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The interaction of high energy lepton jets composed of electrons and positrons with background electron—proton
plasma is investigated numerically based upon particle-in-cell simulation, focusing on the acceleration processes of back-
ground protons due to the development of electromagnetic turbulence. Such interaction may be found in the universe when
energetic lepton jets propagate in the interstellar media. When such a jet is injected into the background plasma, the Weibel
instability is excited quickly, which leads to the development of plasma turbulence into the nonlinear stage. The turbulent
electric and magnetic fields accelerate plasma particles via the Fermi II type acceleration, where the maximum energy of
both electrons and protons can be accelerated to much higher than that of the incident jet particles. Because of background
plasma acceleration, a collisionless electrostatic shock wave is formed, where some pre-accelerated protons are further ac-
celerated when passing through the shock wave front. Dependence of proton acceleration on the beam-plasma density ratio
and beam energy is investigated. For a given background plasma density, the maximum proton energy generally increases
both with the density and kinetic energy of the injected jet. Moreover, for a homogeneous background plasma, the proton
acceleration via both turbulent fields and collisionless shocks is found to be significant. In the case of an inhomogeneous
plasma, the proton acceleration in the plasma turbulence is dominant. Our studies illustrate a scenario where protons from

background plasma can be accelerated successively by the turbulent fields and collisionless shocks.

Keywords: Weibel instability, turbulence, collisionless shock, ion acceleration
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1. Introduction

The origins of high-energy cosmic rays, their genera-
tion mechanisms and propagation in the interstellar medium
have long been topics of great interest since they were dis-
covered more than a century ago. Key mechanisms for cos-
mic ray generation include the Fermi acceleration!'?! and
plasma wave acceleration,>* where the former is considered
to be responsible for particles with energy up to 10'° eV and
the latter could lead to even higher energy acceleration.>~]
The Fermi acceleration is realized either through the diffusive
shock acceleration'%121 (so called the first-order Fermi ac-
celeration) or the reflection from randomly moving magnetic
mirrors(!314 (i.e., the second-order Fermi acceleration). On
the other hand, even though the Fermi acceleration provides a
global picture of the acceleration mechanisms, it may be ini-
tiated through different processes locally. For example, it is
believed that the generation of cosmic rays could be related to
relativistic celestial jets.!>~17]

Relativistic jets are associated with some of the most vi-
olent high-energy astrophysical phenomena in the universe,
such as GRB,!!8201 AGN, 2!l XRB,[??! and TDE.I*)! Rela-
tivistic jets are usually assumed to be composed of pure lep-
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tons (i.e., electrons and positrons). When such jets propa-
gate in the interstellar medium,”* micro-instabilities such as
the Weibel instability will be driven,[?>?%! which can produce
strong magnetic fields and subsequently lead to the formation
of collisionless shock waves in the interstellar medium. Fermi
type of acceleration processes could be triggered. This system
is directly related to some astrophysical models, such as the
neutron star wind?’! and the fireball model of GRBs. (28! Al-
though both Fermi acceleration and collisionless shock accel-
eration have been studied in detail in many literatures, 3]
mostly these two phenomena have been studied separately. For
the simulation of collisionless shock waves, one usually takes
a configuration in which an incident jet from a boundary is
reflected at another boundary to generate a shock wave close
to the interface of the incoming and reflection flows. Thus,
the plasma and jet parameters applied for the density ratio
and distributions are limited. Recently, it was found that a
two-stage acceleration process of protons may occur naturally
in the interaction of an energetic electron—positron jet with
a background electron—proton plasma,*?! where the plasma
electrons and protons are accelerated by the turbulent elec-

tromagnetic fields first. Later, a collisionless shock wave is
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formed in the preheated plasma and some protons are further
accelerated by the shock wave.

In this paper, the interaction of lepton jets with back-
ground plasma is further investigated numerically by using
particle-in-cell (PIC) simulations. Attention is paid to the
effects of the energy and density of the lepton jets as well
as the background plasma parameters on the acceleration of
plasma electrons and protons. The acceleration involves two
stages, i.e., the pre-acceleration in turbulent electric and mag-
netic fields generated via the Weibel-type instability at the
early stage and succeeding acceleration in collisionless shocks
formed at later stage. It is shown that the maximum energy of
plasma electrons and protons can be much higher than the ini-
tial particle energy of the lepton jets. The paper is organized
as follows. In Section 2, the formation of turbulent fields due
to the Weibel-type instability and collisionless shocks is de-
scribed. The plasma particle acceleration found in these pro-
cesses is analyzed in Section 3. The effects of lepton jet and
plasma parameters on the acceleration are presented in Sec-
tion 4. The paper is concluded in Section 5.

2. Generation of turbulent fields and collision-
less shock waves

To investigate the interaction of a lepton jet with back-
ground plasma, we carry out two-dimensional PIC simulations
with the code Osiris.[**! We take a simulation box with the di-
mension of [—10,900]d. and [0,95]d. along the x and y direc-
tions, respectively, where d, is the plasma skin depth given by
d. = c/ @y with ¢ the vacuum light speed, @, = 47tNe? [ me
the electron plasma frequency, Neg the initial plasma density,
and m, the electron mass. Initially, the simulation box is filled
with electron—ion plasma uniformly, where the ion—electron
mass ratio m; /me = 1836 is taken, i.e., the ions are protons
with charge number Z = 1, and the initial temperature of the
background plasma is 20 eV. An electron—positron jet with ini-
tial energy of 50.6 MeV (corresponding to the relativistic fac-
tor ¥ = 100) is incident from the left boundary along the +x
direction into the background plasma. The ratio of the initial
lepton jet density npo and the initial background plasma den-
sity Npo to the beam density is & = nyo /Npo = 1. The simula-
tion box is divided into 20 grids per d. in the x direction and
10 grids per d. in the y direction. Each grid has 4 macropar-
ticles of each particle type. The time step of the simulation is
0.04/w,. We take open boundary conditions in the x direction
and periodic boundary conditions in the y direction. The in-
cident lepton jet is initially uniform in the y direction and is
semi-infinite along the x direction.

As shown in Figs. 1(a) and 1(b), the Weibel instability
develops strongly after a few hundreds of 1/@,, producing
distinct filamentary structures3*! in x < 100d,. Initially, these
filamentary structures have diameters about a few d., close to
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Fig. 1. Snapshots of the spatial distributions of the background

plasma electron density (a), background plasma ion density (b), injected
positrons (c), and the magnetic fields (d) at t = SOpr’ ' (e) Fourier
spectrum of magnetic fields distributed between [0,400] d. within the

time window 500-1000 @, ! represented by color lines, where the black

dashed line shows the power-law slope of k;’ 185,

the theoretical values for Weibel filaments. Later, these fila-
mentary energetic beams penetrate deeper into the background
plasma and coalesce to form larger filamentary structures, cre-
ating a highly turbulent region between x = [100,400]d,, as
shown in Figs. 1(a) and 1(c). In this turbulent region, the
density of ions in the background plasma can vary by up to
three orders of magnitude within a few tens of d., as shown
in Fig. 1(a). Such violent turbulence can produce very strong

[35-391 as shown in Fig. 1(d). As the lepton

magnetic fields,
flow continues to propagate in plasma, the turbulent fields are
still excited in the region x > 300d,., but they appear at a rel-
atively low level. This reduced turbulent magnetic field gen-
eration could be associated with the plasma heating and the
buildup of a high transverse temperature of the jet, as dis-
cussed in the following. We have analyzed the spectrum of the
magnetic fields along the y-direction by integrating the spec-

trum along this direction
0, = [ 1B.knsk) Pk,

where B, (ky, ky) is the Fourier transform of B, (x,y) with k, and
k, normalized by @, /c. It is found that the turbulent magnetic
fields have a power law spectrum with an index of about —1.8,
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which is close to the theoretical value of electron magnetohy-
drodynamic turbulence*#!1 estimated to —5/3 for k < 1 and
—7/3 fork>> 1.

The reduction of plasma turbulence in the region x >
300d, suggests that the Weibel instability is developed weakly
in that region. This is associated with the development
of the transverse beam temperature of the injected lepton
flow, which tends to suppress the development of the Weibel
instability.[*>*3] As shown in Fig. 2 for the distributions of the
longitudinal and transverse momenta for the injected positron
beam, the average longitudinal momentum is reduced gener-
ally and high transverse momentum is built up quickly due to
the development of the turbulent fields at the early stage. This

explains why the Weibel instability is only weakly developed
at late stage.
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Fig. 2. Panels (a) and (b) show respectively the distributions of lon-
gitudinal and transverse momenta of positrons along the x-direction at
t= SOO(DP’ L. Panels (c) and (d) show the phase space distributions of
position momenta at # = 200, Land 5000, 1 respectively.

Even though the turbulent fields decay along the propaga-
tion direction, it is found that a collisionless shock wave starts
to build up in the region behind 400d.. As shown in Fig. 3(a),
a local high magnetic field region together with a local high
electric field region propagates at a speed of about 0.24c,
which is associated with the collisionless shock wave.[4643]
Figure 3(b) shows a snapshot of the longitudinal intensity dis-
tributions of electric and magnetic fields at 7' = 20000, L
These fields near the shock front at x ~ 600d. are relatively
high. Associated with the shock formation are the longitudi-
nal distributions of the background plasma proton density and
the injected positron density. A sharp proton density front is

built up at x = 5004, at the time 7" = 15000, I"and moves to
near x = 600d, at the time T = 2000601; ! as shown in Fig. 3(c),
which is associated the formation of the collisionless shock. In
the region of 0 < x < 300d,, the positron density is packed up
t0 1e0-+ /Mo = 2, while most of the background ions are blown
away. In the region of 200d. < x < 600d. behind the shock
front, where the turbulent magnetic field strength is low, the
total density of background plasma ions and positrons forms a
plateau with the density (N; +neo4 ) /Npo ~ 3. This appears to
be comparable to a hydrodynamic shock with the density jump
at the shock front given by Np1 /N2 = (Yaa¥en+ 1)/ (Yaa — 1) ~
3 with the adiabatic coefficient y,q = 2 in the two-dimensional
geometry and Y, = (1 —v2/c?) /2.
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Fig. 3. (a) The distribution of the magnetic field energy in time and space
along the x-direction after averaging along the y direction. The white
dashed line indicates the shock wave propagation speed of 0.24c¢. (b) Lon-
gitudinal distributions of energy of electric fields E, and E,, and magnetic
field B; at T = 20000, ! obtained after averaging along the y-direction.

Strength indicates Ef E)2 and B2 where the fields are all normalized by
me®yc/e. (c) Longitudinal distributions of background ions and injected
positrons at 7 = 2000@, ! obtained after averaging along the y-direction.
The densities are normalized by their initial densities Npg and nyg.

3. Acceleration of background electrons and
protons

As shown above, the turbulent electric and magnetic
fields as well as collisionless shocks!*” are formed at differ-
ent stages. Figure 4(a) shows a snapshot of the magnetic field
distribution at 7' = 20000, I Associated with turbulent field
excitation and collisionless shock formation, background elec-
trons and ions are accelerated both longitudinally and trans-
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versely, as shown in Figs. 4(b) and 4(c) for the background
ions. It is shown that the transverse acceleration along the y
direction is symmetric, while the longitudinal acceleration is
mainly in the forward direction. The transverse and longitu-
dinal accelerations in the region x < 600d. behind the shock
are due to the turbulent field excitation. At the shock front,
some ions in front of the shock are trapped and accelerated by
the shock wave, where they gain a speed at twice the shock
speed. As the shock speed is about v = 0.24¢ according to
Fig. 3(a), the trapped ion speed should be near 0.48c¢ as shown
in Fig. 4(b).
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Fig. 4. (a) Spatial distribution of the turbulent magnetic field at 7 =
2000(0[,‘ ! Panels (b) and (c) show respectively the phase space distri-
butions of the longitudinal and transverse momenta of the background
plasma ions at T = ZOOO(DP".

We have also traced the phase-space trajectories of se-
lected particles accelerated in the two stages as shown in
Fig. 5. Figures 5(a), 5(c), and 5(d) show that a group of
ions are accelerated in the first stage by the turbulent magnetic
field®% excited by the Weibel instability, gaining energy both
in the x and y directions until about 7 = 8000, !, When the ions
move to the range of 300d, < x < 500d,, they encounter the
turbulent electric and magnetic fields downstream of the shock
wave and obtain the second acceleration. At this time, the ve-
locity of some ions in the y direction is completely reversed,
and the momentum in the x direction is further increased. The
ions pass through the shock wave front at 1 = 1200@,” ! and
obtain the third acceleration. The three stages of acceleration
marked with I, II, and IIT are shown in Fig. 5(c). Figures 5(b),
5(e), and 5(f) show two groups of accelerated ions, which are
originally located in the regions with low turbulent fields ex-
cited. They are first weakly accelerated by the turbulent mag-
netic fields and then significantly accelerated by the collision-
less shock.
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Fig. 5. Trajectories of selected ions accelerated in the turbulent fields and
shock waves and their momentum change with time. (a) Trajectories of
100 selected ions with the large transverse momentum accelerated at the
early stage up to T = 900w, !, which are marked as group 1. (b) Tra-
jectories of 100 selected ions accelerated dominantly by the longitudinal
electric fields near the shock front at the late stage up to 7 = 1500, L
which are marked as groups 2 and 3. Panels (c¢) and (d) show the evolution
of longitudinal and transverse momenta for ions from group 1. Panels (e)
and (f) show the evolution of longitudinal and transverse momenta for
ions from groups 2 and 3. The color bars correspond to the ion energy.
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Fig. 6. Panels (a) and (b) show respectively the evolution of the electron
energy spectra and ion energy spectra obtained at different time between
[500,3000] o, !, Panels (c) and (d) show respectively the energy spectra

for electrons and ions obtained at T = 2000@; ! from the whole plasma
and for those located near the collisionless shock front.

The spectra of accelerated background electrons and ions
are shown in Fig. 6. Generally, both electrons and ions have
thermal energy spectra,’®!! where the maximum energies of
electrons are accelerated to about 300 MeV and ions are accel-
erated to above 400 MeV at T = 3000w, I, These are much
higher than the injected lepton flow at 50 MeV. The electron
energy spectrum appears to have two temperatures, which is
similar to that found by other researchers.”! In some energy
range below 100 MeV, the ion spectrum has a power-law dis-

tribution ~ g2

, as shown in Fig. 6(b), which is typical for the
type of Fermi acceleration. Before the formation of the colli-
sionless shock at x ~ 500c/ @, around 7' = 1500/ @y, the max-

imum energy for both electrons and protons is already above
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200 MeV. At later time with the formation of the collision-
less shock, some ions are trapped and accelerated further by
the shock. For protons trapped and accelerated by the shock,
the proton speed shall be larger than 2vs, corresponding to the
proton energy of about 117 MeV for vy = 0.24c. Therefore,
for protons with higher energy, significant part of their energy
is contributed by the turbulent field acceleration. Note that the
shock formation is associated with the electron temperature.
This temperature can be estimated by the average energy of
the background electrons, which is found to be about 14 MeV
according to the simulation. The corresponding ion acoustic
speed is about ¢s = (YagTpe/m;i) = 0.13c, where Y,q = 2 is the
adiabatic coefficient in a two-dimensional system. Thus, the
Mach number for the collisionless shock in the present simu-
lationis M = 1.9.

4. Effects of jet and plasma parameters on ac-
celeration

4.1. Effect of the density ratio between jet and plasma

As the generation of turbulent fields and shock waves
depends significantly on parameters of the lepton jet and the
background plasma, it is expected that these parameters can
have significant effects on the resulting acceleration of back-
ground plasma acceleration. We first consider the effect of
the density ratio between the incident lepton jet and the back-
ground plasma. Figures 7(a) and 7(b) show the energy spectra
of electrons and ions from the background plasma. As the jet
density increases, the energy of background electrons and ions
increases significantly. This is because the increase of the jet
density enhances the growth rate of the Weibel instability and
the intensity of turbulent magnetic fields, which naturally en-
able the plasma electrons and ions to gain higher energy from
the turbulent fields. At the same time, the increase of the turbu-
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Fig. 7. Effects of the density ratio between the lepton jet and background
plasma on plasma acceleration, where the results are shown for the lepton
jet with y =100 at T = 2000@, !. (a) Electron energy spectrum, (b) pro-
ton energy spectrum, (c) proton density distributions along the x-direction
averaged over the y-direction, (d) shock velocity and the cutoff energy of
protons for different density ratio o = npg/Nyo.

lent fields not only enhances the particle acceleration, but also
enables the shock wave to form at earlier time with a higher
shock speed. As shown in Figs. 7(c) and 7(d), the speed of
the shock wave increases monotonically with the lepton jet
density. Thus, the proton energy gain from the shock wave
acceleration also becomes more effective with increasing jet
density. On the other hand, when the density ratio is too high,
such as o = 10, no collisionless shock is formed clearly within
the limited simulation time up to 7" = 2000w, ! and simula-
tion box, even though background plasma electrons and ions
are accelerated to higher energy. The acceleration is mainly
contributed by the turbulent fields excited in a larger area in
this case.

4.2. Effect of the lepton jet energy

For a given density ratio between the lepton jet and the
background plasma density, the energy of background plasma
electrons and ions depends upon the different y values of
the incident lepton jet, as shown in Fig. 8. For example,
when ¥ = 300, the cutoff energy of both electrons and pro-
tons reaches above 500 MeV. The speed of the shock wave
also increases obviously with ¥ as shown in Figs. 8(c) and
8(d). When 7 increases from 50 to 300, the shock speed in-
creases from 0.19 to 0.35. Note that the cutoff energy is much
higher than that expected from the shock acceleration as a sig-
nificant part of the proton energy is contributed by the turbu-
lent field acceleration as mentioned above. Figure 8(c) shows
that the shock front is relatively steeper with a smaller y due
to the fact that more background protons are accelerated. In
the meanwhile, the higher energy of the lepton jet allows the
Weibel instability and turbulent fields to be excited in a wider
space. This also helps to enhance the acceleration of back-
ground plasma particles by the turbulent fields.
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Fig. 8. Effects of the lepton jet energy on plasma acceleration under the
density ratio o = npg/Nyo = 1 at T = 20000, !, (a) Electron energy spec-
tra, (b) proton energy spectra, (c) proton density distributions along the
x-direction averaged over the y-direction, (d) shock wave velocity and ion
energy spectrum cutoff energy for different y of the incident lepton jet.
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4.3. Effects of nonuniform background plasma density

In previous studies, we have assumed that the background
plasma density is uniform. Generally, there may be some den-
sity nonuniformity. In order to analyze the effects of inhomo-
geneous density plasma, we compare three cases: (a) plasma
with a positive density gradient, where the density rises lin-
early with o changing from 0.5 to 1 within 0 < x < 900d,; (b)
plasma with a uniform density distribution for 0 < x < 900d,;
(c) plasma with a negative density gradient, where the density
falls linearly with o changing from 1 to 0.5 within 0 < x <
900d.. Figures 9(al), 9(b1) and 9(cl) compare the evolution
of the background ion density with time for the three cases. In
case (a), it is found that the shock wave forms later when the
background plasma density rises gradually, and the lower den-
sity at the beginning is beneficial to the transmission of lepton
jet, expanding the region dominated by the Weibel instabil-
ity, thus accelerating the background ions randomly to higher
energy. In case (c), it is found that the collisionless shock
wave is not formed clearly. In uniform plasma, the shock
wave is formed in a large area. These are in agreement with
the formation of longitudinal electric field distributions shown
in Figs. 9(a3), 9(b3), and 9(c3) for the three cases. Associ-
ated with the shock formation, high magnetic fields are also
formed near the shock front as shown in Figs. 9(a2), 9(b2), and
9(c2). One notes that even though there is no shock formation
in case (c), a localized high magnetic field region is also found.
It propagates with a faster speed than the shock wave found in
case (b), and thus cannot trap enough background protons and
lead to shock formation.

Corresponding to the field distributions shown above, the
energy distributions for accelerated background plasma elec-
trons and protons are also different as shown in Fig. 10. It
appears that electrons can be accelerated to higher energy in
inhomogeneous plasma than in homogeneous plasma, in par-

101)

ticular when the plasma density has a positive density gra-
dient, as shown in Figs. 10(al), 10(b1l), and 10(cl). In this
case, a larger area of plasma turbulent field is found as shown
in Fig. 9(a2). This enables the electrons to be accelerated to
higher energy. Similarly, background ions are also accelerated
to higher energy in plasma with a positive density gradient, as
shown in Figs. 10(a2), 10(b2), and 10(c2). In the case with
a decreasing density profile, the maximum ion energy is also
higher than that found for homogeneous plasma. In this case,
it is found that strong turbulent fields are also driven in a large
area as shown in Fig. 9(c2), even though collisionless shock is
not formed there. Therefore, the formation of strong turbulent
fields in a larger area is found in inhomogeneous plasma in the
given conditions, which is responsible for the higher energy of
accelerated background electrons and ions.

3
2
1
0

3000

2000

+
a
3

"p/"u

1000

0

3000 ; 10
2000
5
1000
0 0
3000 gy m LT g
2000 il i 2 .
i ) s
1

0

0 200 400 600 800
z (¢/wp)

0 200 400 600 800

z (¢/wp) z (¢/wp)

Fig. 9. Spatio-temporal evolution of the background proton density dis-
tribution, Bg, and Ef under three initial density distributions, i.e., linearly
increasing density, uniform density, and linearly decreasing density. (al),
(b1), and (cl) the proton density for the three cases, respectively; (a2),
(b2), and (c2) Bg for the three cases, respectively; and (a3), (b3), and (c3)
Ef for the three cases, respectively.

@] |

dN/dE (arb. units)

(b1) (c1) 3000
2500

2000

dN/dE (arb. units)

[ ‘ My 4\
100 200 300 400
Energy (MeV)

1076

100 200 300 400
Energy (MeV)

1500

1000

500

100 200 300 400
Energy (MeV)

Fig. 10. Panels (al), (bl), (cl) show background electron energy spectra obtained in plasma with an increasing density profile, a uniform
distribution, and a decreasing density profile, respectively, as in Fig. 9. Panels (a2), (b2), (c2) show background ion energy spectra obtained in
plasma with an increasing density profile, a uniform distribution, and a decreasing density profile, respectively.

115203-6



Chin. Phys. B 33, 115203 (2024)

5. Conclusion

In summary, we have carried out numerical simulation
studies on the interaction of a lepton jet composed of elec-
trons and positrons with a background plasma composed of
electrons and protons. This is similar to the scenario when a
lepton jet propagates in the interstellar medium. It is found
that the Weibel instability will develop quickly at the begin-
ning, which leads to the formation of strong turbulent fields
in plasma. On one hand, the turbulent fields lead to the ac-
celeration of some background electrons and ions to high en-
ergy even beyond the initial energy of the lepton jet particles.
On the other hand, the turbulent fields tend to thermalize the
lepton jet efficiently, so that large transverse momenta of the
lepton jet particles are built up. This in turn prevents the exci-
tation of the Weibel instability in large areas along the lepton
jet propagation direction. Instead of turbulent field excitation,
it is found that collisionless shocks are formed later, which
can trap and further accelerate the pre-accelerated protons to
higher energies at the shock front. It is noted that the accel-
erated background electrons show a quasi-thermal distribution
for the high energy part, even though the accelerated protons
show a power-law spectrum in some energy range.

The relations of the acceleration processes with the den-
sity ratio between the lepton jet and the background plasma,
the lepton jet energy, and the density distributions are also in-
vestigated. A higher jet density tends to increase the excitation
of turbulent fields and shock speeds, and thus leads to the en-
ergy increase of accelerated background electrons and ions.
For a given density ratio, it is found that a higher jet energy
can lead to the acceleration of background electrons and ions
to higher energy. This is attributed both to a larger space area
of the excited turbulent fields and a higher shock speed. More-
over, it is found that inhomogeneous plasma may lead to the
acceleration of background electrons and ions to higher energy
than that found in homogeneous plasma. This is also attributed
to the extended space of the excited turbulent fields in inhomo-
geneous plasma. Our studies illustrate a scenario where both
types of Fermi acceleration may occur during the propagation
of a lepton jet in the interstellar medium.

For potential experimental validation, collimated
electron—positron pair beams can now be produced with rela-
tively high density via the Trident and Bethe—Heitler process
in high Z targets by use of high power lasers.[>>>3 On the
other hand, it is necessary to ensure that the time duration and
size of the electron—positron pair beam exceed the spatiotem-
poral scale of the Weibel instability. This may require high
power lasers at the 10 PW class level, so that lepton jets with

enough charge and density could be generated.
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