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ABSTRACT

By means of a particle-in-cell (PIC) simulation, we study the interaction between a uniform magnetized ambient electron–proton plasma at
rest and an unmagnetized pair plasma, which we inject at one simulation boundary with a mildly relativistic mean speed and temperature.
The magnetic field points out of the simulation plane. The injected pair plasma expels the magnetic field and piles it up at its front. It traps
ambient electrons and drags them across the protons. An electric field grows, which accelerates protons into the pair cloud’s expansion
direction. This electromagnetic pulse separates the pair cloud from the ambient plasma. Electrons and positrons, which drift in the pulse’s
nonuniform field, trigger an instability that disrupts the current sheet ahead of the pulse. The wave vector of the growing perturbation is
orthogonal to the magnetic field direction and magnetic tension cannot stabilize it. The electromagnetic pulse becomes permeable for pair
plasma, which forms new electromagnetic pulses ahead of the initial one. A transition layer develops with a thickness of a few proton skin
depths, in which protons and positrons are accelerated by strong electromagnetic fields. Protons form dense clumps surrounded by a strong
magnetic field. The thickness of the transition layer grows less rapidly than we would expect from the typical speeds of the pair plasma
particles and the latter transfer momentum to protons; hence, the transition layer acts as a discontinuity, separating the pair plasma from the
ambient plasma. Such a discontinuity is an important building block for astrophysical pair plasma jets.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0106114

I. INTRODUCTION

Some binary systems consisting of an accreting neutron star or
black hole and a companion star are sources of pair plasma.1,2 The
pair plasma is generated by energetic processes near the inner accre-
tion disk or through the interaction of electromagnetic radiation with
the strong intrinsic magnetic fields of the compact object or its accre-
tion disk.3–5 The ejected pair plasma must eventually interact with the
wind of the stellar companion. This interaction can channel the pair
outflow into a jet that can reach a superluminal speed.1,6 Such pair
outflows have been named as a possible source for galactic positrons.7

Hydrodynamic models provide an intuitive description of the jet struc-
ture.8–11 They apply if the mean free path of the particles, which con-
stitute the fluid, is small compared to the spatial scales of interest.
Hydrodynamic models take into account important elementary struc-
tures like sound- and rarefaction waves, shocks, and contact disconti-
nuities. Contact discontinuities separate two fluids of different origin,
composition, density, and temperature.

Figure 1 is a sketch of a hydrodynamic jet near its front. The
plasma in the spine flow has a low mass density and a high bulk veloc-
ity. The ambient plasma far from the jet is at rest. A contact
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discontinuity (CD) separates both fluids. In what follows, we assume
that all material enclosed by the CD is pair plasma, while all material
outside the CD is plasma composed of protons and electrons. We can,
thus, distinguish both fluids by the carrier of positive charge. The
streaming pair plasma is slowed down, compressed, and heated up as
it approaches the CD forming a layer of hot material near it, the inner
cocoon (IC). An internal shock (IS) develops between the inner
cocoon and the spine flow if the pair plasma’s mean speed change
exceeds the local sound speed. The thermal pressure of the hot plasma
in the inner cocoon pushes the CD away from the spine flow. The
moving CD accelerates the nearby ambient plasma. A shock forms at
the front of the accelerated ambient material if its speed exceeds the
local sound speed. Most of the jet’s momentum is transferred to the
CD at the jet’s head, giving the jet its characteristic elongated shape.

Hydrodynamic models assume that CDs and shocks are thin
compared to the scales of interest. The mean free path of particles in
the interstellar medium or a stellar wind is, however, not negligibly
small compared to the jet size. Therefore, binary collisions are replaced
by mechanisms based on the electromagnetic fields induced by the col-
lective motion of the plasma particles, as the means to exchange
momentum and energy between particles. Certain properties of shocks
and discontinuities in such material, which is known as collisionless
plasma, are different from those of their hydrodynamic counterparts
with potentially far-reaching astrophysical consequences. It is impor-
tant to determine if and how electromagnetic fields can sustain discon-
tinuities in a collisionless plasma and if the discontinuities remain thin
compared to the spatial scales of interest.

Particle-in-cell (PIC) simulations can resolve all structures in col-
lisionless plasma. Most previous PIC simulation studies related to jets
in collisionless plasma have focused on pair plasma shocks12,13 and
electron–ion shocks,14,15 which correspond to the internal and external
shocks (ESs) in Fig. 1. One finding was that magnetic fields in the tran-
sition layers of relativistic shocks can have energy densities that exceed
those expected from compression of the upstream magnetic field. This
magnetic energy can be released through magnetic reconnection.16,17

Another result is that collisionless shocks can accelerate a small frac-
tion of plasma particles to cosmic ray energies.17 The onset of such an

acceleration has been studied with PIC simulations.18 Discontinuities
between pair plasma and electron–proton plasma like the CD in Fig. 1
have not been explored to the same extent. Such a discontinuity has
been observed in two-dimensional PIC simulations of a pair plasma
that propagated through a magnetized electron–proton plasma19,20

and studied in one spatial dimension21 assuming that it is planar. In
the two-dimensional simulation,20 the discontinuity became unstable
to a magnetic Rayleigh–Taylor-like instability.22–26 The wave vector of
the perturbation was parallel to the magnetic field and the instability
increased magnetic tension, which eventually quenched the instability.

Here, we examine the interface between an expanding unmagne-
tized pair plasma and a magnetized electron–proton plasma at rest using
a two-dimensional particle-in-cell (PIC) simulation. We let the interface,
which takes the role of the CD in Fig. 1, grow self-consistently. The
ambient electron–proton plasma is permeated by a spatially uniform
magnetic field, which is oriented perpendicularly to the expansion direc-
tion of the pair cloud. Its magnetic pressure matches the electron ther-
mal pressure. We use the same plasma conditions as in a previous
simulation20 apart from a lower mean speed of the pair cloud and a
magnetic field direction, which is now normal to the simulation plane.
We obtain the following results. The expanding pair plasma expels the
magnetic field and piles it up at its front. The moving magnetic field
traps the electrons of the ambient plasma and pushes them into the pair
plasma’s expansion direction. Their current induces an electric field,
which accelerates the protons to a speed comparable to the interface’s
speed. In what follows we refer to this interface as the electromagnetic
pulse (EMP). It separates positrons from protons and resembles the one
observed previously20 at early simulation times.

The magnetic field points out of the simulation plane and can be
rearranged by a perturbation without bending field lines. Interchange
modes of the magnetic Rayleigh–Taylor instability, which grow in such a
plasma configuration, do not increase magnetic tension. Hence, they
tend to be more unstable and disruptive than the undular mode25 studied
in Ref. 20. We do not observe these interchange modes because the EMP
is destroyed before the magnetic Rayleigh–Taylor instability can set in.
The current sheet, which confines the magnetic field ahead of the EMP,
is sustained by ambient electrons that drift in the EMP’s field and posi-
trons that leaked through it. This current sheet is disrupted by a stream-
ing instability between these particles and protons. The growing waves
have a wavevector parallel to the drift direction of the ambient electrons,
which was not resolved in the previous simulations.19–21 These waves
grow fast and their saturation lets the EMP become permeable for pair
plasma, broadening the transition layer between the pair cloud and the
ambient plasma. The speed, at which the thickness of the transition layer
between the ambient plasma and the pair plasma increases, is well below
the average speed of the pair plasma particles. This, together with the
observed momentum transfer from the pair plasma to the ambient
plasma, implies that the transition layer still acts as a discontinuity that is
thin compared to the typical particle mean free paths near relativistic jets.

The structure of our paper is as follows. Section II discusses the
initial conditions of our simulation. Section III presents the early phase
of the plasma collision while the late evolution is discussed in Sec. IV.
Section V summarizes our findings.

II. INITIAL CONDITIONS FOR THE SIMULATION

Each plasma species in a collisionless plasma is represented by a
phase space density distribution, which is a function of independent

FIG. 1. Schematic jet structure: A contact discontinuity (CD) separates the jet’s pair
plasma from the ambient electron–proton plasma. The spine flow has a low mass
density and a large speed. It is slowed down, heated, and compressed as it crosses
the internal shock (IS) and flows into the inner cocoon (IC) between the IS and the
CD. As indicated by the arrows, the hot plasma in the IC imposes pressure onto
the CD through which it expands outward. It pushes the ambient plasma ahead of
it. An outward-propagating external shock (ES) separates the ambient plasma from
the moving ambient plasma in the outer cocoon (OC) between the CD and the ES.
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position and velocity coordinates. A PIC simulation code approxi-
mates the phase space fluid by an ensemble of computational particles
(CPs), which have position and velocity coordinates and the same
charge-to-mass ratio as the plasma species they represent. The current
contributions of all CPs are summed up and give the macroscopic cur-
rent density. This current density, the electric field, and the magnetic
field are defined on a numerical grid and are connected via discretized
forms of Maxwell’s equations. The electromagnetic forces are interpo-
lated to the position of each CP and update its velocity. We specify the
time Tsim, during which we want to evolve the plasma, and the code
subdivides it into time steps Dt with a duration that depends on the
code’s numerical scheme. The numerical cycle of the PIC code
EPOCH we use is discussed in detail elsewhere.27

The two-dimensional simulation box is filled with an ambient
plasma with the electron density n0 and equally dense protons with
the proton-to-electron mass ratio mp=me ¼ 1836. Both species have
the temperature T0 ¼ 2 keV. We normalize time to x�1pi with the pro-
ton plasma frequency xpi ¼ ðe2n0=E0mpÞ1=2 (e; c; E0;l0: elementary
charge, speed of light, vacuum permittivity, and permeability). Space is
normalized to the proton skin depth ki ¼ c=xpi. The simulation box
with periodic boundaries resolves the spatial interval Lx ¼ 35 along x
by 12 000 grid cells and Ly ¼ 8:75 along y by 3000 grid cells. A mag-
netic field with the amplitude B0 is aligned with z. The electron ther-
mal pressure Pe ¼ n0kBT0 (kB Boltzmann constant) equals the
magnetic pressure PB ¼ B2

0=2l0. The proton gyrofrequency xci ¼ eB0=
ðmpxpiÞ is 2:1� 10�3. We inject at the boundary x¼ 0 a pair plasma,
which consists of electrons and positrons with the temperature 50T0

(100keV), has the mean speed vd ¼ 0:6c along increasing x, and the
respective densities n0 measured in the rest frame of the simulation box.

We initialize the electrons and protons of the ambient plasma by
25 computational particles (CPs) per cell each. We inject 16 CPs per
cell per time step to represent the electrons of the pair cloud and use

the same number for the positrons. The simulation evolves the plasma
until the final time Tsim¼ 200 equivalent to 200 x�1pi .

In what follows, we present the data on a grid that is shifted rela-
tive to the simulation grid. Data from the simulation interval Lx=2
� x < Lx are moved to the x-interval between �Lx=2 � x < 0. The
boundary x¼ 0, where we inject the pair cloud, is centered in the data
grid. All displayed field components and plasma densities have been
averaged over patches of 4� 4 grid cells to improve the signal-to-noise
ratio.

III. INITIAL EVOLUTION

Figure 2 shows the plasma and field distribution at the time t¼ 5.
The front of the injected electrons is located at x � 0:6 and that of the
positrons at x � 0:8. Injected electrons occupy a smaller interval along
x than positrons, and their density is higher. Most ambient electrons
were expelled by the injected electrons and accumulated in the interval
0:6 � x � 0:8. Pair cloud particles are scattered and reflected by the
magnetized ambient plasma. Some return to the periodic boundary
and cross it. Electrons in Fig. 2(a) have expanded to x � �0:45 and
positrons in Fig. 2(b) to x ¼ �0:6. Like in the case of the upward
moving pair cloud front, the injected electrons are denser than the
positrons and the ambient electrons accumulate ahead of them. The
pair cloud, which expands in both directions from the injection
boundary, is not symmetric around x¼ 0. The injected pair cloud loses
energy to the ambient plasma on its way up, and the reflected particles
interact with newly injected pair cloud particles as they return to the
boundary. Hence, the pair cloud in the half-space x< 0 starts its
expansion later; it is closer to thermal equilibrium, and it has a lower
mean speed than the one in x> 0.

Positrons fill an interval in Fig. 2(b) that is 1.5 wide. A particle
with the mean speed vd of the pair cloud should have propagated the
distance 5vd=ki ¼ 3 at the time shown in Fig. 2. The slowdown of the

FIG. 2. Plasma and field distribution at t¼ 5: panels (a) and (b) show the densities of the injected electrons and positrons. Densities of the ambient electrons and protons are
displayed in panels (c) and (d). Panels (e) and (f) show Bz and Ex. Densities are normalized to n0, the magnetic field to B0, and the electric field to cB0.
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pair cloud by the ambient plasma increases its density beyond 1.
Figure 2(d) reveals a pileup of protons in the interval 0:6 � x � 0:9,
which is trailed by a depletion at lower x. Another barely visible proton
accumulation is located in the interval�0:6 � x � �0:25. Figure 2(e)
reveals why injected and ambient electrons remain separated. The
expanding pair cloud expels the magnetic field and piles it up at its
front forming the structure we call EMP. The magnetic field is ampli-
fied to about 3B0 in the interval 0:6 � x � 0:9. The normalized gyro-
radius rgðv0Þ ¼ v0me=ð3eB0kiÞ of an ambient electron in the
amplified magnetic field with a speed v0, which equals the thermal

speed corresponding to the temperature 2 keV, is approximately
5:5� 10�3. This gyroradius is well below the thickness �0:3 of the
EMP. The gyroradius of leptons with v0 ¼ vd is about 0.07. The EMP
is strong and wide enough to confine the injected pair cloud and trap
the ambient electrons magnetically.

Protons will only react to the electric field in Fig. 2(f) since
xciTsim ¼ 0:42. We can estimate the speed to which they are acceler-
ated once we know the EMP’s propagation speed, which we determine
with the help of the convective electric field. The magnetic field
points along z and the EMP propagates with the speed vp along x,
which gives the convective electric field Ey ¼ vpBz . We average the
electric and magnetic field components over y and plot them in
Fig. 3. The magnetic Bx and By components oscillate around zero.
The average Bz vanishes for 0 � x � 0:5 and equals B0 for x> 1.1.
The y-averaged scaled Ey component follows closely the EMP up
to x � 0:7; its rear end moves at the speed vp � c=40. The propa-
gating EMP drags with it the ambient electrons. Their current
drives the electric field in Fig. 2(f). We estimate the proton velocity
change Dv as follows. The average electric field Ex � 1 in Fig. 3(b)
corresponds to Ep;x ¼ cB0 in physical units. Protons are at rest
before the EMP with the width Dp � 0:3ki and speed vp arrives.
Their approximate exposure time to its electric field in physical
units is dt ¼ Dp=vp or 12=xpi. The Lorentz force equation gives us
the approximate velocity change in physical units

Dv �
eEp;x
mp

dt ¼
ecB0

mp
dt ¼ 12c

xci

xpi
� vp: (1)

Figure 4 considers the time t¼ 10. The pair cloud is confined by
EMPs on both sides of the boundary x¼ 0. The central position along
x of each EMP oscillates as a function of y. The electric field points
orthogonally to the front of the EMP, which is becoming increasingly
distorted. It can, thus, also have a component Ey 6¼ 0. Most plots only

FIG. 3. Electromagnetic fields averaged over y at the time t¼ 5: we plot all mag-
netic field components and 40Ey in (a). We plot Ex in (b). Magnetic and electric
fields are normalized to B0 and cB0.

FIG. 4. Plasma and field distribution at t¼ 10: panels (a) and (b) show the densities of the injected electrons and positrons. Densities of the ambient electrons and protons are
displayed in panels (c) and (d). Panels (e) and (f) show Bz and Ex. Densities are normalized to n0, the magnetic field to B0, and the electric field to cB0.
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show Ex because we are primarily interested in how protons are
accelerated along the mean expansion direction of the pair cloud.
Figure 4(d) evidence that the amplitude of the proton density modula-
tion along x has increased; the one near the EMP in the half-space
x> 0 has reached the amplitude 0.1. The proton density modulation
continues to increase.

Figure 5 sheds light on the mechanism that deformed the ini-
tial EMP in Fig. 4 and will eventually lead to its destruction. We
focus on the distributions of the electrons, positrons, and relevant
electric field components near the right part of the initial EMP in
Fig. 4. We display the square root of the lepton densities in Figs.
5(a)–5(c). Ambient electrons in Fig. 5(a) were piled up at x � 1 by
the expanding pair cloud. The magnetic field of the EMP is strong
enough to confine the bulk of the pair cloud. The sizeable force the
Ex component exerts on particles slows down the electrons of the
pair cloud and accelerates its positrons. As a result, the electron
density in Fig. 5(b) decreases sharply at the transition layer and
hardly any electrons reach x> 1.2. Some positrons cross the EMP
and rotate in the homogeneous magnetic field of the ambient
plasma until the moving EMP catches up with them. The motion
of these particles gives rise to a net current along the negative y-
direction ahead of the EMP. This current, together with that of the
ambient electrons that drift in the electromagnetic field of the
EMP and its gradient, gives rise to the sharp decrease of the mag-
netic field amplitude at the EMP’s front.

The temperature of the ambient electrons and their mean speed
vp � c=40 relative to the EMP are well below the temperature and
mean speed vd of the pair cloud; their gyroradius is, thus, much
smaller than the width of the EMP, and we can approximate their tra-
jectory as gyrations around a drifting guiding center. Protons, on the
other hand, are practically unmagnetized. We estimate the drift speed
veb ¼ Ex=Bz of ambient electrons using the values Ex � 1 and Bz

� 2:5 obtained from Fig. 4. The drift speed veb ¼ 0:4c is about 6 times
larger than the initial thermal speed of the ambient electrons. The cur-
rent due to the drifting electrons has the same direction as the contri-
bution from the gyrating positrons and both add up. The mildly
relativistic drift speed of the ambient electrons together with their large
density ahead of the EM implies that they contribute most of the cur-
rent ahead of the EMP.

Such a fast relative drift between ions and magnetized ambient
electrons leads to the growth of electrostatic upper-hybrid waves and
electron–cyclotron waves.28 They cause the electron-scale oscillations
of the electric Ex and Ey components ahead of the EMP in Figs. 5(d)
and 5(e). These waves are strong enough to bunch positrons, as can be
seen in Fig. 5(c). This implies that the current density ahead of the
EMP and, hence, the magnetic field gradient change with y. Figure 5
demonstrates that the wave fields are not distributed uniformly along
the front of the EMP and that their field amplitude exceeds that of the
EMP. These waves are strong and nonuniform, and electrostatic drift
instabilities are, thus, the most likely reason for the EMP’s deforma-
tion. Figure 5(e) also shows electric field patches, like the one at y
� 7:25 and x � 1, which are a consequence of the tilt of the EMP.

The modulation of the EMP continues to grow, and Fig. 6 reveals
the consequences of this deformation. Fingers in the pair cloud have
extended far beyond the EMP. The injected electrons have expelled
ambient electrons, and the pair cloud has piled up the magnetic field
at the border of the fingers. The electric field, driven by the current of
the expelled ambient electrons, has started to accelerate protons well
upstream of the initial EMP. In what follows, we refer with initial EMP
to the one that formed first. The term EMP refers to the electromag-
netic pulse that marks the border between the pair cloud and unper-
turbed ambient plasma. The reduced proton density behind the initial
EMPs in Fig. 6(d) proves their ability to accelerate protons. The initial
EMP in the lower half-plane is deformed, but it still confines the pair
cloud.

Figure 7 presents the phase space density distribution associated
with the proton density distribution in Fig. 6(d). We find solitary
waves at the positions of the initial EMPs. Protons at the crests of the
oscillations reach energies of about 300 keV. This energy corresponds
to the speed vp ¼ c=40, which confirms the estimate by Eq. (1) and
underlines that proton inertia sets the speed of an EMP. Some protons
are reflected by the EMP that moves to increasing x. They are acceler-
ated to 2vp, which gives them the energy of 1MeV in the simulation
frame. Figure 2 demonstrates that the proton density peak coincides
with that of the magnetic pressure, which is characteristic of fast mag-
netosonic modes.

The ion-acoustic speed is cs ¼ ðkBðceTe þ cpTpÞ=mpÞ1=2. Ion-
acoustic oscillations are slow on electron time scales, which allows
electrons to interact with many such waves during one oscillation and
be scattered by plasma thermal noise. Ion-acoustic waves accelerate
protons only in the direction of the wave vector. It is, thus, widely
assumed that electrons have three degrees of freedom and protons one

FIG. 5. The perturbed boundary at t¼ 10: the square root of the normalized density
of the ambient electrons is shown in (a). Those of the electrons and positrons of
the pair cloud are shown in (b) and (c), respectively. Panels (d) and (e) show
Ex=cB0 and Ey=cB0, respectively. Color scales in (a)–(c) are clamped to the maxi-
mum value 1.5 and those in (d) and (e) to �1.3 and 1.3.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 092103 (2022); doi: 10.1063/5.0106114 29, 092103-5

VC Author(s) 2022

https://scitation.org/journal/php


on the time scales of interest. These degrees of freedom give the adia-
batic constants ce ¼ 5=3 and cp ¼ 3, respectively. The electron and
proton temperatures in the ambient plasma are both T0 and cs � 3:2
�10�3c. The Alfv�en speed vA ¼ B0=ðl0n0mpÞ1=2 in the ambient
plasma is vA � 2� 10�3c.

The speed vp of the EMP is about 6.6 times the fast magnetosonic
speed vfms ¼ ðc2s þ v2AÞ

1=2. The solitary wave in the proton distribution
is, thus, way too fast to be a fast magnetosonic soliton. It has this speed

because it is accelerated continuously by the electric field of the EMP.
At early times and near x¼ 0, the electric field has a low amplitude
and it hardly accelerates protons. In time, the EMP moves away from
x¼ 0, and its electric field and the proton velocity change increase,
which results in the observed proton energy profile close to the bound-
ary at x¼ 0 in Fig. 7.

IV. LONG-TERM EVOLUTION

It is important to know if the transition layer, which forms after
the collapse of the initial EMP, is able to maintain a separation of the
pair plasma and the ambient plasma or at least slow down their mix-
ing. If this is the case, the transition layer still acts as a discontinuity. In
what follows, we track the evolution of the interfaces between the pair
cloud and the ambient plasma. We consider first the interface in the
half-space x> 0.

A. Forward expansion

Figure 8 presents the plasma and field data at t¼ 100. The
plasma and field distributions show three domains. Domain 1 with
0 � x � 3 is characterized by a dense pair cloud with a per species
density of about 6 and a low density of the ambient plasma. The
amplitude of the initial EMP grew in time, and it became strong
enough to accelerate and expel protons at x � 0:5. Hardly, any pro-
tons are left in the interval 0:5 � x � 2. Domain 3 is the ambient
plasma, which has not yet been affected by the expanding pair cloud.
The electromagnetic fields in domains 1 and 3 are not zero. The initial
magnetic field is still present in the unperturbed ambient plasma.
Statistical fluctuations of the charge density give rise to electric field
fluctuations in both outer domains, while current density fluctuations
are responsible for the magnetic noise in the domain occupied by the
pair cloud. Figure 3 demonstrated that the spatial average of the ampli-
tude of these fluctuations is zero in the pair cloud. The fluctuations are

FIG. 6. Plasma and field distribution at t¼ 20: panels (a) and (b) show the densities of the injected electrons and positrons. Densities of the ambient electrons and protons are
displayed in panels (c) and (d). Panels (e) and (f) show Bz and Ex. Densities are normalized to n0, the magnetic field to B0, and the electric field to cB0.

FIG. 7. Proton phase space distribution at t¼ 20. The color scale shows the square
root of the density, which is normalized to its peak value. The energy E is
expressed in MeV.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 092103 (2022); doi: 10.1063/5.0106114 29, 092103-6

VC Author(s) 2022

https://scitation.org/journal/php


strong in the pair cloud and weak in the ambient plasma because the
spatially averaged power B2

z increases with the temperature. Domain 2
is located between the outer two. Pair cloud plasma and ambient
plasma coexist in this domain, and their interaction drives strong
coherent electromagnetic fields and waves.

Figure 9 (multimedia view) animates the distributions of Bz,
Ex and the plasma densities in time and shows them at the time

Tsim ¼ 200. We find the same subdivision into three domains of the
plasma and field distributions. Domain 3, which is ambient plasma
that has not yet been affected by the pair plasma, is found at large x.
Most protons have been expelled from domain 1 in 1 � x � 5.
This interval has been filled by a dense pair plasma with a mean posi-
tron density of about 6. Fingers, which extend from the boundary
x¼ 0 into the pair cloud, reach the peak density 8. Their origin is an

FIG. 8. Plasma and field distribution at t¼ 100 in the interval x � 0: Panels (a) and (b) show the densities of the injected electrons and positrons. Densities of the ambient elec-
trons and protons are displayed in panels (c) and (d). Panels (e) and (f) show Bz and Ex. Densities are normalized to n0, the magnetic field to B0, and the electric field to cB0.

FIG. 9. Plasma and field distribution at Tsim ¼ 200 in the interval x � 0: panels (a) and (b) show the densities of the injected electrons and positrons. Densities of the ambient
electrons and protons are displayed in panels (c) and (d). Panels (e) and (f) show Bz and Ex. Densities are normalized to n0, the magnetic field to B0, and the electric field to
cB0. Multimedia view: https://doi.org/10.1063/5.0106114.1
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instability between the pair cloud and the protons near the boundary.
Their large inertia lets protons react slowly to the streaming pair
plasma. In time, filaments form in the proton density distribution at
0 � x � 1 in Fig. 9(d). Pair cloud particles, which stream across these
filaments, must maintain quasi-neutrality. They rearrange themselves
into filaments, which emerge in the form of fingers. These fingers are
confined by an in-plane magnetic field (not shown).

Domain 2 is the transition layer between the pure pair plasma
and the ambient plasma. It is characterized by a clumpy proton distri-
bution, which is found in the interval 2:5 � x � 9:5 in Fig. 8 and in
the interval 5 � x � 15 in Fig. 9. Its center along x has, thus, propa-
gated from x � 6 to x � 10 during 100 time units, which yields the
speed 0:04c. It exceeds the speed vp ¼ c=40 of the initial EMP, but it
remains well below the mean speed vd ¼ 0:6c of the pair cloud. The
width of the transition layer increases during this time from 7 to 10,
which yields the expansion speed 0:03c. The transition layer slows
down the pair cloud’s expansion by a factor of 15, and mixing between
both species is slow.

The thickness of the transition layer exceeds by far the gyroradius
�0:2 of leptons moving at the speed vd in a magnetic field with the
strength B0. Figure 9(e) demonstrates that the pair plasma created
channels, from which the coherent background magnetic field was
expelled. The pair plasma streams freely through these channels
devoid of magnetic fields. Ambient electrons that were pushed forward
by the pair plasma created the electric field at the pair cloud’s bound-
ary, changing it into an EMP.

Patches within domain 2, which are filled with a strong magnetic
field, coincide with clumps of ambient plasma in Figs. 9(c)–9(e).
Figure 9 reveals that these clumps are ambient plasma, which was dis-
placed and compressed by the expanding fingers of pair plasma. Some
patches are what remains from the initial EMP, but the expanding pair
cloud also creates magnetized clumps of ambient plasma well ahead of

the location of the initial EMP. The magnetic field within these patches
reaches its peak amplitude on the side that is facing the inflowing pair
cloud. Ambient plasma has a residual magnetic field that points in the
positive z-direction. It deflects electrons and positrons of the pair cloud
into opposite directions, and the ensuing net current amplifies the
residual field to a peak amplitude that is more than five times larger
than B0. Figures 8 and 9 demonstrate that these strong magnetic fields
are not driving detectable coherent electric fields and that they cannot
fully separate protons from positrons. We note in this context that,
unlike the magnetized ambient plasma ahead of the initial EMP, the
size of the proton and magnetic field accumulations is not large com-
pared to a gyroradius of a lepton with the speed vd. These magnetic
boundaries are, thus, not EMPs. Given that the magnetic pressure
associated with the amplified magnetic fields is an order of magnitude
larger than the initial thermal pressure 2Pe of the ambient plasma, pro-
tons will react to the magnetic pressure gradient force.

B. Backward expansion

Figure 10 presents the field and plasma distribution at the time
t¼ 100. The front of the dense part of the pair cloud at x � �3 is
approximately planar. Fingers in the pair cloud density emerge at the
boundary x¼ 0, and the longest have reached the position x ¼ �1.
Their cause is the aforementioned instability between the pair cloud
and the protons, which were too close to the boundary to be acceler-
ated by the initial EMP. The proton density in Fig. 10(d) peaks at
�4 � x � �3. These protons were piled up by the initial EMP.

Although the initial EMP was also destroyed by the streaming
instability, the transition layer that emerged out of it remained more
compact than the forward-moving one. A strong magnetic field has
developed on the side of the proton accumulation that faces the pair
cloud flow. It has been amplified by the current of the injected pair

FIG. 10. Plasma and field distribution at t¼ 100 in the interval x � 0: panels (a) and (b) show the densities of the injected electrons and positrons. Densities of the
ambient electrons and protons are displayed in panels (c) and (d). Panels (e) and (f) show Bz and Ex. Densities are normalized to n0, the magnetic field to B0, and the electric
field to cB0.
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particles that drifted in the residual magnetic field of the ambient
plasma. Electric fields with strength �0.5 have been induced by ambi-
ent electrons, which were pushed downwards by the expanding pair
cloud. Only weak electromagnetic fields exist in domain 1 above the
initial EMP, which contains the pair cloud and only a small number of
protons. Pair plasma streamed through the deformed initial EMP and
expanded far upstream of domain 1 in the form of two fingers, the
larger of which reached x � �6:5 at y � 8. As before, ambient elec-
trons were expelled by the moving magnetic field in Fig. 10(e) that
kept them separated from the injected electrons. Consequently, the
density of the ambient electrons is reduced inside both fingers and
increased to about 1.5–2 at their boundaries. Protons reacted to the
electric field induced by the moving ambient electrons, and new EMPs
grew near the boundaries of the fingers. Domain 2 in�7 � x � �4 is
again characterized by the simultaneous presence of protons, posi-
trons, and strong electromagnetic fields. Pair cloud particles are con-
fined to the fingers, while Fig. 8 showed a less orderly distribution of
these particles in the transition layer at the front of the forward-
moving pair cloud. Figure 10(f) reveals rapid electric field oscillations
near the boundaries of the pair cloud fingers at x � �6:5 and y � 7
and at x � �6 and y � 1:8. Their electrostatic nature and short wave-
length suggest that they arise from the same streaming instability that
destroyed the initial EMP.

Figure 11 (multimedia view) shows the plasma and field distribu-
tion at Tsim ¼ 200. The front of the dense part of the pair cloud
(domain 1) propagated from x ¼ �3 to�6. Unlike the case shown by
Fig. 9, we observe periodic stable structures in domain 2, which is now
located in the interval �9 � x � �6. These structures can be seen in
all displayed plasma and field components. Figure 11 evidences its sta-
bility. The lower pressure exerted by the pair cloud on the ambient
plasma in the half-space x< 0 leads to a less turbulent structure of
domain 2 compared to the one in Fig. 9. We use again the distribution

of proton clumps to quantify the mean speed and expansion speed of
the transition layer. We find such clumps in the interval �6 � x
� �1:5 at t¼ 100 and in the interval �9 � x � �4 at t¼ 200, giving
a mean speed modulus 2:75� 10�2c and expansion speed
1:25� 10�2c.

Figure 12 shows how Pmagðx; tÞ ¼ B2
zðx; tÞ=2l0Pe and the densi-

ties of positrons and protons evolve in time. All quantities were
averaged over y. Before t � 15, the positron density in Fig. 12(b) has
well-defined fronts on both sides of x¼ 0; the pair cloud is confined

FIG. 11. Plasma and field distribution at Tsim ¼ 200 in the interval x � 0: Panels (a) and (b) show the densities of the injected electrons and positrons. Densities of the ambient
electrons and protons are displayed in panels (c) and (d). Panels (e) and (f) show Bz and Ex. Densities are normalized to n0, the magnetic field to B0, and the electric field to
cB0. Multimedia view: https://doi.org/10.1063/5.0106114.2

FIG. 12. Y-averaged quantities: Panel (a) shows Pmagðx; tÞ ¼ B2zðx; tÞ=2l0Pe,
where Pe is the initial thermal pressure of the ambient electrons. Panels (b) and (c)
show the densities of positron and protons, respectively.
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on both sides by planar initial EMPs. The proton reaction to the
expanding pair cloud becomes strong at t � 15. After t¼ 15, we
observe qualitatively different interactions between the pair cloud and
the ambient plasma on both sides of x¼ 0. A diffuse transition layer
exists in the half-space x> 0. It broadens rapidly during 15 � t
� Tsim and extends up to x � 15 at the time Tsim, which gives its front
the mean expansion speed �vd=8. Positrons in the interval x> 0
reached their peak density in those intervals, from which the protons
were expelled. Narrow peaks of Pmag and proton density exist in the
half-space x< 0. They have reached the position x � �6 at t¼ 200,
giving them a propagation speed �vd=20. The speeds of the fronts of
the forward and backward moving pair clouds correspond to the sums
of the mean speeds and expansion speeds of the transition layers,
which we estimated from the distributions of the proton clumps. The
initial EMP, which propagates to the left at an almost constant speed,
is effective at swiping out the protons. Even though the spatially uni-
form initial magnetic field has been expelled by the expanding pair
cloud, we get a value Pmag � 0:5 in both domains 1 around x¼ 0 due
to the strong incoherent thermal fluctuations.

C. Particle distribution functions

We determine the energy, to which protons were accelerated dur-
ing the simulation, and assess how their acceleration affected the
energy distributions of the leptons. It is useful to give some reference
values for the lepton energy. Leptons that move with mean speed vd of
the pair cloud have an energy of about 130 keV. A pair cloud particle,
which moves at the thermal speed �0:45c in the rest frame of the pair
cloud, has the speed 0.82 c and energy 750 keV in the simulation
frame.

Figure 13 (multimedia view) and Fig. 14 (multimedia view) fol-
low the energy distributions of electrons and positrons in time. Both
lepton species have a diffuse and spatially uniform energy distribution
for �5 � x � 5 at Tsim ¼ 200, reaching peak energy of just above
1MeV. Their energy range is the one expected for the injected pair
cloud particles. Electrons and positrons have a similar energy spread.
We identified the interval �5 � x � 5 as domain 1, in which posi-
trons contribute most of the positive charge. The energy spread of

electrons and positrons increases in the transition layers near both
fronts of the positron cloud. Significant numbers of electrons reach
energies of about 2MeV, while positrons reach and exceed the maxi-
mum of the displayed energy range. We attribute this difference to the
electric field of the EMPs near proton accumulations in the transition
layer or at its front. This electric field accelerates protons and positrons
and decelerates injected electrons in the expansion direction of the
pair cloud, which caused also the different density distributions of
both pair cloud species in Fig. 5. Figure 15 compares the energy distri-
butions of the electrons and positrons, which were integrated over the
box. The peak in the electron distribution at low energies does not
have a positronic counterpart; these are the ambient electrons outside
the transition layer. Both curves follow each other closely between
about 100 keV and 1MeV. These are mostly pair cloud particles that
have not interacted yet with the ambient plasma and are close to

FIG. 13. Electron phase space density distribution at Tsim ¼ 200. The color shows
the square root of the density, which is normalized to its peak density. Energy E is
expressed in MeV. Multimedia view: https://doi.org/10.1063/5.0106114.3

FIG. 14. Positron phase space density distribution at Tsim ¼ 200. The color shows
the square root of the density, which is normalized to the peak density of the elec-
trons. Energy E is expressed in MeV. Multimedia view: https://doi.org/10.1063/
5.0106114.4

FIG. 15. Box-integrated energy distributions of electrons and positrons at the time
Tsim ¼ 200. Both curves are normalized to the peak value of the electron curve.
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thermal equilibrium. Both species show an exponential falloff at large
energies with electrons showing a faster decrease. These energetic par-
ticles were accelerated in the transition layers.

The solitary waves, which we observed in Fig. 7 before the initial
EMPs were destroyed, do not exist anymore at Tsim ¼ 200 in Fig. 16
(multimedia view). They have been replaced by broad layers, in which
protons have been accelerated. Despite their different structure, both
transition layers accelerate protons to about the same peak energy of
about 4MeV.

Figure 12 demonstrated that the fronts of the transition layers
expanded at the respective speeds vd=8 and vd=20. Protons moving at
these speeds have the kinetic energies of 2.6MeV and 420 keV. The
fastest protons in Fig. 16 outrun both transition layers provided that
their velocity vector is aligned with the expansion direction of the tran-
sition layer. These protons will eventually interact with the ambient
plasma either through beam instabilities or by means of a fast magne-
tosonic shock thereby creating an outer cocoon (OC) filled with hot
protons. Fast magnetosonic shocks form and evolve over time scales
x�1ci � Tsim, which we cannot resolve with a 2D simulation.

Figures 8–11 revealed a domain structure similar to that of the
hydrodynamic jet sketched in Fig. 1. Domain 1 filled with unmagne-
tized, dense, and slowly expanding pair plasma corresponds to the
inner cocoon. The mean speed of the pair cloud is set by the propaga-
tion speed vp � vd of its front, where pair cloud particles are reflected.
The unperturbed ambient plasma in the simulation (domain 3) and
the hydrodynamic jet model is the same; an outer cocoon bounded by
an external shock could not form during the simulation time.

V. DISCUSSION

We examined with a 2D simulation the expansion of a pair cloud
into a magnetized ambient plasma. The pair plasma expelled the mag-
netic field and piled it up ahead of it. The piled-up magnetic field
trapped ambient electrons and pushed them into the expansion direc-
tion of the pair cloud. On the short timescale resolved by the simula-
tion, the protons could not react to the magnetic field. They were,
thus, unable to balance the current of the moving ambient electrons.
An electric field was induced that accelerated protons into the expan-
sion direction of the pair cloud. We referred with electromagnetic

pulse (EMP) to the combination of a magnetic field, which confines
the pair cloud, and the electric field that accelerates the protons. Our
periodic boundaries allowed pair plasma to cross it and also expand
into the ambient plasma on the other side of the simulation box. This
setup allowed us to study with one simulation the expansion into the
ambient plasma of two pair clouds and EMPs with different bulk
properties.

Initially, the EMPs at the fronts of both expanding pair plasma
clouds were planar due to the uniform injection of pair plasma. The
propagating EMPs grew from a small amplitude, and their electric
fields could not accelerate protons at early times and near the bound-
ary. After a few inverse proton plasma frequencies, the electromagnetic
field of both EMPs became strong enough to couple them to the pro-
tons. Their reaction limited the speed of the EMPs. Since we continu-
ously injected pair plasma with a mean speed far greater than that of
the EMP, the pair plasma density behind each EMP increased.
Eventually, a balance was established between the pressure of the pair
cloud and the ram pressure the protons exerted on the moving EMP.
The EMP and the accelerated protons moved at a few percent of the
speed of light.

The rapid drift of the ambient electrons at the EMP’s front and
their interaction with the protons resulted in a streaming instability.
Electrostatic waves grew in the current sheaths ahead of the EMPs and
interacted with the ambient electrons, positrons that had leaked
through the EMP, and protons. The interaction of their nonuniform
wave fields with the plasma gave rise to a spatially varying dissipation
of current density ahead of the initial EMP and, hence, to a spatially
varying magnetic field gradient; the EMP could not remain planar. Its
deformation grew in time and could not be stabilized by increasing
magnetic tension. Such instabilities have also been observed at discon-
tinuities between an expanding plasma and an ambient plasma in
space plasmas29 and in simulations of laser-generated plasma.30

The following picture emerged. Close to the injection boundary,
positrons contributed most of the positive charge. Protons took that
role far from the injection boundary. In a jet model, these two domains
would correspond to the inner cocoon and the unperturbed ambient
plasma. Our simulation was too short to capture the growth of an
outer cocoon, which forms on time scales in excess of a few inverse
proton gyrofrequencies.21 Apart from the magnetic field, which was
generated by the instability between the pair plasma and the protons
near the injection boundary, the plasma in our inner cocoon was free
of any detectable coherent magnetic field. This was expected because
we injected unmagnetized pair plasma. Protons and positrons inter-
acted in a transition layer between both domains. Interactions were
mediated by EMPs as well as by strong magnetic fields, which sepa-
rated the pair plasma from accumulations of ambient plasma. Their
origin was a residual magnetic field, which was amplified by the drift
current of the pair cloud. The width of the transition layer was of the
order of a few proton skin depths.

How does this width compare to the size of relativistic jets? Let
us assume that the relativistic jet moves through a stellar wind like the
one emitted by our sun. At the Earth’s orbit, the solar wind density is
about 5 cm�3. The particle’s mean free path, which sets the thickness
of a contact discontinuity, is about 1 astronomical unit.31 The simula-
tion time Tsim ¼ 200 corresponds to 68 ms and the spatial unit to
100 km. Albeit the thickness of the transition layer 	10 is large in our
simulation, it is 6 orders of magnitude less than the mean free path of

FIG. 16. Proton phase space density distribution at Tsim ¼ 200. The color shows
the square root of the density, which is normalized to its peak density. Energy E is
expressed in MeV. Multimedia view: https://doi.org/10.1063/5.0106114.5
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the solar wind and, hence, well capable of forming a discontinuity that
is infinitesimally thin on jet scales.

Two important questions could not be addressed by our simula-
tion and must be left to future work. First, the transition layer should
be susceptible to a magnetized Rayleigh–Taylor instability because a
pair plasma is pushing much heavier protons. This instability can
grow even if ions are unmagnetized22 and if the thickness of the transi-
tion layer is comparable to the wavelength of its growing modes.26,32

We do not observe a Rayleigh–Taylor instability here, which may be a
result of the spatially nonuniform plasma distribution within the tran-
sition layer or the steady increase of its thickness. Second, given that
the long-term evolution of EMPs is different if the magnetic field in
the ambient plasma is oriented in or orthogonal to the simulation
plane and the interplay of these modes,26 it would be important to
study the structure of the transition layer in a 3D geometry.
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