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We simulate, using a particle-in-cell code, the chain of acceleration processes at work during the
Compton-based interaction of a dilute electron-ion plasma with an extreme-intensity, incoherent
gamma-ray flux with a photon density several orders of magnitude above the particle density. The
plasma electrons are initially accelerated in the radiative flux direction through Compton scatter-
ing. In turn, the charge-separation field from the induced current drives forward the plasma ions
to near-relativistic speed and accelerates backwards the non-scattered electrons to energies easily
exceeding those of the driving photons. The dynamics of those energized electrons is determined
by the interplay of electrostatic acceleration, bulk plasma motion, inverse Compton scattering and
deflections off the mobile magnetic fluctuations generated by a Weibel-type instability. The latter
Fermi-like effect notably gives rise to a forward-directed suprathermal electron tail. We provide sim-
ple analytical descriptions for most of those phenomena and examine numerically their sensitivity
to the parameters of the problem.

I. INTRODUCTION

Compact, powerful astrophysical sources are known to
exert significant dynamical feedback on their surround-
ings through the radiation-plasma interactions driven by
the copious amounts of non-thermal radiation that they
emit. In the Thomson limit, this provides the basis, of
course, of the Eddington luminosity argument. Sources
powered by an accretion disk, e.g., active galactic nuclei,
binary systems etc., may thus power outflows through
direct radiation pressure or via the Compton rocket ef-
fect [1–7] although, depending on the specific conditions
at hand, the same radiative (Compton) interactions may
rather result in drag and thus deceleration [8, 9]. In the
extreme case of GRBs, the intense radiative flux associ-
ated with the prompt emission phase may itself transmit
enough momentum to the interstellar medium to set the
plasma in motion with bulk relativistic speeds [10, 11],
thereby modifying the afterglow radiation pattern of the
source [12, 13].

Most previous studies have been performed in a fluid
or test-particle limit approach, which neglect the micro-
physical effects associated with the kinetics of the var-
ious plasma species. In recent years, the advent of the
particle-in-cell (PIC) simulation technique has allowed
to explore this regime in a self-consistent way. In par-
ticular, Refs. [14, 15] have demonstrated that Comp-
ton interactions of high-energy photons with electrons
can excite electron-accelerating plasma wakes under con-
ditions relevant to the precursors of GRB blast waves.
Reference [16] has shown that Compton-driven particle

∗ jeremy.faure@cea.fr
† laurent.gremillet@cea.fr
‡ lemoine@iap.fr

beams in pair plasmas can generate an electromagnetic
microturbulence through streaming instabilities. More
recently, Ref. [17] has studied the microphysical conse-
quences of radiative drag in the context of radiation-
mediated shock waves, which are expected in the denser
parts of astrophysical explosive phenomena [18, 19]. Fi-
nally, the kinetic physics of Compton backreaction has
also been examined in different contexts, in particular ra-
diative relativistic reconnection [20] and turbulence [21].

Within this context, the present paper addresses the in-
teraction of an extremely intense flux of gamma-ray pho-
tons on a fully ionized electron-proton plasma in a gen-
eral, model-independent setting and provides an in-depth
analysis of the various phenomena at play. We tackle this
complex problem through large-scale, two-dimensional
(2D) PIC simulations, using the calder code [22, 23].
Our setup complements nicely the previous study of
Ref. [16], which was restricted to electron-positron plas-
mas. Charge separation between the Compton-scattered
electrons and the slowest ions will be shown here to play
a crucial role, enabling the acceleration of a fraction of
electrons to suprathermal energies, well in excess of those
of the driving photon beam.

The paper is organized as follows. In Sec. II, we explore
the physical processes involved in successive stages of the
interaction, leading to the formation of several electron
sub-populations. This section initially focuses on the re-
gion close to the photon front, then addresses the effect
of microturbulent electromagnetic fields on the electron
momentum distribution as well as the generation of high-
energy electron tails propagating both parallel and anti-
parallel to the radiative flux. In Sec. III, we examine the
sensitivity of those phenomena to various initial configu-
ration parameters, by considering, in particular, ions of
varying mass, a higher density photon flux, a longitudi-
nally finite photon pulse, and finally different photon en-
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ergies. We summarize and discuss our results in Sec. IV.

II. PHENOMENOLOGY OF
COMPTON-DRIVEN ELECTRON-ION PLASMAS

A. Simulation setup

As already stated, our purpose is to investigate in de-
tail the physical processes at play during the interaction
of an intense gamma-ray flux with a tenuous (i.e., effec-
tively collisionless) electron-proton plasma. This scenario
is studied through 2D3V (2D in configuration space, 3D
in momentum space) particle-in-cell (PIC) simulations in
the following configuration.

A monoenergetic, unidirectional photon flux is injected
across the left-hand side of the simulation domain and
propagates along the longitudinal x̂ axis. Most of the
simulation domain is filled by a fully ionized electron-
proton plasma. The transverse photon and plasma den-
sity distributions are uniform. The boundary conditions
for both particles, photons and field are chosen to be open
along x̂ and periodic in the transverse (ŷ) direction.

The gamma-ray photons are treated the same way as
finite-mass particles, that is, using “macro-photons” rep-
resenting a large number of physical photons. Hence,
similarly to what is done for Coulomb binary collisions
between plasma particles [24] or for the Bethe-Heitler
pair creation process between photons and ions [25], we
have used a Monte-Carlo method [23, 26] to model the
pairwise Compton interactions between the photons and
plasma electrons using the Klein-Nishina cross-section
[27]. The numerical experiments reported in this work
describe both Compton and Coulomb interactions, yet
the latter turn out to have a negligible role during the
simulated time frame.

The numerical domain is large enough to capture the
relevant physics in both directions on the timescale of
the numerical experiment. In practice, this means a
domain of dimensions Lx × Ly = 4800 × 240 (c/ωp)

2,
discretized into 24 000 × 12 000 cells with a mesh size
∆x = ∆y = 0.2 c/ωp. Here c denotes the velocity of

light and ωp ≡ (4πn0e
2/me)

1/2 the electron plasma fre-
quency (e is the elementary charge, me the electron mass,
and n0 the initial electron number density). Each (elec-
tron or ion) plasma species is initially represented by 20
macro-particles per cell. To reduce their computational
cost, most of our simulation use a reduced ion mass of
mi = 184me. The corresponding ion inertial length is
thus c/ωpi = 13.6 c/ωp.

We adopt the following standard conventions. All
throughout, barred spatial and temporal scales are ex-
pressed in units of c/ωp and ω−1

p , respectively. Similarly,
barred electron (ion) momenta or energies are understood
to be normalized quantities expressed in terms of mec
(resp. mic) or mec

2 (resp. mic
2), respectively.

FIG. 1. Time evolution of the transversely averaged electron
density (ne/n0). The plasma initially occupies the region 0 ≤
xωp/c ≤ 3 800 . The photon flux is impinging from the left-
hand side and the green dashed line indicates the trajectory
of the radiation front. The simulation parameters are ϵ̄γ = 4,
αγ = 1.05× 104 and mi/me = 184.

To avoid introducing a small length scale associated with
a sharp-gradient photon front, we inject a photon flux
with a longitudinal spatial profile that increases linearly
with the distance from its tip (located at x = 0 at t = 0).
In the main part of the text, that photon flux profile
increases indefinitely towards −x̂, but we discuss the case
of a longitudinally finite beam in Sec. III. In practice,
the ad hoc extension of the photon flux does not cause
any improper effect because it acts on a slab of plasma
of finite longitudinal extent for a finite amount of time.
We have run simulations with a constant photon density
nγ , hence with a sharp front and no diverging flux at
the rear. Far from the front of the photon flux, those
additional simulations reveal features that are similar to
those of the main simulations discussed thereafter, while
close to the front, the early stage of the interaction is not
as well resolved in time. Everywhere, the distance to the
radiative front is defined as ξ ≡ ct− x.

In its initial state, the plasma is uniformly distributed
in the simulation box over 3 800 c/ωp along x̂, leaving
a void region of 1 000 c/ωp next to the left boundary.
The plasma electrons and ions are initialized with equal
(isotropic) temperatures Te = Ti = 100 eV and densities
ne = ni = n0 = 1.1 × 1021 cm−3. While the latter den-
sity value is chosen with a view to long-term laboratory
astrophysics experiments, our simulation results on col-
lective plasma effects can be scaled to much more dilute
astrophysical plasmas (n0 ∼ 1 cm−3) provided the inter-
action rate per plasma time ∝ nγω

−1
p ∝ (nγ/n0)

√
n0 is

kept constant (at fixed normalized interaction distance
ξ̄ ≡ ωpξ/c and ion mass).

The incoming photon flux first crosses the void region,
then enters the plasma, setting it into motion and com-
pressing it by radiative pressure. This is illustrated in
Fig. 1 which shows the x−t evolution of the (y-averaged)
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electron plasma density. The right-hand front of the ac-
celerated plasma electrons therefore follows the front of
the photon flux, defined by ξ = 0. The simulation stops
before this front can reach the right-hand side of the sim-
ulation box.

At all times, the plasma remains optically thin to the
photon flux from back to front. The electron density is
indeed such that the Thomson optical depth to interac-
tion, τT ≡ σTneLx (σT denoting the Thomson scatter-
ing cross-section), remains very small: τT ≃ 5 × 10−5.
Consequently, the density of the photon flux remains es-
sentially unchanged as it propagates through the plasma.
The plasma and electromagnetic field profiles near the ra-
diative front will thus depend on time and space mainly
through their combination ξ, distance to the photon
front.

The main other parameters that characterize the inter-
action are the photon energy and the ratio of photon to
electron densities, respectively set to ϵ̄γ ≡ ϵγ/mec

2 = 4
and nγ/n0 = αγ ξ̄ with αγ = 1.05×104 and ξ̄max ≃ 3 800
in the reference simulation discussed thereafter. The lat-
ter choice implies that the mean (normalized) interaction
time – in the Thomson approximation – for an electron
located at ξ̄ is t̄T ≡ ωp (nγσTc)

−1 ≃ 8 × 103 ξ̄−1. The
condition for at least one Compton interaction is t̄T ≲ ξ̄,
i.e., ξ̄ ≳ 90. The radiative force will then be felt through-
out the plasma crossed by the photon flux.

Our study being focused on the interplay of Comp-
ton scattering and collective plasma effects, we neglect
Bremsstrahlung and synchrotron radiation as well as pair
production. This is mainly done for the sake of simplic-
ity but can also be justified within a certain parameter
range as will be discussed in Sec. III.

B. Forward Compton acceleration and
charge-separation effects

As the photon flux propagates, it interacts with the
plasma electrons through Compton interactions and ac-
cordingly sets them into motion. Figure 2 provides a
global view on the longitudinal x − px phase space of
the plasma electrons (px denoting the x-component of
the momentum) at an advanced time t̄ = 3500. The
many features present in this picture arise through the
conjunct effects of Compton scattering, coherent longitu-
dinal electric fields and electromagnetic field fluctuations
that result from anisotropies in momentum space. Those
various effects are analyzed step by step in the following
sub-sections.

Near the radiative front, the plasma electrons can be
split into two main populations: the initially dilute rela-
tivistic beam of electrons accelerated to relativistic ener-
gies by Compton scattering, and the unscattered plasma
bulk. The latter is barely visible in Fig. 2 due to its
low temperature. Those populations evolve under the

action of the two main competing processes, namely, for-
ward Compton scattering due to the incoming photon
flux and the backward pull exerted by the ions through a
charge-separation field. We quantify those effects in the
following.

Cold plasma electrons undergoing Compton scattering
are pushed to momenta comparable with those of the
photons, since the interaction takes place in the Klein-
Nishina regime where the inelasticity approaches a siz-
able fraction of unity. In detail, the ratio of the mean
scattered (ϵ̄γ,s) to incoming (ϵ̄γ) photon energies is
ϵ̄γ,s/ϵ̄γ ≃ (4/3)/(ln 2ϵ̄γ + 1/2) ≃ 0.5 for scattering elec-
trons initially at rest and ϵ̄γ = 4 [28]. This corresponds to
an average electron energy gain ∆γ = ϵ̄γ(1−ϵ̄γ,s/ϵ̄γ) ≃ 2.

Those stochastic Compton interactions exert on the
plasma electrons an average radiative force directed to-
ward +x̂ [29]. This is clearly seen in Fig. 3, which dis-
plays the px − py momentum distribution of the elec-
trons near the photon front (integrated over 0 < ξ̄ < 50).
There, the scattered electrons form a dilute, relativistic
beam moving in the same direction as the incoming pho-
tons [15, 16]. The thermal unscattered bulk corresponds
to the dense red central region near p ≃ 0. The density
ratio of the electron populations having been scattered
once or twice scales approximately with the effective op-
tical depth to interaction.

The charge separation caused by the slower dynamics
of the plasma ions gives rise to a coherent longitudinal
electric field, ⟨Ex⟩. This field accelerates ions forward
and electrons backwards, and hence acts to neutralize the
electrical current induced by the Compton interactions.
In particular, the nonscattered bulk of plasma electrons
make up a return current, counterstreaming against the
radiative flux. This population appears as a thin, dark
red region in the electron ξ − px phase shown in the top
panel of Fig. 4. The typical electron trajectories plotted
in the top and bottom panels of Fig. 4 will be discussed
in more detail in Sec. IID.

The ions being much heavier than the electrons, the elec-
tron momentum distribution, fe(p), can be regarded at a
near equilibrium of forces, i.e., the mean radiative force
Frad exerted on the electrons locally balances the pull
due to the ⟨Ex⟩ electric component, or

e⟨Ex⟩ =
1

ne

∫
d2p fe(p)Frad(p) , (1)

where ne ≡
∫
d2p fe(p) is the electron density1. The

mean radiative force Frad(p) exerted on an electron of

1 In our 2D3V simulations, owing to the conjunct effect of Comp-
ton scattering, acceleration in the ⟨Ex⟩ field and deflections in
the Bz fluctuations, the electron momenta are mainly distributed
in the px − py plane, and so we consider fe(p) ≡ fe(px, py) for
modeling purposes.
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FIG. 2. Electron ξ − px phase space at time t̄ = 3500, with the corresponding lab-frame x−position and comoving ξ-position
indicated on the bottom and top axes, respectively. The photon front is then located at x̄ = 3500 (ξ̄ = 0). The simulation
parameters are ϵ̄γ = 4, αγ = 1.05 × 104 and mi/me = 184. The black box near the photon front delineates the region where
early-time interactions effectively thermalize the plasma bulk. The red line represents the typical trajectory of an electron
backward-accelerated by the charge-separation field in the energetic tail.

FIG. 3. Electron px − py phase space near the photon front
(0 < ξ̄ < 50) at t̄ = 1050, with ϵ̄γ = 4, αγ = 1.05 × 104

and mi/me = 184. The orange region that extends up to
px ≃ ϵγ/c represents the electrons scattered once by the pho-
tons, while the green component extending to p̄x ≃ 2ϵ̄γ cor-
responds to twice scattered electrons. The unscattered dense
component is visible in red. The simulation parameters are
those of Fig. 2.

Lorentz factor γ and momentum p ≡ γβmec is calcu-
lated by integrating over scattering angles the variation
in photon momentum, properly weighted by the interac-
tion rate using the full Compton cross-section [10, 29, 30].
For a monoenergetic, unidirectional (x-directed) photon
flux interacting with the plasma electrons, this can be
written in the following compact form [29]

Frad(p) = σTnγϵγG(η)(1− βx)

[
1− γ2βx

1− βx

1 + η

]
, (2)

where η = ϵ̄γγ(1− βx) and

G(η) =
3(1 + η)

4η3

[
η2 − 2η − 3

2η
ln(1 + 2η)

+
−10η4 + 51η3 + 93η2 + 51η + 9

3(1 + 2η)3

]
. (3)

It therefore directly follows that ⟨Ex⟩ scales approxi-
mately linearly with the photon density nγ at fixed other
parameters. The function G(η) incorporates the Klein-
Nishina correction [27] to momentum transfer when
η ≫ 1.

Extracting fe(p) from our simulation, we can integrate
Eq. (1) to infer ⟨Ex⟩. To simplify the calculation, we
use a local drifting bi-Maxwellian fit to fe(p). In de-
tail, for each position ξ, we define a px − py momen-

tum distribution of the form fM(p̄) ∝ e
−(p̄x−p̄d)2

2ĎTx
−

p̄2y
2ĎTy ,

whose longitudinal and transverse temperatures sTx and
sTy, and drifting momentum p̄d are adjusted so as to re-
produce the local first moments ⟨p̄x⟩, ⟨p̄2x⟩ and ⟨p̄2y⟩ of

the simulated distribution fe(ξ̄, p̄) (averaged along y).
With such an approximation, the computation of Eq. (1)
is greatly eased and the inferred longitudinal profile of
⟨Ex⟩ matches well with that measured in the simulation,
see Fig. 5. In particular, one can observe that ⟨Ex⟩ in-
creases about linearly with the distance to the photon
front, as expected given our choice of nγ ∝ ξ̄.

As detailed in Appendix A, we have obtained ap-
proximate expressions for ⟨Ex⟩ in the case where the
plasma electron momenta are distributed according to
a drifting relativistic Maxwell-Jüttner function, fe(p̄) ∝
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FIG. 4. Top: Electron ξ − px phase space, near the photon
front (as indicated). The blue, red and green lines repre-
sent three representative electron trajectories. The colored
arrows pinpoint the locations of individual Compton scatter-
ing events. Bottom: Corresponding trajectories in px − py
space. Plain arrows indicate the direction of motion while
filled arrows trace the jumps due to Compton scatterings.
The simulation parameters are those of Fig. 2.

FIG. 5. Blue: Longitudinal profile of the transversely aver-
aged ⟨Ex⟩ field extracted at t̄ = 3500 from the same PIC
simulation as in Fig. 2. Orange: same quantity but smoothed
over 100 grid points along ξ. Green: Approximate ⟨Ex⟩ field
as given by Eq. (1) and fitting the local electron distribution
function to a bi-Maxwellian distribution. See text for details.

FIG. 6. Ion ξ − px phase space at time t̄ = 3500 from the
same simulation as in Fig. 2. The overall profile in mean
momentum px is shaped by the electric drag, as discussed in
the text.

e−µ′γd(γ−βdp̄x), with µ′ ≡ 1/ sT ′ as the inverse proper tem-
perature and βd as the drift velocity. For relativistically
hot electrons (µ′ ≪ 1) and in the Klein-Nishina limit
(η ≫ 1), one obtains

e⟨Ex⟩
mecωp

≃ 3

8
σT

c

ωp

αγn0ξ̄

ϵ̄γ

{(
µ′ϵ̄γ
γd

− βd

)

×

[
ln

(
ϵ̄γ
µ′

√
1− βd

1 + βd

)
− γE − 5

6

]
+ 1− βd

}
. (4)

Assuming 1/µ′ = O(ϵ̄γ) and γd ∼ 1, the electric field
is thus predicted to scale as ⟨Ex⟩ ∝ ϵ̄−1

γ as the photon
energy and, concomitantly, the mean plasma energy in-
crease. The above formula also depicts how the electric
field weakens when the electron bulk velocity approaches
c (γd > 1), as it eventually happens here because of the
simultaneous acceleration of the plasma ions (see below).

For completeness, we have also approximated ⟨Ex⟩ in the
Thomson limit (η ≪ 1) when sT ≡ 1/µ = O(ϵ̄γ) ≪ 1.
Assuming negligible bulk motion, one finds

e⟨Ex⟩
mecωp

≃ σT
c

ωp
n0αγ ξ̄ϵ̄γ

(
1 + 2T̄ − 11

5
ϵ̄γ

)
. (5)

To leading order, the electric field then varies with the
photon energy as ⟨Ex⟩ ∝ ϵ̄γ , in stark contrast with the
Klein-Nishina regime.

C. Dynamics of the ions

We now address the dynamics of the plasma ions acted
upon by the coherent electric field. Figure 6 shows their
ξ − px phase space at time t = 3500ω−1

p . The bulk ions
see their x-momentum increase to px/mic ≃ 0.6 over a
∼ 2 500 c/ωp distance to the radiative front, while the
fastest ions reach px/mic ≃ 1. This drag effect and the
accompanying ion compression (by a factor of ∼ 2 at
t̄ ≃ 3 500) are also manifest in Fig. 1.

The bulk ion dynamics can be modeled using a cold-fluid
approximation, assuming negligible transverse motion
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and that all relevant quantities (ion density ni, Lorentz
factor γi, normalized x-velocity βix and x-momentum
p̄ix ≡ γiβix) depend on ξ̄ only. The conservation of the
longitudinal ion current can thus be expressed as

d

dξ̄
[(1− βix)ni] = 0 . (6)

The evolution of the ion momentum obeys

(1− βix)
dp̄ix
dξ̄

=
e⟨Ex⟩
micωp

, (7)

which can be recast as

d

dξ̄
(p̄ix − γi) =

e⟨Ex⟩
micωp

. (8)

A straightforward integration then yields

p̄ix − γi =
e

micωp

∫
dξ̄ ⟨Ex⟩ − 1 . (9)

Based on Eq. (4), we now consider that the electric field
is proportional to the photon density, ⟨Ex⟩ = E0αγ ξ̄.
This leads to

p̄ix − γi = Aξ̄2 − 1 , (10)

where A ≡ eE0αγ/(2micωp). Since γi =
√
1 + p̄2ix, one

finally obtains

p̄ix = Aξ̄2
(2−Aξ̄2)

2(1−Aξ̄2)
. (11)

In the simulation, upon fitting the area below the ⟨Ex⟩
curve in Fig. 5 over over 0 ≤ ξ̄ ≤ 2 000, we extract E0 ≃
2.8 × 10−9 mecωp/e, giving A ≃ 8.1 × 10−8. The above
formula then predicts p̄ix(ξ̄ = 2000) ≃ 0.40, in very good
agreement with what is observed in Fig. 6.

Initially, Aξ̄2 ≪ 1 so that p̄ix ≃ Aξ̄2. When ξ̄ approaches
A−1/2, the ion momentum increases to infinity, yet in
that case, the hypothesis of ⟨Ex⟩ ∝ ξ̄ no longer holds
due to the spatial dependence of βd in Eq. (A7), not
taken into account in the integrand of Eq. (9).

To conclude this part, we assess the accuracy of our
analytical estimate of ⟨Ex⟩ from the knowledge of the
ion velocity profile, assuming βd ≃ βix. At ξ̄ = 1000,
we measure in the simulation βix ≃ 0.1 and µ′ ≃ 0.6;
Equation (A7) then predicts ⟨Ex⟩ ≃ 0.02mecωp/e, in
agreement with Fig. 5. At ξ̄ = 2000, the bulk speed
is larger (βix ≃ 0.41) and µ′ has increased to ≃ 0.72,
leading to an excessively low electric field, ⟨Ex⟩ ≃
0.008mecωp/e , starkly contrasting with the PIC value,
⟨Ex⟩ ≃ 0.047mecωp/e. This inconsistency, which is re-
solved by using a bi-Maxwellian fit (as done in Fig. 5),
may stem from our questionable modeling of the plasma
electrons with a relativistic drifting Maxwell-Jüttner dis-
tribution. Also, it may arise from the fact that the ar-
gument of the ln term in Eq. (A7) is only marginally

large (
ϵ̄γ
µ′

√
1−βd

1+βd
≃ 3.6), unlike what is assumed in the

Klein-Nishina limit.

FIG. 7. (a) Out-of-plane magnetic field (eBz/meωpc) and (b)
electron density (ne/n0) distributions near the photon front.
The simulation parameters are those of Fig. 2.

D. Electromagnetic instabilities due to mixing
electron populations

As discussed earlier and illustrated in Fig. 4, the elec-
tron distribution near the photon front comprises two
main groups, one forward-scattered by the photons, one
backward-accelerated by the charge-separation electric
field. This counterstreaming configuration is notoriously
prone to a number of electromagnetic microinstabili-
ties [31]. Here, we notably observe the growth of the
Weibel-type, magnetic current filamentation instability
(CFI) [32–42]. Figure 7(a) indeed reveals the formation
of transverse magnetic modulations of typical wavelength
λ̄⊥ ≃ 13 and amplitude ⟨2B2

z ⟩1/2 ≃ 0.28mecωp/e at
ξ̄ ≳ 200. This instability, which first amplifies current
and magnetic modulations, eventually generates dense
(δne/ne ≃ 0.5) electron filaments surrounded by in-
tense transverse magnetic fields in its nonlinear stage
[Fig. 7(b)]. For ξ̄ ≳ 100, those magnetic fields are
found to carry an energy much exceeding that associated
with the Ex and Ey electric fields, which demonstrates
the dominance of the CFI over competing electrostatic
streaming instabilities [31].

In turn, the CFI-driven fields affect the electrons that
were Compton scattered in the forward direction. Those
are repeatedly deflected in the magnetic structures that
form in the course of the instability and they can be
effectively reflected to negative x-momenta.

Such a sequence of events can be seen in Fig. 4 (bottom
panel), where are plotted the trajectories of three macro-
electrons near the photon front in px−py space. Consider
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for instance the green macro-electron: it first undergoes
a strong Compton scattering event (indicated by a filled
arrow) at ξ̄ ≃ 60, bringing it to p̄x ≃ 4, and then fol-
lows a random walk across the still relatively weak CFI
fields (⟨2B2

z ⟩1/2 ≃ 0.15meωpc/e, λ̄⊥ ≃ 9), while decel-
erating in the coherent electric field. After returning to
the plasma bulk (p̄ ≲ 1), a second Compton scattering
occurs at ξ̄ ≃ 400, where the magnetic filaments have
grown stronger and wider (⟨2B2

z ⟩1/2 ≃ 0.32mecωp/e,
λ̄⊥ ≃ 25) [Fig. 7(a)]. The electron Larmor radius,
rL = pc/eB ≃ 8 c/ωp, then becomes comparable with
the filament size, and hence the electron may next expe-
rience quasi-magnetostatic interactions. This is actually
what happens just afterwards: the electron gyrates an-
ticlockwise for some time while keeping its absolute mo-
mentum approximately constant, and before suffering a
final deflection in the opposite direction.

In comparison, the red macro-electron experiences its
first Compton scattering only at ξ̄ ≃ 280, where the CFI
fields have already reached a large amplitude, and so its
subsequent trajectory proceeds in a series of circular seg-
ments characteristic of quasi-magnetostatic interactions.

The blue macro-electron experiences a slightly different
history: it does not undergo Compton scattering, there-
fore retains a smaller momentum (note the difference in
scale between the three plots), rotates around magnetic
filaments near px = 0 and at the same time suffers pro-
gressive acceleration to px < 0 values in the longitudinal
charge-separation field.

Through angular scattering, the microturbulence endows
the plasma electrons with an effective collision frequency,
which redistributes the momentum gained along +x̂ by
Compton scattering or along −x̂ by the coherent electric
field. Altogether, this leads to plasma heating, which
is seen as the broadening of the central red region in
Fig. 4 (top panel). According to that figure, the dis-
tinction between the various electron populations ap-
pears to fade progressively at distances ξ̄ ≳ 200 away
from the radiative front. This value also corresponds
roughly to the distance beyond which electrons have
been Compton scattered at least once. The mean num-
ber of Compton scatterings that an electron (initially
at rest) suffers as it moves from ξ̄ to ξ̄ + dξ̄ is in-
deed dNC = nγ(ξ̄)σC(c/ωp)dξ̄, with nγ(ξ̄) = αγn0 ξ̄
(σC is the Compton cross-section [27] and we recall that
αγ = 1.05 × 104). Consequently, at ξ̄, an electron has
been scattered NC(ξ̄) ≃ 0.5αγn0σCξ̄

2 c/ωp times, so that
the distance beyond which an electron has been scattered

once is ξ̄ ≃ (2ωp/αγn0σCc)
1/2 ≃ 280.

Further away from the photon front, the coexistence of
plasma groups with different drift velocities and mo-
mentum dispersions keeps feeding the development of
a CFI-type instability. Those various populations are
illustrated in Fig. 8, which plots the electron and ion
(longitudinal and transverse) momentum distributions at
ξ̄ = 1500. The ion distribution assumes the form of a

FIG. 8. (a) Longitudinal and (b) transverse momentum dis-
tributions of the plasma (blue) electrons and (orange) ions, as
extracted at ξ̄ = 1500 from the same simulation as in Fig. 2,
and averaged over the transverse dimension. The electron
(ion) momenta are normalized tomec (resp. mic). The brown
curves closely matching the simulated electron distribution in
both panels is the sum of the three drifting bi-Maxwellian
components plotted in green, red and purple. See Eq. (12)
and text for details.

narrow peak, shifted at small yet positive px. The elec-
tron distribution exhibits a broader and more complex
shape, which can be roughly approximated as the sum of
three drifting bi-Maxwellian components, namely,

fe(p̄) ≃
3∑

j=1

fMj(p̄) , (12)

where fMj(p̄) =
nj

2π sTj
e
−

(p̄x−p̄dj)
2

2ĎTjx
−

p̄2y
2ĎTjy . Here nj repre-

sents the number density, p̄dj the mean x-momentum
and sTjx ( sTjy) the longitudinal (resp. transverse) temper-
ature for the jth component. Those components repre-
sent, respectively, the electron plasma bulk (n/ne ≃ 0.79,
p̄d ≃ +0.88, sTx = sTy ≃ 6.3), the (backward-propagating)
energetic electron tail (n/ne ≃ 0.07, p̄d ≃ −4.5, sTx ≃ 39,
sTy ≃ 68), and a colder population dubbed the Compton
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FIG. 9. Evolution of the root-mean-square magnetic field
⟨B2

z⟩1/2 (averaged over the transverse dimension and normal-
ized to mecωp/e) as a function of longitudinal position and
time. The moving CFI-driven magnetic structures appear as
the coherent streaks developing at late times. Same simula-
tion parameters as in Fig. 2.

electron beam (n/ne ≃ 0.14, p̄d ≃ +3.15, sTx = sTy ≃ 1.0),
accounting for the increase in fe(px) near the photon en-
ergy. The good accuracy of this model distribution is
illustrated in Fig. 8. Due to the continuing action of
the charge-separation field and Compton scattering, this
nonequilibrium distribution is maintained at all times far
from the photon front, and so is the CFI.

One should notice that the magnetic structures result-
ing from the CFI at large ξ are not stationary in the
lab frame. This is best seen in Fig. 9, which displays
the x − t evolution of the root-mean-square of Bz, av-
eraged over the transverse direction. The massive ions
dictate the bulk motion of the microturbulence so that
the filaments, and the magnetic fields surrounding them,
move in the lab frame at a speed close to that of the ions
while slowly deforming. The ion frame here coincides
with the Weibel frame defined in Ref. 41, which moves
at βw = ⟨E2

y⟩1/2/⟨B2
z ⟩1/2 and in which the microturbu-

lence can be regarded as essentially magnetostatic. We
have checked that βw ≃ βix in the region of well-formed
filaments.

To identify which electron and ion populations are mainly
responsible for the CFI activity far from the front, we
have performed simplified, fully periodic simulations that
consider the approximate electron distribution defined by
Eq. (12) and a drifting ion population (either ballistic
or responsive to the fields) that initially ensures current
neutralization. We have found that a necessary condi-
tion for reproducing qualitatively the CFI development
seen in the radiation-plasma simulation is the presence of
both the electron bulk and Compton beam components
(i.e., the green and red curves in Fig. 8). Said otherwise,
the backward-propagating electron tail and the drifting
plasma ions weakly contribute to the moving magnetic
structures arising at large distances.

E. Formation of a backward-propagating
suprathermal electron tail

Most of the electrons mix in the plasma bulk through the
processes discussed earlier, i.e., Compton processes and
electric drag in conjunction with scattering off magnetic
filaments. Meanwhile, a small fraction of the plasma
electrons that evade Compton scattering for hundreds
of c/ωp are progressively accelerated backwards to rela-
tivistic energies that eventually exceed those of the driv-
ing photons. As they do so, the Compton cross-section
falls off because of Klein-Nishina corrections [27, 43].
More quantitatively, the cross-section behaves as σC ≃
(3/4)σT ln(2η)/(2η) at η ≫ 1, where η = 2ϵ̄γγ repre-
sents the (normalized) photon energy seen by an elec-
tron moving towards −x̂. Those electrons then be-
have as “runaway” electrons, as the probability of be-
ing scattered back into the bulk decreases as their en-
ergy increases in the charge-separation field. This pic-
ture must, however, be nuanced. In the standard sce-
nario, the friction force exerted on a runaway electron is
due to collisions with bulk electrons, and hence is a de-
creasing function of its velocity. Here, the friction force
corresponds to the radiative force, Eq. (2), which hap-
pens to slowly (logarithmically) increase with the elec-
tron energy, Frad ≃ (3/8)σTnγmec

2 (ln 2η − 5/6) /ϵ̄γ in
the γ ≫ ϵ̄γ limit. Yet, as will now be shown, this does
not preclude the electron distribution from developing a
suprathermal tail.

In the absence of Compton scattering, the electron energy
evolves as

dγ(0)

dξ̄
= − e⟨Ex⟩

mecωp

β
(0)
x

(1− β
(0)
x )

. (13)

The superscript (0) serves to mark such scatter-free tra-
jectories, as illustrated by the red curve in Fig. 2, which

considers β
(0)
x = −0.6. Electrons accelerated to γ(0) ≫ 1

by ⟨Ex⟩ have β
(0)
x ≃ −1, yet angular scattering off mag-

netic filaments may entail β
(0)
x ≳ −1. We thus retain the

dependence on β
(0)
x in the following, but consider it as a

fixed parameter for simplicity.

To delimit the region of phase space that gives rise
to runaway electrons, it then proves convenient to de-
fine the (ξ- and p-dependent) energy variation ∆γr(ξ, γ),
which corresponds to the energy gained by the electron
as it drifts against ⟨Ex⟩ on a Compton scattering length
scale ξC = (nγσC)

−1. Inserting the various dependen-

cies (including ⟨Ex⟩ = E0αγξ) and considering the limit

ξ̄ ≫ (ωp/2σCneαγc)
1/2 that is relevant here, we obtain

∆γr(ξ, p) ≃
eE0αγ ξ̄

meωpc

|β(0)
x |

1− β
(0)
x

ξ̄C

≃ 8

3

eE0

mec2n0σT

ϵ̄γγ
(0)

ln
(
2η(0)

) |β(0)
x | , (14)
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FIG. 10. Electron density distribution fe(γ
(0)) measured in

the simulation along an unscattered trajectory γ(0)(ξ) as dis-
cussed in the text (blue), compared with its analytical ap-

proximation, Eq. (18) (red). The parameter β
(0)
x is fixed here

to −0.6, and the amplitude is rescaled to match the simula-
tion data.

where η(0) = ϵ̄γγ
(0)(1−β

(0)
x ). In the present case (ϵ̄γ = 4,

αγ = 1.05 × 104), we measure E0 ≃ 2.8 × 10−9 mecωp/e
in the simulation over 0 < ξ̄ < 2 000 (see Fig. 5). Taking

γ(0) ≃ 4 and β
(0)
x ≃ −1 for the electrons deflected by the

near-front magnetic fields, we find ∆γr ≃ 2.4, a value
comparable with the photon energy.

Using the estimate of E0 that follows from Eq. (4), ∆γr
can be further approximated to

∆γr ≃ γ(0)|β(0)
x |

ln 2η(0)

{(
µ′ϵ̄γ
γd

− βd

)

×

[
ln

(
ϵ̄γ
µ′

√
1− βd

1 + βd

)
− γE − 5

6

]
+ 1− βd

}
. (15)

For µ′ϵ̄γ = O(1) and |β(0)| ≃ 1, and provided βd is weak
enough that the term inside brackets weakly varies, one
finds the scaling ∆γr ∝ γ(0)/ ln(. . . γ(0)).

One may then derive an analytical approximation to the
electron distribution function in that high-energy tail
with px < 0. This distribution function is evaluated
along the unscattered trajectory γ(0)(ξ) [see Eq. (13)],
and is therefore a function of ξ alone. The number den-
sity of particles around momentum γ(0) changes through
Compton scattering processes: particles of energy γ(0)

are lost through Compton down-scattering but particles
of larger energy can come to populate that range through
similar down-scattering processes. The latter can be
safely neglected, however, because both the cross-section
and the distribution function decrease fast with increas-
ing momenta. In this approximation, the distribution

function f
(0)
e (ξ) evolves as

(
1− β(0)

x

) df
(0)
e

dξ
= −nγσC

(
1− β(0)

x

)
f (0)
e . (16)

The prefactor 1− β
(0)
x on the left-hand side comes from

the change of variables, from t and x to ξ only, while that
on the right-hand side stems from the interaction prob-
ability (noting that the cross-section σC is evaluated in
the electron rest frame). This equation can be rewritten

in a compact way by expressing f
(0)
e as a function of γ(0),

df
(0)
e

dγ(0)
= − f

(0)
e

∆γr
. (17)

Using Eq. (14), the above can be readily integrated as

f (0)
e (γ(0)) ∝ exp

[
− 3

16

mec
2n0σT

eE0ϵ̄γ |β(0)
x |

× ln2
[
2ϵ̄γγ

(0)
(
1− β(0)

x

)] ]
. (18)

In Fig. 10, we compare this approximation to the distri-

bution function fe(γ
(0)
e ) as computed in the simulation

along the unscattered trajectory γ(0)(ξ) indicated by a
red line in Fig. 2 (using the simulated electric field). Set-

ting β
(0)
x = −0.6 allows us to capture fairly well the mea-

sured distribution, which takes on the shape of a pow-
erlaw with a slowly-changing slope. The cutoff around
γ ≃ 70 corresponds simply to the point beyond which
no electron is accelerated due to the finite length of the
numerical domain.

The emergence of the high-energy tail described by
Eq. (18) implies that its energy width be at least com-
parable with that of the electron bulk distribution, sT =
O(ϵ̄γ). Now, Eq. (18) can be recast as

f (0)
e (γ(0)) ∝ exp

(
− γ(0)

2∆γr
ln 2η(0)

)
, (19)

meaning that the typical energy width of f (0) is
2∆γr/ ln 2η

(0) = O(ϵ̄γ) for γ
(0) ≃ ϵ̄γ and βd not too large.

It then appears that the formation of a suprathermal tail
is an intrinsic phenomenon in a plasma irradiated at high
photon energies (ϵ̄γ > 1).

By contrast, as will be numerically demonstrated in
Sec. IIID, no suprathermal tail arises when ϵ̄γ ≪ 1. Re-
peating the previous calculation in the Thomson limit
indeed yields

∆γr =
eE0

mecωpn0σT

|β(0)
x |

1− β
(0)
x

, (20)

Upon using Eq. (5) to evaluate E0, one obtains the ap-
proximation

∆γr ≃ ϵ̄γ
|β(0)

x |
1− β

(0)
x

. (21)

to leading order in T̄ ≪ 1 and ϵ̄γ ≪ 1. In the case of a

plasma heated to T̄ ≃ ϵ̄γ , one has β
(0)
x ≃ −ϵ̄

1/2
γ , hence
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the scaling ∆γr ∝ ϵ̄
3/2
γ ≪ ϵ̄γ which precludes formation

of a suprathermal tail.

The actual plasma dynamics, though, is more compli-
cated than described by our model. Inspection of Fig. 2
indeed reveals that the phase-space distribution of elec-
trons, at large ξ and large negative px, is not a sole func-
tion of ξ or γ(0), but actually depends on both quantities,
a behavior ascribed to the departure of ⟨Ex⟩ from a linear
scaling in ξ. This deviation, visible in Fig. 5, can itself be
attributed to the differential motion of the ions between
the front and the rear of the plasma slab. Where ions are
set into motion, the restoring electric force slightly dimin-
ishes, which explains the deviation between the PIC and
theoretical distributions at high γ in Fig. 10. This sce-
nario will be confirmed in Sec. III A by the analysis of a
scenario with infinitely massive ions.

F. Scattering of high-energy electrons off magnetic
filaments

Far from the photon front, the moderate-energy elec-
trons of the plasma bulk are efficiently scattered by the
magnetic filaments, even though they repeatedly suffer
Compton interactions bringing them to energies ≃ ϵγ .
Figure 9 indicates that the characteristic magnetic field
strength in those filaments is Bz ≃ 0.5meωpc/e. When
expressed as the ratio ϵB of magnetic energy density
to the kinetic energy density (≃ γ2

enemec
2) carried by

the Compton-scattered electron component moving at
Lorentz factor γe ≃ ϵ̄γ), this corresponds to ϵB ≃ 1%,
which is a generic value observed at saturation of the
CFI (see e.g. [42] and references therein). As the typical
transverse scale of those magnetic filaments is λ̄⊥ ≃ 10,
only electrons with Lorentz factor γ ≳ 5 have a gyrora-
dius larger than the filament size. Such a scattering off a
microturbulence moving at about the ion speed tends to
reduce the mean longitudinal speed of the electron bulk,
as indicated above for the energetic px < 0 component.

We plot in Fig. 11 the trajectories of three energetic
macro-electrons. As before, plain arrows indicate the di-
rection of motion while filled arrows indicate Compton
scattering events. Trajectories in the plasma bulk can-
not be distinguished on that figure, as a result of the
large scattering frequency in magnetic filaments. How-
ever, the central part of the figure, where the trajectories
of the energetic electrons end up, gives a rough visual-
ization of the phase space that they occupy.

Electrons in the energetic tail oscillate along a vaguely
circular trajectory in phase space due to the effect of al-
ternating positive and negative magnetic field. This is
nicely illustrated in the same Fig. 11 by the green and
blue trajectories. As they oscillate, they progressively
gain more energy due to the coherent electric field (for
instance, the green macro-electron goes from p̄x ≃ −12
to p̄x ≲ −20), forming the energetic tail. Compton scat-
tering gives rise to sudden changes in the momentum

FIG. 11. Three representative electron trajectories from the
simulation with ϵ̄γ = 4, αγ = 1.05 × 104 and mi/me = 184.
Plain and filled arrows respectively indicate direction of mo-
tion and Compton scattering events.

of electrons, most of the time severely decreasing their
energy. This provides evidence of inverse Compton scat-
tering, which occurs because the electron energy is much
higher than the photon energy [28]. After a few scatter-
ings, electrons are then brought back to the low-energy
plasma bulk.

Some of the high-energy electrons can reach positive lon-
gitudinal momentum through scattering off the filaments
before being brought back toward the low-energy bulk, ei-
ther through inverse Compton scattering, or under the in-
fluence of the charge-separation field which acts to lower
positive px momenta. One such electron trajectory is
represented in red in Fig. 11: it is first deflected from
p̄x ≃ −12 to p̄x ≃ +22, then slowly moves toward low
p̄x > 0 values just as it oscillates through scatterings in
the turbulence.

It is worthwhile to note that the first phase of that pro-
cess is accompanied by stochastic acceleration in the way
envisaged by E. Fermi [44], since the magnetized struc-
tures behave as moving magnetic mirrors. If the momen-
tum transfer takes place in the direction of those moving
structures, i.e., towards +x here, then particles gain en-
ergy. In detail, if p< represents the (relativistic) electron
momentum before interaction and p> after, then

p> ≃ p<
1− βix cos θ<
1− βix cos θ>

, (22)

where θ< and θ> represent, respectively, the angles be-
tween the momentum before and after interaction with
the (longitudinal) x-axis. For a mirror-type reflection
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FIG. 12. Charge-separation electric field, ⟨Ex⟩, in the (blue)
mi/me = 184 and (orange)mi = +∞ cases, averaged over the
y direction. The other main parameters are ϵ̄γ = 4 and αγ =
1.05×104. Near the photon front, the two longitudinal profiles
of ⟨Ex⟩ almost coincide, while further away ⟨Ex⟩ increases
more slowly with distance when mi/me = 184.

from cos θ< = −1 to cos θ> = +1, as is the case for
the red electron in Fig. 11, and an observed value of
βix ≃ 0.37 at the corresponding location, this gives
p>/p< ≃ 2.1, which corresponds well with what is ob-
served.

Hence, a fraction of the energetic tail that has been pulled
to large px < 0 values can be reflected with a net energy
gain into the forward direction. This population is visible
in Fig. 2 at large ξ (x̄ ≃ 2 000 → 3 000 in that figure).
Such a population does not arise in a one-dimensional
geometry (as we have checked), in which the CFI does
not develop.

III. EXPLORING DIFFERENT
CONFIGURATIONS

A. Influence of the ion mass

We first examine a simulation in which the ions are for-
mally ascribed an infinite mass, so that they remain im-
mobile all throughout. In accordance with our earlier
discussion, the coherent electric field maintains its linear
scaling with ξ all along, as shown in Fig. 12, where it
is compared to the field measured in the mi/me = 184
case. As ∆γr now exclusively depends on γ(0), the pro-
file of the energetic tail with px < 0 remains invariant
along ξ, following Eq. (18). This behavior is manifest in
the longitudinal phase space of Fig. 13. The tail with
large px > 0 that appears at the plasma edge (ξ̄ ≃ 3 500)
results from energetic electrons having escaped into vac-
uum and been pulled back by the sheath field they have
themselves induced.

Far from the photon front, although the ions remain mo-

FIG. 13. Electron ξ − px phase space, using immobile ions
along with ϵ̄γ = 4 and αγ = 1.05× 104.

tionless, the CFI develops to a level comparable to that
observed with mi/me = 184. However, in accordance
with the previous discussion, we do not observe a signifi-
cant bulk motion of the generated magnetic structures in
the lab frame. The absence of ion motion also entails a
larger charge-separation electric field, which, given that
the magnetic field strength remains similar, effectively
reduces the fraction of energetic, backward-moving elec-
trons that can be reflected through scattering off the
magnetic filaments. Moreover, the absence of ion mo-
tion forbids energy-gain interactions through scattering
on those filaments. Accordingly, Fig. 13 does not re-
veal a significant suprathermal electron population with
px > 0, except for those mentioned above, at the edge of
the plasma slab.

Using ions of physical mass (mi/me = 1836) yields re-
sults similar to the immobile-ion case as long as the ion
bulk motion remains small compared to the speed of
light. This means, in particular, a negligible forward-
propagating suprathermal electron population and a
distribution of the backward-moving tail that depends
mainly on γ, and weakly on ξ. However, if the interac-
tion is sustained long enough, the ions can approach the
speed of light, giving rise to a phenomenology similar to
that described in our baseline configuration.

Simulating the latter regime with a physical ion mass
is computationally demanding because the ion speed de-
pends approximately on Aξ̄2 with A ∝ m−1

i [Eq. (11)].
For the ions to reach a given speed therefore necessitates
a 10× larger space and time scale at mi/me = 1836 than
at mi/me = 184. This constraint prompted us to re-
lax the numerical parameters, by doubling the cell size
(∆x = ∆y = 0.4c/ωp) and halving the number of par-
ticles per cell (10 per cell and per species). The photon
density was, moreover, kept constant for ξ̄ ≥ 4 800 in or-
der to achieve a nγ/n0 ratio comparable with that of the
mi/me = 184 case.

Figure 14 shows the electron x − px phase space as ex-
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FIG. 14. Electron ξ − px phase space at t̄ = 28 000 in a
simulation using mi/me = 1836 along with ϵ̄γ = 4 and αγ =
1.05× 104.

tracted at t̄ = 28 000 from that large-scale, simulation
with mi/me = 1836. Both backward- and forward-
directed suprathermal electron populations are clearly
visible. It is found that the ions reach a drift veloc-
ity of βix ≃ 0.09 at ξ̄ ≃ 3 000, as expected on the
basis of Eq. (11), and βix ≃ 0.72 at ξ̄ = 12 000. In
such conditions, even moderately suprathermal electrons
(p̄< ≃ −10) reflecting off the magnetic filaments car-
ried by the ion motion can attain p̄> ≃ 80 (for cos θ< =
− cos θ> = −1), as observed around ξ̄ = 12 000.

Interestingly, the backward-directed suprathermal tail
appears to be eroded away at distances ξ̄ ≳ 3000.
This follows from the reduction in the charge-separation
field, and hence in the ∆γr parameter, caused by the
increased bulk ion speed [see Eq. (4)]. As an exam-
ple, at ξ̄ ≃ 3000 where nγ/ne ≃ 3.2 × 107, one has

⟨Ex⟩ ≃ 0.09mecωp/e; setting γ(0) = 4 and β
(0)
x = −1

then yields ∆γr ≃ 2.6. Further away from the pho-
ton front (ξ̄ ≃ 12 000), the charge-separation field is
slightly lower, ⟨Ex⟩ ≃ 0.07mecωp/e, although the pho-
ton density has there risen to its maximum density of
nγ/ne ≃ 5 × 107. We then predict ∆γr ≃ 1.3, signifi-
cantly smaller than at ξ̄ = 3000. The electrons are thus
more likely to be scattered back to lower energies, which
accounts for the progressive depletion of the px < 0 en-
ergetic tail observed at large distances.

B. Larger photon density

We have run additional simulations using a radiative flux
ten times as dense as previously, i.e., αγ = 1.05 × 105.
The main consequence is to boost the piston effect of
the radiative force on the plasma ions. Otherwise, we
observe phenomena similar to those reported at lower
photon density, notably the acceleration of electrons to
large negative momenta in the charge-separation electric
field, the development of the CFI and the reflection of
energetic electrons off magnetic filaments.

The charge-separation field in the vicinity of the photon
front grows – expectedly so – about ten times as fast
as for αγ = 1.05 × 104 (see Fig. 15). As a result, the

FIG. 15. Same as Fig. 5 (mi/me = 184, ϵ̄γ = 4) but with a
larger photon density (αγ = 1.05× 105).

FIG. 16. Electron ξ−px phase space. The simulation param-
eters are those of Fig. 5 except for a larger photon density
(αγ = 1.05× 105).

ions are accelerated to relativistic speeds within a few
hundreds of ω−1

p ; in detail, the ions reach p̄ix ≃ 2 at ξ̄ ≃
1 200, corresponding to a longitudinal velocity βix ≃ 0.9.
This is accompanied by a substantial compression of the
plasma near its boundary, with ne ≃ 8n0 being achieved
by t̄ ≃ 3 000; in comparison, the electron density reaches
a maximum of ∼ 2n0 in the reference αγ = 1.05 × 104

case.

Similarly to the simulation with mi/me = 1836, the
faster bulk plasma motion brings about a significant drop
in the charge-separation field beyond ξ̄ ≃ 700, despite the
monotonically rising photon density. The green curve
in Fig. 15 plots the theoretical prediction of ⟨Ex⟩ ob-
tained using a spatially dependent, bi-Maxwellian fit of
the momentum electron distribution, as done in Sec. II B.
Again, good agreement with the PIC results is found. To
demonstrate the mitigating effect of the plasma motion
on ⟨Ex⟩, we performed a similar calculation but neglect-
ing the mean drift velocity (i.e., taking p̄d = 0) in the
bi-Maxwellian distribution. This yielded a curve (not
shown) continually growing with ξ̄, failing to capture the
maximum electric field observed in the simulation.

Those larger ion momenta, in particular their relativis-
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tic character, have interesting consequences regarding
the generation of the suprathermal electron population.
For one, the energy attained through one reflection is
significantly higher for a same initial momentum. To
see this, it proves useful to rewrite Eq. (22) as p> =
γ2
i (1− βix cos θ<) (1 + βix cos θ

∗
>) where cos θ∗> is evalu-

ated in the filament frame (indicated with a ∗ symbol),
moving at velocity βix with corresponding Lorentz fac-
tor γi. The presence of γ2

i in that equation significantly
boosts the energy gain with respect to that observed in
the sub-relativistic (βix ≪ 1) limit.

Figure 17 plots the px − py trajectories of two macro-
electrons in that high-nγ case. To emphasize the in-
fluence of relativistic effects, we overlay in dotted lines
the loci of constant total momenta (p̄∗) as measured at
ξ̄ ≃ 1 000 in the filament frame of approximate velocity
βix ≃ 0.77. The trajectory of the red macro-electron is
similar to those seen before. This electron gains large
px < 0 momentum while rotating in the px − py plane
under the influence of the CFI-driven Bz fields. Even-
tually, it loses most of its energy through inverse Comp-
ton scattering and goes back to the plasma bulk. The
blue electron, on the other hand, is being energized with
px > 0 momentum while being scattered. This effect
results from the relativistic motion of the magnetic fil-
aments: the longitudinal electron momentum in the fil-
ament frame can be written as p∗x = γipx (1− βix/βx).
Obviously, if 0 < βx < βix, the longitudinal momentum
p∗x is negative even though px > 0. Consequently, in con-
junction with angular scattering, the charge-separation
electric field acts so as to increase the total momentum
p∗ as measured in the filament frame. For that particular
blue macro-electron, that interplay between the coherent
electric field and the moving magnetic filaments leads to
an increase in momentum from p̄ ≃ 40 to p̄ ≳ 80 before
it is Compton-scattered back to lower energies.

C. Finite-length radiative pulse

We now explore the consequence of imposing a finite
length scale on the photon flux profile. In previous simu-
lations, we observed the formation of a px > 0 suprather-
mal population through the scattering of electrons with
large px < 0 from the CFI-driven magnetic filaments
moving at a velocity ∼ βi. The comparatively small
amount of those high-energy electrons with px > 0 re-
sulted from the comparatively large charge-separation
field and from the finite probability of undergoing in-
verse Compton scattering, which both tend to reduce
the energy of such electrons and trap them into the
plasma bulk. If we now consider a finite-length radia-
tive pulse, the initial radiative force still creates the two
previously observed populations, and the CFI develops in
the same way as it does with longitudinally infinite radia-
tive fluxes [14]. However, in the present case, the charge-
separation field vanishes behind the radiative pulse, while
the magnetic filaments survive. Consequently, all of the

FIG. 17. Two representative electron px−py trajectories from
the simulation with αγ = 1.05×105, ϵ̄γ = 4 andmi/me = 184.
As the ions, and therefore the microturbulence, move at rel-
ativistic bulk velocities, the loci of constant total momentum
in the filament frame (p̄∗) are no longer circles, but ellipses.
These are indicated in dotted lines, assuming that the fila-
ment frame moves at βix = 0.77, as measured for ions around
ξ̄ ≃ 1 000.

FIG. 18. Electron (top) and ion (bottom) ξ−px phase spaces
at t̄ = 11 000, from a simulation using a finite-length photon
flux with ϵ̄γ = 4 and mi/me = 184. The yellow triangles
indicate the photon density profile: it increases as nγ = 1.05×
105 n0 ξ̄ up to ξ̄ < ξ̄max = 900, and vanishes further away.

electrons in the energetic px < 0 tail end up being scat-
tered by those filaments, creating a dense population of
high-energy electrons with a mean bulk velocity equal to
that of the ions.

This feature is clearly illustrated by the electron and ion
phase spaces shown in Fig. 18. There, the photon-to-
electron density ratio increases as nγ/n0 = 1.05 × 105 ξ̄
up to ξ̄ < ξ̄max = 900 beyond which nγ drops to zero.
One can see that the ion momentum distribution (bot-
tom) becomes uniform along x when the radiative force
vanishes, thus evidencing the absence of a coherent elec-
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FIG. 19. Electron ξ − px phase space at t̄ = 3500, from a
simulation with ϵ̄γ = 0.1, αγ = 1.05× 104 and mi/me = 184.

tric field, while the electrons (top) are suddenly left free
of the influence of Compton scattering and the longitu-
dinal electric field, whence the quick formation of the
high-energy population for ξ̄ ≳ 1 000.

D. Different photon energies

Finally, we investigate the influence of the photon energy
ϵγ . Using lower-energy photons (ϵ̄γ = 0.1) while keeping
the same photon density profile with αγ = 1.05 × 104

(hence effectively reducing the photon energy flux) re-
duces substantially the radiative force that they exert on
the plasma. In particular, the ions cannot reach relativis-
tic velocities during the timespan of the simulation, while
the electrons are for the most part scattered before they
can be accelerated in significant amounts by the charge-
separation field. Compton scattering then indeed takes
place in the Thomson regime with, correspondingly, a
relatively large cross-section that impedes the formation
of a counterpropagating energetic tail.

In terms of the ∆γr parameter introduced earlier, we

have, for an electron momentum p̄ = −ϵ̄
1/2
γ = −0.32 (as

discussed in Sec. II E) ∆γr ∼ 0.02 ≪ ϵ̄γ , so that no ener-
getic electron tail is expected to form, and indeed none is
seen in the electron phase space reported in Fig. 19. The
resulting electron momentum anisotropy still excites fila-
mentation instabilities, the main role of which, however,
is to isotropize the various populations in the filament
(ion) frame.

At photon energies well in excess of mec
2, radiative

processes that were neglected in the fiducial simulation
may become important, in particular those leading to
pair production. Regarding Bethe-Heitler pair produc-
tion [45, 46], the cross-sections remain much smaller than
the Compton cross-section, both in photon-proton in-
teraction, and in photon-electron (triplet) interaction as
long as the photon energy in the particle frame lies below
256mec

2 (corresponding to an electron Lorentz factor of
γ = 32 for the worst case of an electron propagating
in the directly opposite direction to photons of energy

4mec
2). We have checked that those processes can be

neglected in the present conditions of interest.

Pair production can also take place through direct Breit-
Wheeler (photon-photon) interactions, and this process
can become quite competitive at large values of nγ and
ne. For the present configuration of a unidirectional pho-
ton beam, such interactions mainly take place between a
beam photon and a photon that has been deflected by an
angle θ > 0 via Compton scattering off the plasma elec-
trons. Over the plasma length scale L, the mean differen-
tial number density of such stray photons can be approx-
imated as dn′

γ/dµ ≃ ⟨nγ⟩n0LdσC/dµ with µ = cos θ,
dσC/dµ the differential Compton cross-section, ne the

electron plasma density and ⟨nγ⟩ = L−1
∫ L

0
dξ nγ . The

mean number density of pairs created through Breit-
Wheeler interactions over the plasma length scale can
similarly be estimated as

n± ≃
∫ +1

−1

dµ
dn′

γ

dµ
σBW(sBW) (1− µ) ⟨nγ⟩L , (23)

where the Breit-Wheeler cross-section σBW [47] is writ-
ten in terms of the normalized invariant sBW ≡ ϵ̄γ ϵ̄

′
γ(1−

µ)/2, where ϵ̄γ denotes the beam photon energy and
ϵ̄′γ ≡ ϵ̄γ/ [1 + ϵ̄γ(1− µ)] the energy of the Compton-
deflected photon. The back-of-the-envelope estimate
n± ∼ O(⟨nγ⟩2neσ

2
TL

2), which disregards any Klein-
Nishina suppression and pair-production threshold ef-
fect, gives n±/ne ∼ 106 for the reference simulation with
ϵ̄γ = 4. A careful numerical calculation rather predicts
n±/ne ∼ 3 × 104, which still remains much larger than
unity.

In the limit n±/ne > mi/me, Breit-Wheeler interac-
tions can thus load the plasma with sufficiently many
pairs to overcome the ion inertia. The global interac-
tion would then mimic that with a pair plasma, at a
photon-to-electron density ratio effectively reduced by
n±/ne. On the other hand, in physical conditions such
that n±/ne < mi/me, the bulk plasma dynamics should
approximately correspond to that studied here, mean-
ing with an effective mass ratio (mi/me)ne/(ne + n±).
However, in both cases, the charge difference between
positrons and electrons can introduce additional charge
separation phenomena, such as recently discussed in the
context of radiation-mediated shock waves [48].

Of course, pair production operates above a critical
photon energy, which can be numerically estimated as
ϵ̄γ,cr ≃ 2.4. For ϵ̄γ < ϵ̄γ,cr, the center-of-mass energy√
4sBW falls below the pair production threshold, and

pairs do not appear. At ϵ̄γ ≳ ϵ̄γ,cr, the number den-
sity of pairs rapidly reaches its maximum value estimated
above, while at larger values of ϵ̄γ , it decreases roughly
as 1/ϵ̄2γ , following the combined scalings of the individual
cross-sections.

The relevance of that pair production process has become
manifest at a late stage of the present work. Even though
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FIG. 20. Electron ξ− px phase space, from a simulation with
ϵ̄γ = 2 and αγ = 1.05× 104. Features similar to the reference
configuration are found, yet in a parameter range precluding
photon-photon pair production.

our fiducial simulation considers photon energies slightly
above threshold, the omission of pair production does not
invalidate our results per se. Indeed, the present simula-
tion can be regarded as illustrating the physics of interac-
tion immediately below threshold. To comfort this point
of view, we present in Fig. 20 the electron phase space
from a sub-threshold simulation with ϵ̄γ = 2, all other
parameters being equal. It indeed reproduces the fea-
tures of its counterpart Fig. 2, which formed the basis of
the discussion in Sec. II. A realistic simulation for photon
energies significantly above threshold, which would prop-
erly include the relevant pair production processes, obvi-
ously requires substantial algorithmic and computational
efforts, and we defer it to future work. Additionally, we
stress that the total number density of pairs produced
depends sensitively on the physical conditions at hand,
since n± ∝ n2

γneL
2, so that it make take very differ-

ent values when the parameters nγ , ne and L are scaled
to astrophysical scales of interest while keeping nγ/

√
ne

constant (as discussed in Sec. I). The present simulation
can thus also be regarded as simulating the phenomena
that would be observed at values of nγ or ne sufficiently
low to avoid excessive pair production.

IV. CONCLUSIONS

We have examined the physics of the interaction be-
tween an extremely dense photon flux and a fully ion-
ized, collisionless electron-proton plasma, in the regime
where electron-photon Compton scattering takes place
in the Klein-Nishina limit. To this effect, we have per-
formed 2D3V PIC simulations using, as reference param-
eters, a plasma density of ne ≃ 1021 cm−3, a photon-
to-plasma density ratio of nγ/ne ≃ 107, a photon en-
ergy of ϵγ = 4mec

2 and an ion-to-electron mass ratio
of mi/me = 184. Our numerical experiments have un-
covered a complex sequence of particle acceleration pro-

cesses.

Through Compton interactions, the photons generate a
relativistic electron beam that trails immediately behind
the photon flux. The slower ion dynamics then entails a
charge-separation field ⟨Ex⟩ oriented along the radiative
flux. An equilibrium between the force exerted by this
coherent longitudinal electric field and the radiative force
on the electrons establishes rapidly, from which we derive
an analytical formula for ⟨Ex⟩ that agrees well with the
simulation results.

Near the front of the photon beam, two electron pop-
ulations mix and thereby seed electromagnetic micro-
instabilities: the Compton forward-scattered component,
and the plasma electrons, which form a return current.
The magnetic filaments generated by the current filamen-
tation instability (CFI) are able to deflect the Compton-
scattered electrons and inject them into a suprathermal,
backward-propagating tail. This population, as well as
the non-scattered electron bulk, is progressively accel-
erated by the charge-separation field to energies largely
exceeding those of the driving photons. Those elec-
trons display a runaway-type behavior, as the decrease
in the Compton scattering cross-section with energy, in
the Klein-Nishina limit, implies that the radiative equi-
librium of forces is lost to the benefit of the longitudinal
electric field. We provide an analytical approximation
to the energy distribution of that suprathermal tail and
successfully compare it with the simulation data.

Further away from the photon front, the CFI is sustained
by the continuous Compton forward acceleration of a
fraction of the electrons, forming an electron component
streaming with respect to the bulk. The latter popu-
lation is made up of electrons with energy comparable
with, or smaller than that of the photons. The interplay
of scattering from the CFI fields, of the longitudinal elec-
tric field and of occasional (inverse) Compton scattering
events acts to maintain those electrons inside the bulk.

The charge-separation field also forward-accelerates the
plasma ions, which, as we describe with a simple fluid
model, can attain near-relativistic speeds after a ∼
1 000ω−1

p interaction time (∼ 10 000ω−1
p for a physical

ion mass mi/me = 1836). Due to current balance, this
causes the electrons, and hence the magnetic filaments,
to acquire the same mean velocity. Upon reflecting off
the fast-moving filaments in a Fermi-type fashion, part
of the energetic, backward-propagating electrons can be
accelerated to form a higher-energy, forward-propagating
electron tail.

The simplicity of the driving phenomenon – a dense
gamma-ray burst – makes the processes described in
this work applicable to a broad variety of extreme as-
trophysical scenarios or in the relativistic laboratory as-
trophysics experiments envisioned in the future. Also,
the suprathermal tails generated in the above photon-
plasma interactions may have interesting phenomenologi-
cal signatures through secondary radiative processes (e.g.
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synchrotron radiation) which have been neglected in the
present study. Finally, the possibility of pair produc-
tion via interactions between incoming and Compton-
scattered photons deserves a separate investigation. To a
first approximation, pair production would act to reduce
the average ion-to-electron mass ratio, and thus enhance
the phenomenological signatures discussed above. Those
effects will be included in a future study.
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Appendix A: Analytical approximation of the
charge-separation field

We have not managed to obtain an analytical estimate of
⟨Ex⟩ in the Klein-Nishina limit (η ≫ 1) using the above
bi-Maxwellian fit to fe(p). Yet a useful formula can be
derived in the case of a drifting relativistic thermalized

plasma, fe(p̄) =
µ′2ne

2πγd
e−µ′γd(γ−βdp̄x), where βd is the lon-

gitudinal bulk speed, γd ≡ 1/
√

1− β2
d and 1/µ′ ≡ sT ′ ≡

γd⟨p̄2y/γ⟩ ≫ 1 is the normalized proper electron tempera-
ture (a px − py momentum space is considered). Making
use of the large-η expansion G(η) ≃ 3

8η (ln 2η− 5/6) [29],

the electric field can be first approximated to

e⟨Ex⟩ ≃
3σTmec

2nγµ
′2

16πγd

∫
d2p̄

γ
e−µ′γd(γ−βdp̄x)

×
{
ln [2ϵ̄γ(γ − p̄x)]−

5

6

}(
1− p̄x

ϵ̄γ

)
. (A1)

We then change to the integration variables p̄′x ≡ γd(p̄x−
βdγ) and p̄′y ≡ p̄y, so that

e⟨Ex⟩ ≃
3σTmec

2nγµ
′2

16πγd

∫
d2p′

γ′ e−µ′γ′

×

{
ln

[
2ϵ̄γ

√
1− βd

1 + βd
(γ′ − p̄′x)

]
− 5

6

}

×
[
1− γd

ϵ̄γ
(p̄′x + βdγ

′)

]
. (A2)

We next consider polar coordinates, d2p̄′ ≡ p̄′dp̄′dθ′, and
assume p̄′ ≃ γ′ ≫ 1. This leads to

e⟨Ex⟩ ≃
3σTmec

2nγµ
′2

16πγd

∫ ∞

1

dγ′e−µ′γ′
∫ 2π

0

dθ′I(γ′, θ′) ,

(A3)

where we have introduced

I(γ′, θ′) =

{
ln

[
4ϵ̄γ

√
1− βd

1 + βd
γ′ sin2(θ′/2)

]
− 5

6

}

×
[
1− γd

ϵ̄γ
γ′ (cos θ′ + βd)

]
. (A4)

The integration over θ′ can be exactly performed:

∫ 2π

0

dθ′ I(γ′, θ′) = 2π

{(
1− γdβd

ϵ̄γ
γ′
)

×

[
ln

(
ϵ̄γ

√
1− βd

1 + βd
γ′

)
− 5

6

]
+

γ′
d

ϵ̄γ
γ′

}
. (A5)

Inserting this expression into Eq. (A3) and making use
of the formula

∫∞
1

dγ e−µγ ln γ = E1(µ)/µ [E1(µ) is
the exponential integral] and of the large-µ expansion
E1(µ) ∼ − lnµ − γE (γE = 0.5772 . . . is the Euler con-
stant), one can obtain after some algebra

e⟨Ex⟩ ≃
3

8
σTmec

2nγ

ϵ̄γ

{(
µ′ϵ̄γ
γd

− βd

)

×

[
ln

(
ϵ̄γ
µ′

√
1− βd

1 + βd

)
− γE − 5

6

]
+ 1− βd

}
, (A6)

to leading order in µ′ ≪ 1 (relativistically hot plasma)
and η ≫ 1 (Klein-Nishina limit). Finally, substituting
the spatial profile of the photon flux density leads to the
following complete expression for the normalized electric
field:

e⟨Ex⟩
mecωp

≃ 3

8
σT

c

ωp

αγn0ξ̄

ϵ̄γ

{(
µ′ϵ̄γ
γd

− βd

)

×

[
ln

(
ϵ̄γ
µ′

√
1− βd

1 + βd

)
− γE − 5

6

]
+ 1− βd

}
. (A7)

We now address the Thomson limit (η ≪ 1) in the case of
low-energy photons (ϵ̄γ ≪ 1) photons and nonrelativistic
electrons, sT ≡ 1/µ = O(ϵ̄γ) ≪ 1. Using the small-η
expansion G(η) ≃ 1− 16

5 η [29], assuming negligible bulk
motion and keeping the dominant terms in the integrand
of Eq. (1) results in

e⟨Ex⟩
mecωp

≃ σT
c

ωp
n0αγ ξ̄ϵ̄γ

(
1 + 2T̄ − 11

5
ϵ̄γ

)
. (A8)

Note that this estimate differs from that derived in
Ref. [2] for an arbitrarily hot plasma but assuming
G(η) ∼ 1.
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