more energy to the Buneman
instability. Such a connection between the rippled shock struc-
ture and the electron acceleration has been reported (Umeda
et al. 2009). The discussions are, however, limited in relatively
low Alfvén Mach number and small mass ratio cases, and un-
derstanding how the ion-scale rippled structure and the electron-
scale Buneman instability coexist in high Mach number shocks
remains the next step.

Note that a two-dimensional simulation can deal with either
the two-dimensional electron surfing acceleration in the out-of-
plane magnetic field configuration or the rippled structure in the
in-plane configuration. In the latter case, the surfing acceleration
occurs one dimensionally and the electrons cannot escape
from the trapping region. The acceleration efficiency will be
different from the present out-of-plane case. Therefore, a unified
understanding of electron accelerations in high Mach number
shocks will be made possible only by a three-dimensional PIC
simulation, which will be reported in the near future by virtue
of a peta-scale supercomputer system.

This work was supported by Grant-in-Aid for Research
Activity Start-up KAKENHI (23840047). Numerical compu-
tations were partly carried out on Fujitsu FX1 at JEDI of
Japan Aerospace Exploration Agency (JAXA), Fujitsu HX600
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Figure 9. Energy spectra of the electron in the downstream region. The results are compared for (a) Run A (green), Run B (magenta), and Run C (black); and (b) Run
C (black) and Run D (cyan). Dashed lines are fitted Maxwell distributions.
(A color version of this figure is available in the online journal.)

shown in Figure 8(d). The amplitude of the electrostatic field
is so weak (|Eest|/B0 ∼ 0.5) that any coherent waves are not
recognized out of the thermal noise of the hot electron. As in
the case of Run B, the non-thermal electrons are hardly found
in the downstream.

4.4. Energy Spectra in the Downstream Region

We summarize our simulation runs by showing the energy
spectrum of the electron in the downstream region. Particles are
sampled in a rectangular region of 0.7 V0/Ωgi × Ly behind the
overshoot. Figure 9(a) compares the results from Runs A–C.
The energy spectrum in Run C exhibits a high energy tail that
deviates from the thermal population and reaches γ ∼ 9, as is
shown in Figure 3. Similar non-thermal electron production
is observed in Run A, in which the Buneman instability is
highly activated at the edge of the foot as well. These simulation
runs satisfy the trapping condition of Equation (6). When the
trapping condition does not hold by increasing the mass ratio, the
non-thermal population is significantly reduced. This is clearly
seen in Run B when compared with Run A. It is also notable
that fitted Gaussian profiles give the electron temperatures of
Te/mc2 = 0.062 for Run A and Te/mc2 = 0.033 for Run
B. Although the Mach number is the same in both runs, the
downstream condition is greatly altered by the activity of the
Buneman instability in the foot, which heats the electrons
perpendicular to the magnetic field.

Figure 9(b) shows the effect of the upstream electron tem-
perature on the non-thermal electron production by comparing
the results from Runs C and D. Even though both the unsta-
ble and trapping conditions are satisfied in Runs C and D, the
non-thermal population in the downstream in Run D is also sig-
nificantly reduced. Thus, the upstream electron temperature (βe)
must be another important parameter that determines the effi-
ciency of the electron accelerations. The fitted Gaussian profile
for Run D gives the electron temperature of Te/mc2 = 0.11,
which is slightly smaller than in Run C.

In Table 1, the results are summarized in relation to the
upstream conditions.

5. SUMMARY AND DISCUSSION

We have examined electron acceleration mechanisms at high
Mach number shocks by means of two-dimensional PIC simu-
lations with various ion-to-electron mass ratios, Alfvén Mach

numbers, and the upstream electron βe. We found electrons
are effectively accelerated at a super-high Mach number shock
(MA ∼ 30) with a mass ratio of M/m = 100 and βe = 0.5.
The electron shock surfing acceleration is found to be an ef-
fective mechanism for accelerating the particles toward the
relativistic regime even in two dimensions with a large mass
ratio. The Buneman instability in the super-high Mach num-
ber shock resulted in a coherent electrostatic potential structure
which enabled efficient trapping of the electrons. While multi-
dimensionality allows the electrons to escape from the trapping
region, they can interact with the strong electrostatic field several
times. This multiple interaction enables effective shock surfing
accelerations, as has been found in the small mass ratio case
(Amano & Hoshino 2009a).

The conditions of the electron shock surfing accelera-
tion toward the relativistic regime have been derived from
one-dimensional arguments (Papadopoulos 1988; Cargill &
Papadopoulos 1988; Ishihara et al. 1980). Those simple esti-
mations still hold in the present two-dimensional simulations,
as summarized in Figure 10. While our four simulation runs
all satisfy the unstable condition of the Buneman instability
(dashed lines), the shock surfing acceleration becomes effective
in two simulation runs (denoted by “Run A” and “Run C” in
Figure 10) whose upstream conditions are also well above the
trapping condition of the electron (solid line). A similar aspect
holds in recent two-dimensional PIC simulations with parame-
ters different from those in our simulation runs. For example,
the electron shock surfing acceleration does not play an im-
portant role in producing non-thermal electrons in shocks with
MA = 7, M/m = 100, 400, and βe = 0.5 in which the trapping
condition is not met (Riquelme & Spitkovsky 2011).

An exception was found for high electron βe cases. In our
high βe run (denoted by “Run D” in Figure 10), the Buneman
instability is destabilized in the foot region. However, its peak
amplitude is not so large that electrons can escape from the
trapping region before reaching the relativistic regime. A similar
conclusion was also drawn by Kato & Takabe (2010), in
which MA ∼ 130, M/m = 30, and βe = 26 are used (see
also Figure 10). Although their linear analysis revealed that
the foot region in their simulation result was unstable due to
the Buneman instability, the resultant energy spectrum in the
downstream region was almost Maxwellian, like what we see
in our high βe run. These results indicate that we cannot simply
understand the high electron βe simulations from Figure 10,
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Table 1
Upstream Conditions of Simulation Runs and Resultant Electron Accelerations

MA M/m βe ωpe/Ωge Equation (5) Equation (8) Ele. Accel.

Run A 14.4 25 0.5 10 2.1 10.3 BI
Run B 16.2 100 0.5 10 4.2 25.8 Weak
Run C 30.0 100 0.5 10 4.2 25.8 BI + adiabatic
Run D 30.0 100 4.5 10 12.7 25.8 Weak

n0 is the number density in the upstream region (40 particles per
cell). The notations c and q, respectively, represent the speed
of light and elementary charge. The grid size ∆h and the time
step size ∆t are set as ∆h = λD and ωpe∆t = 0.025, where
λD =

!
Te/4πn0q2 is the Debye length in the upstream region,

Te is the electron temperature, and ωpe =
!

4πn0q2/m is the
electron plasma frequency. In the following, we use the units of
Ω−1

gi , c/ωpi , n0, B0, c, and mc2 for time, space, number density,
electromagnetic fields, velocity, and energy, respectively, unless
otherwise stated.

We carry out several runs with various ion-to-electron mass
ratios (M/m), the Alfvén Mach numbers (M̂A = V0/VA),
and the electron plasma βe = 8πn0Te/B

2
0 , while the ratio

of the electron plasma to gyro frequencies (ωpe/Ωge) and
the temperature ratio of the ion to the electron (Ti/Te) are
fixed to ωpe/Ωge = 10.0 and Ti/Te = 1, respectively. Two
simulation runs use the mass ratios of 25 and 100 for fixed
values of M̂A = 10 (respectively, MA ∼ 14 and 16 in the
shock rest frame) and βe = 0.5 in order to examine the mass
ratio dependence of the electron acceleration (Runs A and B).
Parameters in Run A are the same as those used by Amano &
Hoshino (2009a). Another simulation run uses M/m = 100
with M̂A = 20 (MA ∼ 30) for comparison with the lower
Alfvén number cases (Run C). We also examine a hot electron
case with βe = 4.5 for comparison with the high Alfvén Mach
number and a lower electron temperature case (Run D). We
examine in total four simulation runs (Runs A–D) with various
MA, M/m, and βe to assess the importance of these parameters to
electron acceleration mechanisms. The upstream parameters of
the four simulation runs are summarized in Table 1. The largest
computational resources are used in Run C, in which 5 × 109

particles are followed in a simulation domain with 24001×1024
grid points.

4. SIMULATION RESULTS

4.1. Electron Acceleration in Run C

4.1.1. Overview of 2D Shock Structure

We first present an overview of a two-dimensional perpen-
dicular shock structure in Run C in which the maximum energy
gain of the electron was observed. In the following results, the
data at a time of ΩgiT = 6 are used, after which the energy spec-
trum of the electron in the downstream region is not significantly
changed.

Figure 1(a) shows a two-dimensional spatial profile of the z
component of the magnetic field. The structure is characterized
by the foot region, which extends from X = 63 c/ωpi to
the ramp and the overshoot around X = 74 c/ωpi , and the
downstream region in X > 74 c/ωpi . The width of the foot
(the shock transition region) is well scaled by the gyroradius
of the reflected ion (L ∼ 0.7 V0/Ωgi) (Leroy 1983; Shimada
et al. 2010).

Figure 1(b) shows the phase space plot for ions. The ions in the
foot consist of the incoming cold population and the relatively
hot ion moving toward the upstream region, which is specularly
reflected by the shock potential at X ∼ 74 c/ωpi . At the leading
edge of the reflected ion, electrons are preferentially accelerated
immediately after entering the foot as seen in the energy–space
diagram in Figure 1(c). Just behind the region around X ∼
63 c/ωpi , the maximum energy of the electrons increased to
γ ∼ 2. They are then further heated in X > 66.5 c/ωpi in the
foot. In the vicinity of the overshoot, the electron energy again
increased up to γ ∼ 9.

Zoomed-in spatial profiles surrounded by the white dashed
line in Figure 1(a) are shown in Figures 1(d) and (e). At the
edge of the foot, we can identify fine scale structures of the
electron number density in Figure 1(d), whose spatial size is
much smaller than the ion inertia scale, i.e., the electron scale
that is embedded in the MHD scale shock structure. This fine
structure is accompanied by electrostatic fields. Figure 1(e)
shows the electrostatic field strength |Eest| = | − ∇φ| given by
solving the Poisson equation of ∇2φ = −∇ · E. The amplitude
reaches twice as large as the background magnetic field (B0),
which is much larger than the upstream convective electric
field |Ey/B0| = V0/c = 0.2. Coherent wave trains lie in
the x–y plane rather than exhibiting two-dimensional isolated
structures (Amano & Hoshino 2009a). This strong electrostatic
field at the edge of the foot is caused by a linear instability
between the incoming electron and the reflected ion, which
one usually refers to as Buneman instability. The Buneman
instability heats the electrons perpendicular to the magnetic field
and sets a favorable condition for the ion-acoustic instability,
which further energizes the electrons in X > 66.5 c/ωpi in the
foot.

In order to identify the instability in the two-dimensional
plane as the Buneman instability, we focus on the closed-up
region of interest in Figures 1(d) and (e). Figure 2(a) shows the
zoomed-in profile of the electrostatic potential energy qφ. In
this region, the cold upstream and the reflected gyrating ions
constitute the distribution function shown in Figure 2(b). The
number of reflected ions with respect to the upstream population
is nr/n0 = α = 0.22 as expected in previous high Mach number
shock simulations (Leroy et al. 1982; Leroy 1983).

The relative drift speed between the two populations is
∆V ∼ 0.4c. This velocity difference is much larger than the
upstream electron thermal speed of 0.07c, thus satisfying the
unstable condition of the Buneman instability (Equation (5)).
Figure 2(c) shows the Fourier amplitude of the electrostatic
potential of Figure 2(a) in the kx–ky space in which a Hann
window is applied in the x-direction. One can identify a strong
peak appearing around (kx, ky) = (0.6, 0.3) ωpe/∆V . This peak
corresponds to the coherent wavy structure that obliquely lies in

the x–y plane, and |k| =
"

k2
x + k2

y = 0.7 ωpe/∆V agrees with

the fastest growing mode at kx∆V/Ωpe ∼ 1 predicted by the
linear analysis of the Buneman instability (Amano & Hoshino
2009b).

4.1.2. Electron Acceleration Mechanisms

In Run C, a high energy tail of the electron energy distribution
function which extends to γ ∼ 9 is observed. Figure 3 shows
the energy spectra of the electron in the foot and downstream
regions. Particles are sampled in regions 64 c/ωpi ! X !
71 c/ωpi for the foot spectrum and 74 c/ωpi ! X ! 88 c/ωpi

for the downstream spectrum. In the foot region, non-thermal

3

trapping condition  
(linear theory, cold plasma, out-of-plane mf

simulations by Bohdan et al. (2017a,b)

• SSA efficient in 3D systems; wave 
coherency as in 2D simulations with  
out-of-plane magnetic field (Matusmoto at 
al. 2017 submitted) 

!
• SSA inefficient in high 𝛽 plasmas - linear 

theories of the Buneman instability in cold 
plasmas do not apply



 Low Mach number quasi-perpendicular shocks in high beta plasmas

2D3V, MA=8.2, Ms=3, 𝜗=63o, mi/me=100, v0=0.15c, 𝛽=20; Guo et al. 2014

• shock-reflected energetic 
electrons progapaging 
upstream self-generate 
magnetic waves (electron 
oblique firehose instability due 
to temparature anisotropy)



• multiple SDA cycle acceleration 
• requires high 𝛽 
• works fastest for quasi-perpendicular 

shocks, below superluminal limit 
• at quasi-parallel shocks acceleration rate 

slower



• reflected electron beams driving 
waves upstream demonstrated 
also in earlier 1D3V simulations, 
e.g. Matsukiyo et al. 2011 

!
• SDA shown to work  

1D3V, MA=7.8, Ms=3, 𝜗=85o, mi/me=1836, v0=0.15c, 𝛽=3



2D3V, MA=7.8, Ms=3, 𝜗=85o, mi/me=1836, v0=0.15c, 𝛽=3, Matsukiyo & Matsumoto 2015

• no reflected electrons beacuse of 
ion-scale shock ripples 
Matsukiyo et al. 2011 

!
• SDA does not work !
• acceleration by scattering on the 

waves in the shock transition 
instead 

!
• if the same shock rippling 

mechanism operates for 
conditions assumed in Guo et al. 
2014, then their simulation might 
not be albe to resolve it 



• electron scattering under resonant 
condition requires high-frequency 
whistler waves 

!
!
!
• interaction of a cold electron plasma 

beam with whistler waves (A) 
prohibited by the momentum 
conservation law 

• interaction of truly nonrelativistic 
beam with ion cyclotron wave (B) 
need to overcome damping by 
thermal ions 

• all simulation work so far performed 
for „relativistic” beams that probe 
MHD regime

 Critical Mach number for electron injection

MHD regime 
(Alfven waves) 

„relativistic regime”



• whistler wave (A) can be destabilized 
in a presence of the loss-cone 
distribution (natural consequence of 
mirror reflection - SDA) 

!
• critical Mach number for injection: 
!
!
!
!
Amano & Hoshino 2010 

 Critical Mach number for electron injection

MHD regime 
(Alfven waves) 

„relativistic regime”

reflected particles



 Critical Mach number for electron injection

• mechanism naturally explains injection 
in SNRs 

• can be tested via in-situ observations  
(e.g., at Earth’s bow shock)

Oka et al 2006, Geotail, Earth’s bow shock Masters et al 2016, Cassini, Saturns’s bow shock



Quasi-parallel high MA shocks in cold plasmas

•   observations of space plasma shocks and theory demonstrated the role of 
electromagnetic instabilities excited by magnetic-field aligned ion beams as a 
source of dissipation at the shock, thermal particle injection, and subsequent 
particle scattering!

         - most studies with 1D or 2D hybrid simulations; electron scales not resolved!
!
•   existence of Weibel-type (filamentation) instability-mediated nonrelativistic 

shocks in unmagnetized plasmas reported recently (Kato & Takabe 2008, 
Stroman et al. 2012)!

         - pre-existing magnetic field not necessary for shock formation!
         - electron dynamics important
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FIG. 1: (color online) Proton (a) and electron (b) x − px
phase space distributions for f(px), density profile (c), and
transverse magnetic field (d) at t = 4.6× 105ω−1

pe for a shock
with vu = 0.1c, ϑ = 30◦, and mp/me = 100. Energetic
protons and electrons diffuse ahead of the shock, amplifying
the upstream magnetic field.

fore, the shock is modeled in the downstream frame. The
computational box is 1D along x, with all components of
fields and velocities retained. In order to save computa-
tional resources, the box is enlarged to ∼ 4 × 105 cells
by expanding the right boundary as simulation proceeds.
The resolution is 10 cells per electron skin depth c/ωpe,
where c is the speed of light and ωpe =

!

4πne2/me is
the electron plasma frequency (e and n being the elec-
tric charge and number density); the time step is ∆t =
0.045ω−1

pe . We use 200 particles per cell per species, with
a reduced proton-to-electron mass ratio mp/me = 100.
Electrons and protons are initially in thermal equilib-
rium, i.e., Te = Tp = 1.12×10−3mec2 = 1.12×10−3mpv2u,
and vu = 0.1c. The sonic and Alfvénic Mach numbers are
Ms ≡ vsh/

!

Tp/mp = 40 and MA ≡ vsh/vA = 20, where
vsh ≡ vur/(r−1) is the upstream flow speed in the shock
rest frame and vA ≡ B1/

!

4πnmp is the Alfvén speed in
the initial magnetic field B1 = B1(cosϑx+ sinϑy), with
ϑ = 30◦. To improve performance, we also implemented
dynamical load balancing that repartitions the domain
and particles amongst CPUs to even out the load.
Bell Instability.— Fig. 1 shows the proton (a) and the

electron (b) x− px phase space distribution for f(px) at
the end of our simulation at t ≃ 4.6× 105ω−1

pe ≈ 310Ω−1
cp ,

where Ωcp ≡ eB1/mpc is the proton cyclotron frequency.
The streaming energetic protons and electrons are promi-
nent in the upstream region (x > 1.55 × 104c/ωpe).
The density is compressed by the expected factor of

FIG. 2: (color online) (a) Spectral distribution of the per-
pendicular magnetic field, δB⊥/B1, in the shock precursor.
(b) Polarization angle χ(k), where χ = +(−)45◦ corresponds
to right-(left-)handed circularly polarized modes. The red
dashed line indicates the inverse of the mean CR gyro-radius.

4 at the shock (Fig. 1c). The super-Alfvénic stream-
ing of energetic protons excites magnetic turbulence in
the upstream via the fast non-resonant (Bell) instabil-
ity [14]. Fig. 1(d) shows the self-generated magnetic
field, i.e., the field component δB⊥ transverse to B1:
the magnetic field is amplified by a factor of ∼ 2 in a
region of width ∼ 5 × 103c/ωpe upstream of the shock
(shock precursor), in agreement with the saturation level
δB⊥/B1 ∼ MA

!

ηvsh/c of the Bell instability [e.g., 17].

To assess the nature of the excited modes, we per-
formed Fourier analysis of δB⊥ in the precursor (Fig. 2a),
finding that the wave spectral energy density peaks
at wavenumber kmax = 4 × 10−3ωpe/c > kres, where
kres ≡ 1/ρCR ≃ 1.1 × 10−3ωpe/c is the wavenumber res-
onant with protons that contribute to the CR current
(red dashed line in Fig. 2a). More precisely, the rele-
vant CR gyroradius, ρCR, is calculated by averaging over
the distribution of non-thermal protons in the far up-
stream (x > 3 × 104c/ωpe), where the Bell instability
is triggered [4]. Fig. 2(b) shows the polarization angle
χ ≡ sin−1(V/I)/2, where I and V are the Stokes pa-
rameters [18] for the two transverse magnetic field com-
ponents in k-space. Since χ = +(−)45◦ corresponds to
a right-(left-)handed circularly polarized waves, we con-
clude that modes with k = kmax are indeed non-resonant
Bell modes, while the mode at k = 1/ρCR is the resonant
left-handed proton-cyclotron mode. We note that short-
wavelength, right-handed Bell modes are ineffective at
disrupting the proton current, which allows the gener-
ated turbulence to grow to nonlinear levels [4], but very
effective at scattering electrons, which can easily meet
the cyclotron resonance criterion kmaxρe ∼ 1.

Proton and Electron Acceleration.— In order to illus-
trate how protons and electrons achieve non-thermal en-
ergies, we tracked individual particles along their space-
time trajectories. In Fig. 3, we follow two protons

3

FIG. 3: (color online) Trajectories of individual protons (a-d)
and electrons (e-h) in the x − t and x − p spaces (left and
right columns). The gray-scale colormap and the color code
indicate the amplified magnetic field δB⊥/B1 and time, as in
the legends.

(a-d) and two electrons (e-h) over the time interval
3.4 × 105 < ωpet < 4.4 × 105. Left panels show parti-
cle trajectories in the x − t plane (color lines), on top
of the map of amplified magnetic field, δB⊥/B1 (grey
scale), while right panels illustrate the momentum evo-
lution along the particle trajectories; positions are in the
shock rest frame, and p is calculated in the simulation
frame. Panels (a-b) depict a proton with initial momen-
tum p = 10mec(= 0.1mpc = mpvu) that encounters the
shock at t ≈ 3.62× 105ω−1

pe , gains energy in a few gyro-
cycles of SDA around t ≈ 3.7×105ω−1

pe , and finally enters
DSA at t ≈ 3.9 × 105ω−1

pe ; when the proton is injected
into DSA, its momentum is pinj ≈ 3mpvu = 30mec, con-
sistent with the model of injection from hybrid simula-
tions in Ref. [6]. In Fig. 3(c-d), a proton which has al-
ready been injected is shown to cross the shock several
times and gains energy by undergoing head-on collisions
against upstream waves (since the simulation frame is the
downstream frame, post-shock reflections do not increase
particle energy); its diffusion length, i.e., the maximum
displacement from the shock, is now larger than its gy-

FIG. 4: (color online) Evolution of the downstream momen-
tum distributions for (a) protons and (b) electrons. The
dashed lines represent thermal Maxwellian distributions.

roradius.

Electron acceleration proceeds in a different way. In
Fig. 3(e-f) we follow an initially cold electron that, af-
ter being reflected off the shock at t ≈ 3.65 × 105ω−1

pe

because of magnetic mirroring [e.g., 19, 20], remains
trapped between the shock front and the nearest up-
stream wave until t ≈ 4.25 × 105ω−1

pe . At each inter-
action with the shock, the electron may undergo a new
cycle of SDA, which results in vigorous energy gain. This
hybrid (SDA+scattering on Bell waves) acceleration pro-
cess is rather fast: in less than 8 × 104ω−1

pe ≃ 50Ω−1
cp

electrons increased their energy by a factor of more than
104 (from 5 × 10−3mec2 to 60mec2). Guo et al. studied
the physics of a similar process for quasiperpendicular
shocks [§4.2.3 in Ref. 12], in which the upstream con-
finement is provided by electron-induced firehose modes
[13] rather than by proton-induced Bell modes. In our
longer simulations, we find that this hybrid acceleration
transitions to standard DSA when the electron achieves
a momentum pinj ∼ 50mec (Fig. 3g,h). Note that in this
stage electrons diffuse into the upstream for more than
one gyro-radius, gaining energy when they reverse their
motion and not at the shock transition. From other elec-
tron trajectories (not shown here), we observe that the
typical momentum needed for injection into DSA spans
the range p ≈ 30− 100mec, comparable with the typical
proton injection momentum p ≈ 3mpvu = 30mec [6].

Proton and Electron Spectra.— Fig. 4 shows the time
evolution of the proton and electron momentum distri-
butions in a region 2000c/ωpe behind the shock, multi-
plied by p4 to emphasize the scaling with the expected
universal DSA spectrum at strong shocks. The dashed
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FIG. 3: (color online) Trajectories of individual protons (a-d)
and electrons (e-h) in the x − t and x − p spaces (left and
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the legends.

(a-d) and two electrons (e-h) over the time interval
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cle trajectories in the x − t plane (color lines), on top
of the map of amplified magnetic field, δB⊥/B1 (grey
scale), while right panels illustrate the momentum evo-
lution along the particle trajectories; positions are in the
shock rest frame, and p is calculated in the simulation
frame. Panels (a-b) depict a proton with initial momen-
tum p = 10mec(= 0.1mpc = mpvu) that encounters the
shock at t ≈ 3.62× 105ω−1
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cycles of SDA around t ≈ 3.7×105ω−1
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DSA at t ≈ 3.9 × 105ω−1

pe ; when the proton is injected
into DSA, its momentum is pinj ≈ 3mpvu = 30mec, con-
sistent with the model of injection from hybrid simula-
tions in Ref. [6]. In Fig. 3(c-d), a proton which has al-
ready been injected is shown to cross the shock several
times and gains energy by undergoing head-on collisions
against upstream waves (since the simulation frame is the
downstream frame, post-shock reflections do not increase
particle energy); its diffusion length, i.e., the maximum
displacement from the shock, is now larger than its gy-

FIG. 4: (color online) Evolution of the downstream momen-
tum distributions for (a) protons and (b) electrons. The
dashed lines represent thermal Maxwellian distributions.

roradius.

Electron acceleration proceeds in a different way. In
Fig. 3(e-f) we follow an initially cold electron that, af-
ter being reflected off the shock at t ≈ 3.65 × 105ω−1

pe

because of magnetic mirroring [e.g., 19, 20], remains
trapped between the shock front and the nearest up-
stream wave until t ≈ 4.25 × 105ω−1

pe . At each inter-
action with the shock, the electron may undergo a new
cycle of SDA, which results in vigorous energy gain. This
hybrid (SDA+scattering on Bell waves) acceleration pro-
cess is rather fast: in less than 8 × 104ω−1

pe ≃ 50Ω−1
cp

electrons increased their energy by a factor of more than
104 (from 5 × 10−3mec2 to 60mec2). Guo et al. studied
the physics of a similar process for quasiperpendicular
shocks [§4.2.3 in Ref. 12], in which the upstream con-
finement is provided by electron-induced firehose modes
[13] rather than by proton-induced Bell modes. In our
longer simulations, we find that this hybrid acceleration
transitions to standard DSA when the electron achieves
a momentum pinj ∼ 50mec (Fig. 3g,h). Note that in this
stage electrons diffuse into the upstream for more than
one gyro-radius, gaining energy when they reverse their
motion and not at the shock transition. From other elec-
tron trajectories (not shown here), we observe that the
typical momentum needed for injection into DSA spans
the range p ≈ 30− 100mec, comparable with the typical
proton injection momentum p ≈ 3mpvu = 30mec [6].

Proton and Electron Spectra.— Fig. 4 shows the time
evolution of the proton and electron momentum distri-
butions in a region 2000c/ωpe behind the shock, multi-
plied by p4 to emphasize the scaling with the expected
universal DSA spectrum at strong shocks. The dashed

• ion and electron streaming upstream 
• nonresonant (Bell) instability excited  

(ion-induced short-scale waves, krgi≫1). 
• ion acceleration: SDA ⟶ DSA 
• electron acceleration: SDA + scattering on Bell 

waves (rgekmax~1) ⟶ DSA (?) 

SDA

DSA

DSA

SDA

SDA

scattering

scattering

1D3V, MA=20, Ms=40, 𝜗=30o, mi/me=100, v0=0.1c; Park et al. 2015 Quasi-parallel shock



Unmagne'zed	plasma	 Magne'zed	plasma	

par'cle	density	profiles	

magne'c	field	
electric	field	

electrons	
ions	

HD limit 

• 	non-rela'vis'c	shocks	mediated	by	Weibel-type	short-wave	instabili'es	in	both	
unmagne'zed	and	magne'zed	condi'ons	–	efficiency	of	shock	forma'on	higher	in	the	
presence	of	large-scale	parallel	magne'c	field	
• 	turbulence	is	mainly	magne'c	–	amplitude	larger	in	magne'zed	condi'ons	
• 	strong	electron	hea'ng	at	forward	shocks	

PHASE-SPACE	
CD	 FS	RS	

t=4100/ωpi	

2D3V, MA=∞, 20, Ms≫MA, 𝜗=0o, mi/me=50, v0=0.2c; Niemiec et al. 2015  Parallel shock



Magnetic field structure – magnetized plasma

• turbulence driven by ion-ion and electron-ion small-scale streaming instabilities 
      - exact type of instability depends on the location in the shocks’ precursors 
• late-stage evolution:  
      - parallel left-hand circularly polarized Bell-type magnetic mode in dense plasma 
							(λ ≈ 15 λsi, vph≈1.4 vA, ω =0.58 Ωi; dependent on the presence of shock-reflected electrons)   
      - filamentation Weible-like instability in tenuous plasma 
• injection not observed - simulation too short



Quasi-parallel high MA shocks in cold plasmas

•   observations of space plasma shocks and theory demonstrated the role of 
electromagnetic instabilities excited by magnetic-field aligned ion beams as a 
source of dissipation at the shock, thermal particle injection, and subsequent 
particle scattering!

         - most studies with 1D or 2D hybrid simulations; electron scales not resolved!
!
•   existence of Weibel-type (filamentation) instability-mediated nonrelativistic 

shocks in unmagnetized plasmas reported recently (Kato & Takabe 2008, 
Stroman et al. 2012)!

         - pre-existing magnetic field not necessary for shock formation!
         - electron dynamics important!
!
!
!
!

•  2D (and 3D) simulations may reveal a different picture of shock structure and 
particle injection mechanism and efficiency !



Summary and conclusions 

!
• electron injections needs to be understood in the nonrelativistic regime 
!

• at high Mach number quasi-perpendicular shocks in cold plasmas (low-beta plasmas) 
shock-surfing acceleration (SSA) seems to be a viable process for electron injection 
!

• at moderate Mach number shocks shock-drift with upstream wave scattering may 
work, also in high-beta plasmas 
!

• multi-dimensional and large-scale effects need to be taken into account in kinetic 
modeling - need for exa-scale computing


