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We study synchrotron maser emission and associated particle acceleration at electron-ion rela-
tivistic shocks by PIC simulations. Relativistic shocks emit intense electromagnetic waves from
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region via the stimulated/induced Raman scattering and filamentation instability, respectively.
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decoupled particles can feel the motional electric field and efficiently accelerated.
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1. Introduction

Relativistic shocks are ubiquitous in the Universe as a consequence of interaction between rela-
tivistic plasma outflow and interstellar medium and believed to be an efficient particle accelerators.
Although particle acceleration at relativistic shocks is often invoked for the generation mechanism of
the ultra-high-energy cosmic rays (UHECRs), which is a long-standing in astrophysics, the detailed
acceleration mechanism remains unsolved yet.

It is well-known that relativistic shocks emit coherent electromagnetic waves [1–8], which
are assumed to originate from the synchrotron maser instability (SMI) [9]. 1D particle-in-cell
(PIC) simulations of relativistic shocks demonstrated that longitudinal electrostatic waves, which
are called wakefields, are induced in the wake of the large- amplitude electromagnetic waves via the
stimulated Raman scattering (SRS) and that nonthermal particles are generated during the nonlinear
collapse of the wakefields [10, 11]. This particle acceleration mechanism is similar to the wakefield
acceleration (WFA) which has been widely studied in laboratory plasma [12] and may explain the
origin of UHECRs [13]. Recently, our high-resolution 2D PIC simulation [14] confirmed that the
particle acceleration associated with the wakefield works even in realistic multidimensional shocks.
In this study, we investigate the acceleration mechanism in more detail and show that particles are
pre-accelerated by the wakefield and then enter the phase of the main acceleration by the motional
electric field operates.

2. Simulation Setting

We employ a fully-kinetic 2D PIC code [15, 16] which suppresses the unphysical electromag-
netic wave radiation by the numerical Cherenkov instability [17]. Our simulation configuration is
illustrated in Figure 1. The number of grids is 𝑁𝑥 × 𝑁𝑦 = 16000 × 1600. The cold ion-electron
plasma flow with the ion-to-electron mass ratio 𝑚𝑖/𝑚𝑒 = 50 is traveling in the −𝑥 direction with the
bulk Lorentz factor 𝛾1 = 40. The incoming particles are reflected by the right-hand cinducting wall
and induce the shock propagating in the +𝑥 direction. The particle number per cell is 𝑁1Δ𝑥2 = 64 for
both electrons and ions and the grid size is Δ𝑥/(𝑐/𝜔𝑝𝑒) = 1/40, where 𝜔𝑝𝑒 =

√
4𝜋𝑁1𝑒/𝛾1𝑚𝑒 is the

proper electron plasma frequency. The time step is𝜔𝑝𝑒Δ𝑡 = 1/40. The ambient magnetic field 𝐵1 is
in the 𝑧 direction and the ion and electron magnetization parameters are 𝜎𝑖 = 𝐵2

1/4𝜋𝑁1𝑚𝑒𝑐
2 = 0.1

and 𝜎𝑒 = (𝑚𝑖/𝑚𝑒)𝜎𝑖 = 5.
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Figure 1: Schematic picture of simulation configuration.
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3. Shock Structure

Figure 2 shows the shock structure at 𝜔𝑝𝑒𝑡 = 2000. From top to bottom, the electron number
density 𝑁𝑒, the ion number density 𝑁𝑖 , the out-of-plane magnetic field 𝐵𝑧 , the 1D profile for 𝐵𝑧

along 𝑦/(𝑐/𝜔𝑝𝑒) = 20, the longitudinal electric field 𝐸𝑥 , the transversely averaged electrostatic
field ⟨𝐸𝑥⟩, and the electron and ion phase space densities 𝑥 − 𝑢𝑥𝑠 integrated over the 𝑦 direction are
shown. The large-amplitude electromagnetic waves are clearly seen in the upstream. The precursor
wave induces a large-scale longitudinal electric field by the SRS, which is so-called wakefield as
already discussed by [11, 14]. The ion and electron density filaments are generated in the upstream.
We think the filaments are attributed to the filamentation instability (FI) due to the intense precursor
waves [18–21]. The wakefield breaks up in the region 1150 ≲ 𝑥/(𝑐/𝜔𝑝𝑒) ≲ 1350, indicating that
the SRS enters the nonlinear phase. Both electrons and ions are strongly heated and accelerated
there.
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Figure 2: Global shock structure at 𝜔𝑝𝑒𝑡 = 2000.
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Figure 3 shows the upstream particle energy spectra measured in the simulation frame (left)
and plasma rest frame (right). The electron and ion spectra are shown in red and blue, respectively.
The electron Lorentz factor is scaled by the mass ratio 𝛾𝑒𝑚𝑒/𝑚𝑖 . Energy equipartition is roughly
achieved due to the electron-ion coupling via the wakefield [10, 11, 14]. The clear nonthermal tails
are shown in the left panel of Figure 3 for both electrons and ions.
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Figure 3: Upstream particle energy spectra measured in the simulation frame (left) and plasma rest frame
(right).

4. Acceleration Mechanism

The left panels of Figure 4 show typical trajectory of a nonthermal electron in the 𝑥-𝑦 (top) and
𝑥-𝛾 plane (bottom). The energetic electron initially oscillate in the 𝑥 direction due to the laminar
wakefield. It begins to travel along the +𝑦 direction and seems to gain energy from the motional
electric field 𝐸𝑦 ∼ −𝐵1. This particle acceleration continues until the electron enters the shock at
𝑥/(𝑐/𝜔𝑝𝑒) ∼ 1250. We think this acceleration by the motional electric field can be explained as
follows.
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Figure 4: Left: Nonthermal electron trajectory in the 𝑥–𝑦 (top) and 𝑥–𝛾 (bottom) space. The black dashed
lines are theoretical estimate. Right: Enlarged view of the gray-shaded region. The map of 𝐵𝑧 corresponds
to the time 𝜔𝑝𝑒𝑡 = 2080 when the electrons are reflected by the wakefield.
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The basic equations are relativistic equations of motion:

𝑚𝑠𝑐
d
d𝑡
𝛾𝑠𝛽𝑥𝑠 = 𝑞𝑠𝛽𝑦𝑠𝐵1, (1)

𝑚𝑠𝑐
d
d𝑡
𝛾𝑠𝛽𝑦𝑠 = −𝑞𝑠 (𝛽1 + 𝛽𝑥𝑠)𝐵1 (2)

Here we neglect the electromagnetic waves, wakefields, and filaments and consider only the 0-th
order electromagnetic fields. The subscript 𝑠 = 𝑖, 𝑒 indicates the particle species. For 𝛾1 ≫ 1,
which is satidfied in our simulations, these equations reduce to

𝑥𝑠 ≃ 𝑥0𝑠 − 𝑐𝛽1𝑡, (3)

𝑦𝑠 ≃ 𝑦0𝑠 ± 𝛾0𝑠𝛾1(𝛽1 + 𝛽0𝑠)
𝑐

𝜔𝑐𝑠

(
1 − cos

𝜔𝑐𝑠𝑡

𝛾0𝑠𝛾
2
1 (1 + 𝛽0𝑠𝛽1)

)
, (4)

𝛾𝑠 ≃ 𝛾0𝑠𝛾
2
1

[
(1 + 𝛽0𝑠𝛽1) − 𝛽1(𝛽1 + 𝛽0𝑠) cos

𝜔𝑐𝑠𝑡

𝛾0𝑠𝛾
2
1 (1 + 𝛽0𝑠𝛽1)

]
, (5)

where 𝜔𝑐𝑠 = 𝑒𝐵1/𝛾1𝑚𝑠𝑐
2 > 0 is the relativistic cyclotron frequency and the subscript 0 indicates

the initial quantities at the time when particles are picked up by the bulk flow. The positive (negative)
sign in 𝑦𝑠 corresponds to electrons (ions). Here we assume 𝜷0𝒔 = +𝛽0𝑠 �̂�. We determined the initial
quantities: 𝑥0,𝑦0, and 𝛽0 from the simulation result and show the analytical solutions in Figure 4 by
black dashed lines. The theoretical trajectory gives a good agreement with both ion and electron,
and clearly indicates that the particles are accelerated by the motional electric field. According to
Equation 5, the maximum Lorentz factor is estimated as

𝛾𝑚𝑎𝑥,𝑠 ∼ 𝛾0𝑠𝛾
2
1 . (6)

Here we have neglected the factors on the order of unity.
The above estimate assumes that the nonthermal particle travel in the opposite direction of the

bulk flow just before accelerate by the motional electric field. The trajectories in the left panels
of Figure 4 indeed demonstrate that nonthermal particles propagate toward the +𝑥 direction. Such
particle are decoupled from the bulk flow and feel the motional electric field [22]. As can be seen
in the left panels of Figure 4, the nonthermal particle enter the weekly magnetized region due to the
filaments, indicating that the filaments inject the particles into the acceleration process.

The time evolution of the Lorentz factor is shown in Figure 5. Here Δ𝛾𝑥 (green) and Δ𝛾𝑥
(blue) are the work done by the electric field 𝐸𝑥 and 𝐸𝑦 , respectively and calculated as follows:

Δ𝛾𝑥 = − 𝑒

𝑚𝑒𝑐2

∫ 𝑡

𝑡0

𝐸𝑥𝑣𝑥d𝑡, (7)

Δ𝛾𝑦 = − 𝑒

𝑚𝑒𝑐2

∫ 𝑡

𝑡0

𝐸𝑦𝑣𝑦d𝑡, (8)

where 𝜔𝑝𝑒𝑡0 = 2080 corresponds to the vertical gray dashed line. The nonthermal particles are first
accelerated by the wakfield and then decoupled from the bulk flow. This pre-acceleration may be
explained as follows. The incoming electrons are decelerated by the wakefield and begin to gyrate.
Some lucky electrons can enter the filaments, where the electrostatic field −𝑒𝐸𝑥 is larger than the
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Lorentz force −𝑒𝛽𝑦𝐵𝑧 because the 𝐵𝑧 almost vanishes inside the filaments (see the left panels of
Figure 4). They are then trapped by the wakefield and accelerated just like the WFA in laboratory
plasmas until −𝑒𝛽𝑦𝐵𝑧 exceeds −𝑒𝐸𝑥 . After detrapped by the wakefield, they are further accelerated
by the motional electric field during convecting toward the downstream.
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Figure 5: Time evolution of the Lorentz factor.

Now we estimate 𝛾0𝑒. If the pre-acceleration is described by the WFA, 𝛾0𝑒 satisfies

𝛾0𝑒 = 1 + Δ𝛾𝑥 . (9)

By definition, Δ𝛾𝑥 is written as

Δ𝛾𝑥
𝛾1

=
𝑒𝐸𝑤𝑎𝑘𝑒𝐿

𝛾1𝑚𝑒𝑐2 =
√
𝜎𝑒

𝐸𝑤𝑎𝑘𝑒

𝐵1

𝐿

𝑐/𝜔𝑝𝑒
, (10)

where 𝐸𝑤𝑎𝑘𝑒 and 𝐿 are the wakefield amplitude and acceleration length, respectively. 𝐸𝑤𝑎𝑘𝑒 can
be evaluated as [11]

𝐸𝑤𝑎𝑘𝑒

𝐵1
=

1
𝛾1
√
𝜎𝑒

𝜂𝑎2√
1 + 𝜂𝑎2

, (11)

where 𝑎 = 𝑒𝛿𝐸/𝑚𝑒𝑐𝜔 is the wave strength parameter and 𝜂 represents the wave polarization: 𝜂 = 1
for circular polarization and 𝜂 = 1/2 for linear polarization. The wave strength parameter 𝑎 can be
estimated as

𝑎 ∼ 𝛾1 ≫ 1 (12)

for 𝜎𝑖 = 0.1 [4, 6]. Our simulation results indicate

𝐿

𝑐/𝜔𝑝𝑒
∼ 1 (13)

Substituting 11, 12 and 13 into 10, we have

Δ𝛾𝑥
𝛾1

∼ 1. (14)
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Here we have neglected the factors on the order of unity. This estimate gives a good agreement
with our simulation results (see the green line in Figure 5). We finally obtain

𝛾0𝑒 ∼ 𝛾1. (15)

𝛾0𝑖 can be estimated in the same manner and we have

𝛾0𝑖 ∼ 1 + 𝑚𝑒

𝑚𝑖
𝛾1. (16)

Substituting 15 and 16 into 5, the maximum Lorentz factor can be estimated as

𝛾𝑚𝑎𝑥,𝑒 ∼ 𝛾3
1 , (17)

𝛾𝑚𝑎𝑥,𝑖 ∼ (1 + 𝑚𝑒

𝑚𝑖
𝛾1)𝛾2

1 . (18)

The above estimate indicates that highly-relativistic shocks 𝛾1 ≫ 1 can generate energetic particles.

5. Summary

In this work, we investigated the particle acceleration associated with the synchrotron maser
emission in relativistic ion-electron shocks by 2D PIC simulations. We found that particles are
pre-accelerated by the wakefield within the filaments and then further accelerated by the motional
electric field. The maximum Lorentz factors of the electron and ion can be estimated as 𝛾𝑚𝑎𝑥,𝑒 ∼ 𝛾3

1
and 𝛾𝑚𝑎𝑥,𝑖 ∼ (1 + 𝑚𝑒𝛾1/𝑚𝑖)𝛾2

1 , respectively.
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