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Abstract: Astrophysical relativistic jets in active galactic nuclei, gamma-ray bursts, and pulsars is
the main key subject of study in the field of high-energy astrophysics, especially regarding the jet
interaction with the interstellar or intergalactic environment. In this work, we review studies of
particle-in-cell simulations of relativistic electron–proton (e− − p+) and electron–positron (e±) jets,
and we compare simulations that we have conducted with the relativistic 3D TRISTAN-MPI code
for unmagnetized and magnetized jets. We focus on how the magnetic fields affect the evolution of
relativistic jets of different compositions, how the jets interact with the ambient media, how the kinetic
instabilities such as the Weibel instability, the kinetic Kelvin–Helmholtz instability and the mushroom
instability develop, and we discuss possible particle acceleration mechanisms at reconnection sites.

Keywords: astrophysical jets; PIC; plasma; simulations; relativistic; kinematics; helical magnetic
fields; reconnection; acceleration
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1. Introduction
1.1. Astrophysical Jets

Plasma is one of the four fundamental states of matter while omnipresent throughout
the Cosmos. Astrophysical plasmas in the form of relativistic jets are observed in many
astrophysical energetic sources, e.g., pulsars, Gamma-ray Bursts (GRB), and Active Galactic
Nuclei (AGN) [1–3]. Our understanding of the formation of jets, their interaction with the
interstellar and intergalactic medium, and the consequent observable properties such as
polarization and spectra from these astrophysical sources still remain limited [4].

The associated accretion disks and X-ray emissions observed from a plethora of high-
energy sources suggest that there might be combinations of different mechanisms associated
with many high-energy astrophysical sources. The transfer of the enormous amount of
energy transferred from a generating black hole to a jetted plasma can be explained via
two early theories: (i) the Blandford–Znajek process [5] describes how the energy from
magnetic fields in relativistic jets is extracted from around an AGN accretion disk by the
magnetic fields’ dragging and twisting as the black hole spins, which as a consequence
launches relativistic material by the tightening of the magnetic field lines; (ii) Punsly and
Coroniti [6] argued that the steady-state solutions of Blandford and Znajek, where the
inertia of plasma particles was completely ignored while their electric charges remained
accounted for as if in a perfectly conducting medium, were lacking causal connectivity
and therefore could not hold in a time-dependent framework. Therefore, as a counter
theory, the work of [6] proposed an alternative where the inertia of plasma particles was
paramount, which resembled the theory of the so-called “Penrose-mechanism” [7] and
where the energy is extracted from a rotating black hole by frame dragging.

Most of the jets are collimated, and most of them extend between several thousands
up to millions of parsecs [1]. Observations show that jets are symbiotic with the activity
of central black holes in AGN [8] and in other sources such as in GRBs [9], as well as
in pulsars [3]. Among these highly energetic jetted sources, two of them, the GRBs and
blazars—the latter being a class of AGNs with a relativistic jet directed nearly towards an
observer—produce the brightest electromagnetic phenomena [10]. Relativistic jets exhibit
a wide range of plasma phenomena, such as the generation or decay of magnetic fields,
turbulence, magnetic reconnection, and propagation in the interstellar or intergalactic
medium. In the dynamic environment of jetted sources, it is theorized that particle acceler-
ation occurs via different mechanisms, which may be able to achieve the highest level of
energies resulting in the observed cosmic-ray spectrum.

1.2. The TRISTAN Code

Since the 1950s, Particle-In-Cell (PIC) simulations have been used by research scientists.
Buneman was one of the first prominent scientists in the field of plasma electrodynamics
who contributed greatly to the PIC development methods. In 1993 [11], the PIC code
named TRIdimensional STANford (TRISTAN) was introduced, which was a relativistic
code designed to simulate the solar wind interactions with the Earth’s magnetosphere.
TRISTAN is the base for several other PIC code versions [12–14], as it has been advanced
using a Message Passage Interface (MPI). Further development over the years resulted in
a highly sophisticated version of the code used by several research groups, designed to
investigate relativistic jets with toroidal and poloidal magnetic fields [15–21].

The original version of TRISTAN has been parallelized with MPI by us, see, e.g., [13,22],
optimized for speed and improved to efficiently handle small-scale numerical noise. This
version, therefore, called TRISTAN-MPI, is designed to be flexible and to perform well on
different computational platforms including user control over a number of optimization
features. One example is the splitting of large loops into segments, for which the relevant
variable can be simultaneously held in the processor cache, thus avoiding memory access
over the system bus. Another example is the periodic resorting of particles, improving the
speed of memory IO.



Universe 2021, 7, 450 3 of 26

TRISTAN-MPI has been running in several large high-performance computing fa-
cilities such as Kraken, Ranger, etc., which are located at the Computer Centers of the
National Science Foundation (NSF) [22]. The code has been performed on the Pleiades and
Columbia systems of NASA Advanced Supercomputing (NAS). Note that the validation
tests showed that this code has an excellent scalability, provided the memory load per
core is kept above ≈100 MB. The TRISTAN-MPI is well optimized up to ten thousand
(10,000) cores, and very large simulations for astrophysical jets have been performed using
556 nodes with 10,000 cores on Pleiades at NASA, reported in [17].

Currently, there are more than a dozen different PIC codes developed by researchers
(e.g., EPOCH, PICCANTE, VPIC, etc.), several of which are publicly available, which
has allowed a much broader part of the astrophysical community to conduct research
in this exciting computational field. TRISTAN-MPI is not publicly available, but can be
provided upon request along with simulation data. For further details, see our review
work [23]. In this paper, we present a series of past and recent relativistic PIC simulation
studies, performed for different electron–proton and electron–positron unmagnetized
and magnetized jets, using the 3D TRISTAN-MPI code, with different simulation system
dimensions, and we validate our results comparatively, addressing also the prospects for
further studies.

1.3. Particle-in-Cell Approach and Plasma Instabilities

As previously mentioned, already during the 1950s, the first PIC method simulating
plasma environments began with the brilliant effort of a few scientists such as Buneman,
Hockney, Birdsall, and Dawson [11]. In the PIC method, the plasma charged particles
interact only with the electromagnetic fields that are produced by the particles themselves
(in their motion). The PIC method is employed to solve plasma kinetic (microscopic)
processes. See more details in [23].

Recently, with the advancement of supercomputer facilities and PIC algorithms, PIC
simulation methods have become a compliment to the fluid method, with the addition of
kinetic processes. Whilst fluid method—hydrodynamic (HD) and/or magnetohydrody-
namic (MHD) approach—models calculate densities, concentrations, or generally averaged
quantities, the advantage of the PIC approach, often combined with Monte Carlo methods,
is that it traces individual particles and is therefore able to capture rare events that would
not be seen in fluid simulations [24]. We hence make a distinction here so as to understand
the difference between the fluid approach and the PIC approach: Fluid models (e.g., with
MHD simulations) cannot address the kinetic properties of a plasma. On the other hand,
the PIC method approaches in full detail the kinetic plasma aspect with the intent of
addressing the developed instabilities and particle acceleration mechanisms, which we
discuss in more detail in this paper.

In the field of the PIC approach, it is especially challenging to integrate microscopic
physics into global, large-scale dynamics, which is crucial to understanding, e.g., the full
dynamics of astrophysical jets. Large PIC simulations are prone to and dependent on our
society’s technological progress. The power of supercomputers is the key to their perfor-
mance. PIC simulations require a very large memory; nevertheless, since supercomputers’
power is based on very small transistors, the rate of which is growing exponentially, dou-
bling every two years (the so-called Moore’s law), many researchers already have moved
into the full 3D simulations [25]. We should however bear in mind that the miniaturization
trend of transistors will at some point come to an end due to overwhelming quantum
effects. This prospect calls for the need for new technological solutions.

Rayburn (1977) [26] was the first to conduct a numerical study of astrophysical jets
with a PIC code. In this work, the fluid of the jet was assumed to be given by a number of
macroparticles. The computational grid consisted of just 10 × 20 grid cells and 16 parti-
cles/cell. That study concerned an injection aperture and the structure created through the
interaction of a 2D uniform supersonic cylindrical nonrelativistic and unmagnetized flow
with an external medium of uniform density. In that work, they observed a rarefied cocoon
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around the simulated jet, and they confirmed the generation of two shocks according to
the prior works of [27], where a forward bow shock was driven by the jet into the external
gas and a reverse shock, which terminated the supersonic flow of the jet itself.

Norman et al. (1981) [28] used a nonrelativistic 2D (HD) model to investigate the
formation of jets from gravitationally bound clouds. That model used a finite difference
code on a 40 × 40 grid. It is interesting to note that this, in its infancy, did not agree with
the expected theoretical model; nevertheless, the findings opened the way toward newly
discovered physics, and they have shed light onto a much better understanding of the
nature of astrophysical plasmas.

Since astronomical observations confirmed that the AGN jets are magnetized relativis-
tic plasmas, this prompted the need for codes that could handle such complex environments.
The work of [29] was one of the first to carry out simulations of magnetized nonrelativistic
jets with a numerical scheme for the axisymmetric MHD code, and many others followed
since then, developing fully Relativistic MHD (RMHD) codes investigating their propaga-
tion and properties [30]. Currently, General Relativistic MHD (GRMHD) codes are used to
study more realistic astrophysical jets.

Many instabilities occur when very-high-energy (relativistic) plasma jets interact with
their environment. These instabilities are responsible for the acceleration of particles.
Specifically, it is shown that in unmagnetized jets, the so-called Weibel Instability (WI) [31]
is generated in relativistic shocks resulting in acceleration of particles. Other instabilities
such as the kinetic Kelvin–Helmholtz (kKHI) and the Mushroom Instability (MI) are driven
by the shear velocity at the boundary between the jet and the ambient medium. These
instabilities also contribute to the acceleration of particles [32]. As a rule of thumb, kKHI
is generated along the jet’s velocity. MI is excited in the direction perpendicular to it. It
is standard that for an electron–positron jet, both kKHI and MI generate an AC magnetic
field, whilst an electron–proton jet generates a DC magnetic field.

Except for the standardized Fermi acceleration mechanism, which is a stochastic
process, another possible mechanism of particle acceleration is the so-called magnetic re-
connection. This is a process where the magnetic topology of a given astrophysical site is
rearranged and the magnetic energy present is converted into thermal and kinetic particle
energy. Magnetic reconnection is directly observed in solar and planetary magnetospheric
plasmas, and it is often assumed to be an important mechanism of particle acceleration
especially in astrophysical extragalactic environments such as AGN and GRB jets [33–46].
Particle acceleration was found to occur due to Fermi mechanisms, but also due to magnetic
reconnection, where the so-called Harris model in slab geometry was adapted [21,47–54].
Nevertheless, these studies were not realistically directly applicable to astrophysical rel-
ativistic jets, since observations [3,55], as well as MHD modeling [56] suggest that the
magnetic field topology is predominantly helical (with poloidal and toroidal fields).

PIC simulations have been applied to tackle the study of instabilities in unmagnetized
and magnetized relativistic jets [33,36,39–41,43–45,57–60]. PIC simulations of [15,20], which
we discuss in Section 3, investigate the development of instabilities and the conditions of
magnetic reconnection in relativistic jets with helical and toroidal magnetic fields. Other
PIC simulations of [61] of a single flux rope showed that the jet undergoes internal kink
instabilities, indicating the signatures of magnetic reconnection. Moreover, the RMHD
simulations of [62,63] showed that helical fields develop kink instabilities. Recently, Ref-
erences [64,65] showed that in relativistic strongly magnetized jets with helical magnetic
fields, the formation of highly tangled magnetic fields was due to the development of
the kink instability along with a large-scale inductive electric field, promoting the rapid
energization of particles.

The evolution of cylindrical jets (with helical or toroidal magnetic fields) is an important
framework for studying instabilities and particle acceleration [19,66,67] within the jet. In
the PIC simulation studies that we present in Section 3, the system length used was large
enough to accommodate several instability modes (kKHI or WI) in the linear, but also in the
nonlinear stage. For example, in the very recent PIC simulations of [15] for electron–proton
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and electron–positron jets, we clearly discerned different growing instabilities developing
in the linear and nonlinear stage.

Global 3D PIC simulation studies for unmagnetized jets were for the first time per-
formed by us in [17,68,69], which allowed a detailed investigation of the complex kinetic
processes and associated phenomena in relativistic jets. Furthermore, PIC simulations
for relativistic jets containing helical magnetic fields were also for the first time con-
ducted by [67], followed by a series of spatiotemporally advanced simulation studies
in, e.g., [15,18–20,70], which we present in Section 3 of this paper.

2. Microscopic and Macroscopic Processes in Plasma Jets

As previously mentioned, it is important to understand that there are differences
between the kinetic (particle) and the fluid methods in order to decide which of the two
best suits a subject of research.

The PIC method addresses the kinetic (microscopic) processes of a plasma. The kinetic
models describe the particle velocity distribution function at each point in a plasma, and
therefore, they do not need a Maxwell–Boltzmann distribution assumption. Plasmas that
are collisionless or collision-dominated need a kinetic description, as well as solving the
Vlasov equation, which is used to describe the system dynamics where charged particles
interact with the electromagnetic field. For this reason, PIC simulations are more computa-
tionally intensive than the fluid approach, but of course, the computational intensity can be
reduced via the gyrokinetic approach. The Vlasov equation can be coupled to the Maxwell
equations, and then one has,

∂ fs

∂t
+ v · ∇r fs +

qs

ms
(E + v× B) · ∇v fs = 0 (1)

where fs(r, v, t) is the phase space distribution function, qs the charge of the particle, ms its
mass, and rs its position in a plasma with stationary conditions, while the particle, s, feels
the electric field E(rs, t) produced by all other charges.

The major differences between the PIC and MHD methods are the units of the simu-
lation length and the time step. For example, the simulation parameters in a relativistic
MHD simulation are scaled with the jet radius. In particular, in simulations of a black hole,
the unit length is set by the Schwarzschild radius of the black hole, rs = 2GM/c2, where
M is the mass of the black hole, G is the gravitational constant, and c is the speed of light,
and the simulation time accordingly is measured in rs/c, or by the gravitational radius of
the black hole rg = rs/2, in which case, the simulation time is measured in units of rg/c.
GRMHD simulations currently could provide an even more realistic size for a relativistic
jet [71,72].

In PIC simulations, both electrons and ions are equally treated as particles, and the
particle dynamics needs to be resolved in time and space. The cell size ∆ in the PIC approach
is set to be much smaller than the length of the shortest physically relevant phenomenon.
The time step ∆t is set to be short enough as to resolve the fastest plasma fluctuations. In
the astrophysical plasmas, often, the electrons are the ones that are expected to play an
important role. Therefore, in order for the electron plasma oscillations to be well resolved,
the time and length are set by the electron plasma frequency, ωpe = (e2nam/ε0me)1/2, and
the skin depth, λs = c/ωpe. If, on the other hand, the ion dynamics is of importance in a
given system, then the simulation needs to be large enough so as to include the plasma
oscillation period and the ion’s skin depth.

The length of the simulated system is scaled by the physical parameters according
to the electron skin depth c/ωpe and the Debye length υth,e/ωpe, while the grid size ∆ is
smaller than or comparable to the Debye length.

Often in PIC simulations, the real mass ratio, mp/me = 1836, is used, so the ratio
of the lengths between electrons and protons is

√
1836 ≈ 43, which means that it is not

easy to include large numbers of proton skin depths in the simulation system. For ions,
a reduced mass ratio mi/me is used. For example, if mi/me = 9, the ion skin depth is
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triple the electron skin depth; therefore, with an electron skin depth λs = 10∆ and a jet
radius of 300∆, a few ion skin depths can be contained in the system. This is the reason
why with the PIC approach, one cannot approach a realistic astrophysical jet radius, even
assuming an electron skin depth. Accordingly, it is reasoned that the PIC method is not
able to accommodate macroscopic phenomena as RMHD simulations do. On the other
hand, even if one can obtain with RMHD simulations realistic jet scales, these cannot
provide the important information of the kinetic processes such as the acceleration of
nonthermal electrons in it. Moreover, RMHD simulations cannot capture the manifestation
of scales that give important information about the plasma properties, e.g., gyromotion,
turbulent cascades, growing instabilities, etc. Additionally, one fluid RMHD simulations
cannot differentiate between electron–proton (ion) and electron–positron jets. Note that the
evolution of kinetic instabilities depends on the mass ratio. In order to tackle all these, PIC
simulations require higher computational power for larger systems, so it is of a paramount
importance to develop exascale PIC simulations (for more details, see [23]).

3. PIC Simulations

Astrophysical jetted plasmas are believed to be hot, relativistic, and magnetized. These
dynamical outflows are accelerated and collimated in regions where the Poynting flux
dominates over the particle flux (e.g., [5]). Moreover, it is observed that in these large
outflows, mostly in AGNs, a helical magnetic field is at play [73,74], where a powerful
diagnostic for deducing the magnetic structure and particle composition is accommodated
by the method of circular polarization (measured as the Stokes parameter V) in the radio
continuum emission of the AGN jets (e.g., [4,75]).

One of the key open questions in the study of relativistic jets is how they interact
with the immediate plasma environment on the microscopic scale. As described above,
relativistic jets are so large that RMHD simulations are best suited to study them [76]
macroscopically. Nevertheless, these simulations cannot accommodate the particle dy-
namics in the system; therefore, the PIC approach is more suitable to study the particle
kinematics such as acceleration or radiation. A series of our works addressed the nature of
the particle kinematics [15,17,20,67,69] and examined how relativistic jets, magnetized or
unmagnetized, evolve under the influence of kinetic and MHD-like instabilities that occur
within and at the jet boundaries.

Moreover, References [14,77–82] showed that particle acceleration occurs also within
jets. All of these studies demonstrated that in a weakly or a nonmagnetized plasma, a
relativistic shock is dominated by WI [31]. It was also shown by [83] that the associated
magnetic fields and current filaments accelerate electrons, which was later confirmed by
our work in [79].

Note that by comparing observation jet images and PIC simulations of a magnetized
jet evolution, this can shed light onto understanding the morphological structures and the
particle composition of jets. Later, we present how the different particle species in the jet
evolution give different morphological characteristics.

3.1. Unmagnetized Jets
3.1.1. Self-Consistent Synthetic Spectra from Shocks

Relativistic shocks are an important topic that PIC simulations can help to investigate.
The 3D MPI parallelized relativistic TRISTAN PIC code described above was used in our
work [68] to simulate relativistic electron–ion jet propagation in an unmagnetized ambient
electron–ion plasma with mi/me = 16. The electron number density was set equal for
both the jet and ambient environment; the jet thermal velocity vej,th = 0.2c, where c is
the speed of light; the jet Lorentz factor γ = 15. The dimension of the simulation system
used was ∼1 billion particles (16 particles/cell/species for the ambient plasma) and was
set to (Lx, Ly, Lz) = (892∆, 64∆, 64∆), where ∆ is the cell size. The electron skin depth
λs = c/ωpe = 10.0∆, where ωpe = (e2nam/ε0me)1/2.
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In our work of [68], the particle acceleration and emission from shocks and shear
flows were investigated where an unmagnetized relativistic jet plasma propagates into
an unmagnetized ambient plasma. The generation of strong electromagnetic fields in the
jet shock via the filamentation (Weibel) instability was observed. It was found that the
shock field strength and structure are dependent on the plasma composition (e− +−p+

and e± plasmas), as well as the Lorentz factor of the jet. A strong AC (e± plasmas) of DC
(e− − p+ plasmas) magnetic fields generated via kKHI, in the shear velocity between the
jet and the ambient plasma and the magnetic field structure, was found to depend on the
jet Lorentz factor.

It was further shown that the warm jet ions are thermalized and ambient electrons are
accelerated in a leading bow shock and a trailing shock in the jet, shown in Figure 1 of [68].
It was also found that the strongest electromagnetic fields in the simulation were located in
the trailing shock formed in the jet. It was assumed that these strong fields found in the
simulation may be associated with the observed time-dependent GRB afterglow emission.

Accelerated electron radiation spectra were self-consistently calculated, and it was
noticed that the spectra depend on the temperature and the initial Lorentz factor of the jet;
see Figure 1.

Figure 1. Panel (a) shows synthetic spectra for jets with Lorentz factors of γ = 10, 20, 50, 100, and 300
and cold (thin lines) or warm (thick lines) jet electrons. Panel (b) shows modeled Fermi spectra in
vFv units at early (a) to late (e) times. Straight red lines indicate the slope of vFv = 1. Figure adapted
from [68].

Synthetic spectra calculated self-consistently (i.e., they are collected in situ) were also
shown by our earlier work [84], where a comparison of synthetic spectra with the Fermi
observations of the GRB 080916C source was given at five different times. Several other
works (e.g., [85–87]) of synthetic spectra calculations employed a static (or frozen) electric
field, although this field was self-consistently obtained in the PIC simulations and the
particles were treated as test particles.

The radiation spectra shown in Figure 1 were directly calculated from the simulations
by integrating the expression for the retarded power, derived from Lienard–Wiechert
potentials (see [81,88]), and were obtained for electron emission from relativistic jets with
Lorentz factors γ = 10, 20, 50, 100, and 300. These electron spectra (without radiation
losses) were calculated for radiation beamed along the jet axis and were attained where a
strong magnetic field, WI, and acceleration were strongest in the simulation. A comparison
between these synthetic spectra and the spectra of the work of [89] showed a similar
trend, indicating that the temporal evolution of the spectrum from early to late times is
similar to the synthetic spectra shown here, which are associated with higher to lower jet
Lorentz factors.
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3.1.2. Shear Velocity Simulations with the Slab Model and Cylindrical Jets

In the same work of [69], the simulation system under investigation used was small,
so one cannot fully distinguish shear velocity effects and current filaments associated
by the WI or kKHI. Later on in this paper (in Section 3), we discuss an advanced recent
work that showed clear differences among different plasma cases, for much larger and
more developed plasma jet systems. We investigated the magnetic field generation and
development in shear velocities, as these are of importance, applicable to the jets of AGNs
and GRBs, since they are expected to present shear velocity phenomena occurring between
faster- and slower-moving astrophysical plasmas, both within the jet and at its external
medium in-contact interface. In these simulations, a relativistic plasma jet core was applied
with a stationary plasma sheath with plasma jet cores of Lorentz factors of 1.5, 5, and 15
for both electron–proton and electron–positron plasmas, as shown in Figure 2 and the
description in the legend. In this work, it was found that for the electron–proton plasma,
the generation of strong large-scale DC currents and magnetic fields occurred, which
extended over the entire shear surface and reached thicknesses of a few tens of electron
skin depths. On the other hand, for electron–positron plasma, the generation of alternating
AC currents and magnetic fields was found. Some indications given in these simulations
showed that kKHI induced jet and sheath plasmas acceleration across the shear surface
in the strong magnetic fields. Moreover, the mixing of jet and sheath plasmas showed the
generation of a transverse structure similar to that produced by WI.

Figure 2. Panel (a) shows the 3D PIC simulation setup. Panels (b,c) show the magnetic field
component By > 0 (red) and By < 0 (blue) plotted in the x-z plane (jet flow indicated by large arrows)
at the center of the simulation box, y = 100∆ at t = 300 ω−1

pe , (b) for the electron–proton case and
(c) for the electron–positron case, both with ycore = 15. The smaller arrows indicate the magnetic field
direction in the plane. Panels (b,c) cover one-fifth of the simulation system length in the x-direction.
The maximum and minimum magnetic field strength is By ≈ ±0.367 (b,c) ±0.173. Figure adapted
from [69].

Relativistic jets and internal filamentary structures can be suitably studied via a
cylindrical shape. A shear velocity in a jet could cause electromagnetic field structures and
instabilities, which can be studied by PIC simulations. In particular, a shear velocity in
cylindrical geometry for a e− − p+ and an e± jet was investigated in [69] for a relativistic jet
of γ = 15. In Figure 3, one sees the isocontour displays of the x component of the current
Jx along with the magnetic field lines (one-fifth of the jet size), Plot (a) for an e− − p+

and Plot (b) for an e± jet at a simulation time t = 300ω−1
pe . The magnetic field lines are

generated by kKHI. Upon close inspection, one understands that in the e− − p+ jet, the
currents are generated in thin layers, and the magnetic field is wrapped around the jet. On
the contrary, for the e± jet case near the shear velocity, well-defined current filaments are
induced, which are wrapped by the magnetic field. These characteristic differences may be
very useful for observational astronomy by means of circular and linear polarization, as
we also discuss later.

In [69], we also showed the development of the MI mode at the earlier linear stage,
even when we had not yet identified it explicitly as MI! At the nonlinear stage, the wave-
length of MI became very large, resulting in a DC magnetic field, as also shown in another
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similar work [90]. For relativistic jets with a higher Lorentz factor, MI became dominant
compared to the kKHI observed in the work [66]. It seemed likely that MI is the source of
the DC magnetic field. By inspecting further Figure 3 (adapted from [69], it seemed that the
e± jet manifested many distinct current filaments near the shear velocity as the individual
current filaments are wrapped by the magnetic field, which clearly indicated MI.

(a)JetJet (b)JetJet

Figure 3. Isocontour plots of the Jx magnitude with magnetic field lines (one-fifth of the jet size)
(a) for an e− − p+ and (b) for an e± jet at simulation time t = 300Ω−1

pe . The 3D images are snipped
perpendicularly and along the jet in order to view its interior. Figure adapted from [69].

3.1.3. Global Simulations of Unmagnetized Relativistic Jets

Our simulations of [69] were some of the first ones to lead to the investigation of global
jets involving the injection of a cylindrical jet into an ambient plasma, so as to concurrently
investigate shock (WI) and shear velocity (kKHI) instabilities. In a relatively small system,
nevertheless, as previously mentioned, we also examined any fundamental differences
between different jet compositions. In Figure 4, 2D midplane slices of the electron density
and the transverse magnetic field are indicated, and one sees how the fast current-driven
instability in the shock precursor excites current filaments for the different cases (Panels
a and b) at the jet front, as also similarly shown by the work [91]. It is evident that by
comparing the electron–proton and electron–positron jets, significant electron density
structure differences are noted. In the electron–positron case, electrons and positrons
are found outside the jet periphery because positrons are less heavy and mobile than
protons, while in the electron–proton jet, electrons and protons remain within the jet rim.
This behavior is due to the differently growing WI in different jet compositions, with its
associated current filaments, as shown in an earlier work [92].

In Figure 5, one sees snipped 3D images taken for e− − p+ (a) and e± (b) jets at time
t = 500ω−1

pe at x/∆ = 320 and y/∆ = 66 (adapted from [69]). The jet is propagating
from left to right. In these cross-sections, one sees the current filament isosurfaces along
with the magnetic field lines that are generated by WI (and kKHI). Upon close inspection,
one sees that for both jet cases, in general, compact current filaments are confined mostly
within the jet and the current filaments are wrapped by the magnetic field lines. In detail,
uninterrupted, long current filaments for the e− − p+ jet case are confined within the jet
and along the shear velocity surface behind the jet front (Panel a), while in the e± jet case,
some short current filaments lie outside the jet along the shear velocity surface behind the
jet front (Panel b). The pattern of current filaments lying inside and outside of the jet for
the e± jet at smaller Lorentz factors was also observed in a slab geometry jet in an earlier
work [92].
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Figure 4. Midplane slices of the electron density for jet Lorentz factor γjt = 5 at a simulation time
t = 500ω1

pe. The jet is injected at x/∆ = 100 and propagates to the right. The jet front is located at
x/∆ = 600. The upper panel (a) shows the electron density structure for the mass ratio mi/me = 1836
and the lower panel (b) for the electron–positron case. Figure adapted from [69].

Figure 5. Global jet simulations for e− − p+ (a) and e± (b) at time t = 500ω−1
pe . Figure adapted

from [69].

Later on, in a similar simulation [17], the initial evolution for both electron–proton
(e– − p+) and electron–positron (e±) relativistic jets was followed, with 3D PIC simulations
in a global approach. The jet radius was five-times larger (rjt = 100∆) than the jet radius
used in the study [68] with a Lorentz factor γjt = 15 and a suitably larger computation
system, with (Lx, Ly, Lz) = (2005∆, 1005∆, 1005∆). The jet and ambient (electron) plasma
number density measured in the simulation frame was njt = 8 and nam = 11.1, respectively.
The electron skin depth in the ambient medium was λs = 10.4∆, and the electron Debye
length for the ambient electrons λ=1.2∆. The ambient plasma at rest was vam = 0. The
simulation was followed until time t = 1700ω−1

pe . The electron jet thermal velocity vjt,th,e =
0.014c in the jet reference frame. The electron thermal velocity in the ambient plasma was
set to vam,th,e = vam,th,p = 0.05c, and the ion thermal velocities were smaller by (mi/me)1/2.
The simulations involved a cylindrical jet injection into an ambient plasma, without a
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magnetic field. For comparison purposes, see Figure 6 and the description in the figure
legend about the different approaches (a, b, c) of the geometrical simulation setups for shock
simulations in the transverse direction, cylindrical jet injection, and global jet injection.

The aim of these simulations [17] was to investigate shocks (i.e., WI) and shear ve-
locity instabilities (kKHI and MI) simultaneously, since in [69], WI and the shear velocity
instabilities were studied separately. A detailed theoretical description of the kKHI and MI
growth rates can be found in the same work [17].

In this work, we focused on the jet’s lateral interaction with the ambient plasma.
kKHI and MI were found to generate toroidal magnetic fields. The induced magnetic
field collimated the jet for the electron–proton jet, and the electrons were perpendicularly
accelerated. Meanwhile, as the jet evolved and the instabilities weakened and saturated,
the polarity of the magnetic field switched from the clockwise to the counterclockwise
direction in the middle of the jet. On the other had, strong mixing of electrons and positrons
with the ambient plasma was found in the electron–positron jet case, subsequently resulting
in a bow shock formation. Interestingly, a forward shock formed as well during the merging
of current filaments, and consequent density inhomogeneities were established. The strong
plasma mixing of the ambient plasma with the jet gave also hints of a jet collimation and
particle acceleration at the bow shock.

Figure 6. Schematic simulation setups: (a) injection scheme for shock simulations where jets are
injected at x = 25∆ in the y-z plane, (b) cylindrical injection scheme for shear flow simulations where
jets are initially placed along the entire length of the x-axis at the center of the y-z plane, and (c)
global jet injection scheme where the jet is injected at x = 100∆ with a jet radius rjt = 100∆ at the
center of the y-z plane (not scaled). Figure adapted from [17].

In Figure 7, one sees the global evolution of relativistic electron–positron and electron–
proton plasma jet where one can deduct useful conclusions. Collimation takes place for
the electron–proton case, at 500∆ < x < 750∆, because kKHI and MI generate the toroidal
magnetic fields. Moreover, jet electrons are pinched toward the center where current
filaments merge and create a high electron density at x ∼ 500∆. Beyond x ∼ 1000∆, the
collimation gradually dissipates. The jet protons, being heavy, define the jet. The wavy
patterns, which are intrigued by MI and kKHI, extend for r � rjt (Panels a and b). On the
contrary, we see that for the electron–positron jet, there is a mixing of light jet electrons
and positrons with ambient particles at the shear velocity boundary, as also was shown in
the earlier studies [68,69] for the cylindrical core sheath scheme. WI, as shown in earlier
work [22], is excited in the jet, and density fluctuation patterns are generated around
x = 1250∆. Meanwhile, the jet and ambient electrons move away from the jet boundary
due to the MI and kKHI excitation in the shear velocity region (see Panels c and d of
Figure 7).
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Figure 7. Electron density with magnetic field arrows in the plane at time t = 1700ω1
pe for the

e− − p+ jet (a,b) and the e± jet (c,d). Panels (a,c) show electron density in the x-z plane at y = 500∆,
and Panels (b,d) show electron density in the y-z plane at x = 1200∆, where development is in the
nonlinear stage. Color bars: (a) 0–143.3, (b) 4.58–37.92, (c) 0–119.4, and (d) 0–100.6. Figure adapted
from [17].

The simulations of [67] revealed that the combined processes and instabilities develop
very differently for electron–proton and electron–positron jets. The key simulation results
are summarized as follows, for the e− − p+ jet:

1. Jet electrons are collimated by strong toroidal magnetic fields generated by MI;
2. Electrons are perpendicularly accelerated along with the jet collimation;
3. The toroidal magnetic field polarity switches from clockwise to counterclockwise

about halfway down the jet.

For the e± jet, the key simulation results are:

1. Jet electrons and positrons mix with the ambient plasma;
2. Magnetic fields around current filaments generated by a combination of kKHI, MI,

and Weibel instability merge and generate density fluctuations;
3. A larger jet radius is required to properly simulate the e± jet case, since the jet and

ambient particles mix strongly.

Below, we present even larger spatiotemporal simulations with a helical (Section 3.2.2)
and a toroidal (Section 3.2.3) magnetic field, in order to investigate the effect the topology
of these magnetic fields has on the growth of plasma instabilities (WI, MI, and kKHI) and
on the consequent particle acceleration.

3.2. Magnetized Jets
3.2.1. Topology of Relativistic Helical Jets

Most relativistic jets are collimated and extend between several thousands up to
millions of parsecs [1]. These astrophysical jets present highly complex phenomena, which
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except relativistic plasma speeds, have helical magnetic fields emanating from the central
compact source engulfing the plasma outflow. Therefore, in a simulation study, it is natural
to inject jets with helical (e.g., toroidal/poloidal) magnetic fields [93].

As shown in relevant PIC simulations [18,20], which we present in Sections 3.2.2 and
3.2.3 below, the helical magnetic fields are not generated with the jets powered by a self-
consistent rotating black hole; therefore, a force-free helical magnetic field is implemented
at the jet’s aperture. In [18,67], we used the force-free helical magnetic field topology in the
laboratory frame with poloidal (Bx) and toroidal (Bphi) coordinates [62], such as:

Bx =
B0

[1 + (r/α)2]p
, Bφ =

B0

(r/α)[1 + (r/α)2]p

√
[1 + (r/α)2]2p − 1− 2p(r/α)2

2p− 1
(2)

where, r is the radial position in cylindrical coordinates, B0 is the magnetic field (the
toroidal field component is a maximum at α for constant magnetic pitch), and p is a pitch
profile parameter. The PIC simulations were performed in Cartesian coordinates, and the
characteristic length scale p = 1, so Equation (2) reduces to,

Bx =
B0

[1 + (r/α)2]
, Bφ = − (r/α)B0

[1 + (r/α)2]
. (3)

The current +Jx(y, z) creates the toroidal magnetic field (the poloidal field component,
Bx, is not included), and it is in the positive x-direction. In Cartesian coordinates then, the
y- and z-coordinate of the magnetic field is,

By(y, z) =
(z− zjc)B0

α[1 + (r/α)2]
, Bz(y, z) = −

(y− yjc)B0

α[1 + (r/α)2]
. (4)

The characteristic length-scale of the helical magnetic field is α, and the center of the
jet is given by (yjc, zjc), such as,

r =
√
(y− yjc)2 + (z− zjc)2 (5)

The above Equation (5) defines the chosen helicity of the magnetic field, which has
a left-handed polarity with a positive B0. The helical magnetic field is implemented
without the motional electric field at the jet aperture. This corresponds to a self-consistently
generated toroidal magnetic field by jet particles moving along the +x-direction.

In the simulations of [20], an α = 4 was used, which due to the narrow current
generating the toroidal magnetic field, an excitation of a kinetic current -driven instability
was found to be developing before the growth of MI and kKHI. For that reason, in our
most recent work [15], a new injection scheme was adopted to avoid this fact, while using
small α = 2, MI and kKHI grow faster than the current-driven instability. The jet particles
for both these studies (presented below) are injected at x = 100∆, and they propagate as
shown by the cylindrical shape in Figure 8. The components of the helical fields, i.e., the
poloidal field represented by Bx (black) and the toroidal field Bφ (red), are depicted with
different pitch profiles. We can see that the toroidal magnetic fields become zero at the
center of the jet (red lines). If the pitch profile parameter is 0.5 < α < 1, then the magnetic
pitch increases with the radius, and if α > 1, then the magnetic pitch decreases. Figure 8b
shows different values of α for comparative reasons. In [18], for the PIC simulations (see
the next subsection), a constant pitch α = 1 was used with a jet radius rjt = 20, 40, 80, and
120∆. Here, b is the dumping factor of the magnetic fields outside the jet. It is noted that
these global jet simulations were performed with the simplest type of jet structure, that is a
top-hat shape (flat density profile).



Universe 2021, 7, 450 14 of 26

Figure 8. Panel (a) shows the schematic simulation setup of a global jet. The jet is injected at x = 100∆
with a jet radius of rjt at the center of the (y, z) plane (not scaled). Panel (b) shows the helical magnetic
fields Bx (black), Bφ (red) for pitch profiles α = 0.7 (dashed), 1.0 (solid), and 2.0 (dotted) with damping
functions outside the jet with b = 800.0. The jet boundary is located at rjt = 120∆. Figure adapted
from [23].

3.2.2. Global Simulations with Helical Jets and Large Radii

In the work [18], we used smaller simulations within a numerical grid (Lx, Ly, Lz)
= (645∆, 131∆, 131∆) where the simulation cell size was ∆ = 1 and examined the helical
magnetic effects on a jet’s evolution. In these simulations, the electron skin depth was
λ = c/ωpe = 10.0∆ and the electron Debye length for the ambient electrons was λD = 0.5∆,
where c is the speed of light and ωpe is the electron plasma frequency.

It was indicated that although the simulation system was short, the growing instabili-
ties were affected by the helical magnetic fields of the electron–proton and electron–positron
jets. Complicated patterns of By were produced by the currents, which were generated by
instabilities. Interestingly, it was found that a larger jet radius contributed to the growth of
more instability modes, making the jet structures more complicated. Longer simulations,
discussed below, gave us even more information of the instabilities’ development and
the propagation of jets with helical magnetic fields. Regarding particle acceleration, it
was interestingly shown that the changing directions of the local magnetic fields, being
generated by the instabilities, coincided with the patterns of the Lorentz factor of the jet
particles.

In [20], new 3D PIC simulations were performed with a larger numerical grid size
(Lx, Ly, Lz) = (1285∆, 789∆, 789∆) in Cartesian coordinates. In this simulation, the longitudi-
nal box size Lx and the simulation time tmax = 1000ω−1

pe were a factor of two larger than
the previous simulations of [18,19,67], with radii rjt = 20, 40, 80, 120∆. Open boundaries at
x/∆ = 0 and x/∆ = 1285 and periodic boundary conditions in the transverse directions
were applied. The jet was injected at x = 100∆ in the center of the y-z plane. Its radius
rjt = 100∆. Since a large computational box was applied, this allowed following the
jet’s evolution long enough to examine also the nonlinear stage of the system. The jet
head had a flat-density top-hat shape. This topology is only a simplified approach of a
true jet-formation structure region (e.g., [94]). A more realistic jet structure with, e.g., a
Gaussian-shaped head is the aim of our future work. Although as shown in [17–19], jets of
different plasma composition exhibit distinct dynamical behavior that manifests itself in the
morphology of the jet and its emission characteristics, only the case of an electron–proton
jet with a helical magnetic field was investigated in this work.

These simulations focused on the interaction between the jet and the ambient plasma,
as we wanted to explore how the helical magnetic field affects the excitation of kinetic
instabilities such as WI, kKHI, and MI. It was found that these kinetic instabilities were
indeed excited, as expected, and particles were also accelerated. At the linear stage,
recollimation shocks were observed near the center of the jet, and as the electron–proton jet
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evolved into the deep nonlinear stage, the helical magnetic field became untangled due to
reconnection-like phenomena. It was consequently found that electrons were repeatedly
accelerated at the magnetic reconnection regions within the turbulent magnetic field.
Comparatively, similar works [95–97] presented theoretically and numerically the particle
acceleration process in turbulent reconnection. An exponential growth in the energy of
the accelerated particles was demonstrated along with a power law tail development in
the outcome particle spectrum. These are signatures of stochastic Fermi acceleration, by
reconnection. In Figure 5 of [20], a power law tail was shown, which is consistent with the
similar above-mentioned studies; nevertheless, future studies are needed to confirm the
stochastic Fermi acceleration nature of this result.

The similar PIC simulation work [64] showed that in kink-unstable jets, curvature
drift accelerates particles, during the formation of highly tangled magnetic fields and a
large-scale inductive electric field. In their simulations, there was no bulk flow; therefore,
velocity shear instabilities such as kKHI and MI were not excited, and KI occurred instead.
The magnetization in their simulations was very large, i.e., σ > 1, where σ = B2/nemeγjtc2,
so the toroidal magnetic field was dominant and KI was triggered, consequently tangling
the helical magnetic field and probably resulting in acceleration via reconnection, not
only necessarily via a curvature drift mechanism. Our simulations [20] did not show a
kink-like instability as the simulations of [98] showed, since MI and kKHI grew faster than
the current-driven kink instabilities due to the strong shear velocity and the moderate
magnetization of the jet.

As was described in the previous subsection, a cylindrical jet containing a helical
magnetic field was applied in [20], propagating in the x-direction, injected into an ambient
electron–proton plasma at rest, as shown in Figure 8 and described by Equations (2)–(5).
The initial particle number per cell was njt = 8 and nam = 12, respectively, for the jet and
ambient plasma. The electron skin depth was λs = c/ωpe = 10.0∆, where c is the speed of
light and ωpe = (e2nam/ε0me)1/2 is the electron plasma frequency, and the electron Debye
length of ambient electrons is λ∆ = 0.5∆. Moreover, the thermal speed of jet electrons
was set to vjt,th,e = 0.014c in the jet reference frame, while in the ambient plasma, it was
vam,th,e = 0.03c. A temperature equilibration was assumed, so the thermal speed of the
ions was smaller than that of the electrons by a factor of (mp/me)1/2. A realistic mass ratio
of mp/me = 1836 was also applied. The jet Lorentz factor was γjt = 15. The jet plasma
was initially weakly magnetized, and the magnetic field amplitude parameter B0 = 0.1c
corresponded to a plasma magnetization σ = B2/nemeγjtc2 = 2.8× 10−3.

The particles were found to be accelerated by a turbulent magnetic reconnection effect,
shown in Figures 1a,b and 4 of [20], initiated by the growth of kinetic instabilities such as
kKHI and MI, the most dominant of which was MI, which pinched the jet and generated
recollimation shocks. In our simulation analysis here, it appears that, first, kKHI and MI
(WI) grow, then recollimation shocks form, and later, reconnection operates. The recollima-
tion shocks feature a quasi-static electric field, Ex, which depending on its sign, accelerates
or decelerates the jet electrons. We add that kKHI contributes to the recollimation shocks
formation. The tracer magnetic field reversals and other diagnostics we applied found
regions in which magnetic reconnection occurred, which was discussed further in [15] and
in Section 3.2.3 below. Note that it was also observed that a strong transverse magnetic
field By coincided with the produced parallel electric field Ex. Interestingly, this kind of
behavioral trend showed similarities to the structure of recollimation shocks in the RMHD
simulations of [62].

As the simulation progressed to the nonlinear stage, the toroidal magnetic fields were
found to become untangled, as Figure 9 shows, where cross-sections are indicated through
the center of the jet at time t = 1000ω−1

pe . The jet propagates from the left to right. The
figure shows the y-component (a) of the magnetic field, By, with the x-z electric field as
arrows, and (b) the x-component of the electron current density, Jx, with the x-z magnetic
field depicted as arrows. At 400 ≤ x/∆ ≤ 830, a strong helical magnetic field in the jet can
be discerned. As shown in Figure 9a, the amplitude with B/B0 ≈ 40 is much larger than
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that of the initial field. As discussed above and in an earlier work [17], this field results
from the grown instabilities (MI and kKHI). However, in the presence of an initial helical
magnetic field, the growth rate of the transverse MI mode is reduced. The field structure
is strongly modulated by longitudinal kKHI wave modes as shown by the bunched By
field (Figure 9a). The above phenomena cause multiple collimations along the jet, which
are caused by the pinching of the jet electrons toward the center of the jet, as is visible
in the electron current density (Figure 9b). In the same Panel (b), we can discern that
By is weak exactly where the collimations become weaker along the jet, disappearing at
around x/∆ ≥ 830. This fact makes evident that the MI nonlinear saturation actuates the
dissipation of the helical magnetic field. A similar behavior was observed in the recent
work [15], which we discuss below.

Figure 9. Upper panels: (a) the y-component of the magnetic field, By, with the x-z electric field
depicted by arrows, and (b) the x-component of the electron current density, Jx, with the x-z magnetic
field depicted by arrows, both in the x-z plane at t = 1000ω−1

pe . The lower panels show the total
magnetic field strength in the y-z plane at x/∆ = 700 (c) and x/∆ = 835 (d). The arrows indicate the
magnetic field (By, Bz). Figure adapted from [20].

Moreover, in Figure 9a,b, possible reconnection sites are shown by the two red lines at
x/∆ = 700 and x/∆ = 835. In Figure 9c,d, the magnetic field structure is shown “head-
on”, i.e., in the y-z plane. By inspecting the configuration of the field, one discerns that
at x/∆ = 700, a clockwise circular magnetic field is split near the jet into a number of
magnetic structures, which indicate the growth of MI. These structures are surrounded by
a field of opposite polarity that is produced by the proton current framing the jet boundary
(see also [15,17]. At x = 835∆, the magnetic field is strongly turbulent. The helical structure
is distorted and is reorganized into multiple magnetic islands, which reveal the nonlinear
stage of MI and kKHI. Accordingly, we see that the magnetic islands interact with each
other, providing conditions for magnetic reconnection. We should note at this point that
in a 3D topology, a reconnection site does not occur at a simple X-point as in a 2D slab
geometry. Instead, reconnection sites can be identified by regions of weak magnetic fields
surrounded by oppositely directed magnetic field lines. An example of a possible site of
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reconnection can be discerned at (y/∆/, z/∆) = (380, 340). In that region, the total magnetic
field has a so-called null point (becomes minimal); see Figure 9d.

The 3D topology of the jet’s magnetic field is shown in Figure 10. The magnetic field
vectors are indicated at t = 900ω−1

pe (Figure 10a) and t = 1000ω−1
pe (Figure 10b). The red

dashed rectangle in Figure 9b is the respective region indicated at 820 < x/∆ < 1120; 231 <
y/∆, z/∆ < 531) in Figure 10b. The image is snipped at the center of the jet at y/∆ = 381.
One can discern that the rim of the helical magnetic field in the jet moves slower than the
jet speed. In particular, the edge of the helical magnetic field moves from x/∆ = 780 at
t = 9000ω−1

pe to x/∆ = 830 at t = 1000ω−1
pe , while with the same jet speed, the front should

be at time t = 1000ω−1
pe placed at x/∆ = 880.
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381
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Figure 10. Magnetic field vectors within a cubic section of the simulation grid (820 < x/∆ <

1120, 231 < y/∆, z/∆ < 531) at time t = 900ω−1
pe (a) and at t = 1000ω−1

pe (b). To illustrate the
magnetic field inside the jet, the plots show the rear half of the jet with a cut in the x-z plane
(381 < y/∆ < 531). Figure adapted from [20].

This suggests that the frontal rim of the helical magnetic field is decorticated as the jet
propagates. Consequently, this may indicate that the helical magnetic field is braided by
kinetic instabilities and subsequently becomes untangled, as discussed in [99]. It follows
that the untangling of the helical magnetic field results from magnetic reconnection-like
phenomena, which push the helical magnetic field away from the center of the jet, at the
forward position.

Finally, Figure 11 shows the phase space distribution of jet electrons (red) and ambient
electrons (blue) at time t = 900ω−1

pe and at t = 1000ω−1
pe . The electrons are accelerated

at x/∆ = 780, where the helical magnetic field disappears, as shown accordingly in
Figure 10a. Near x = 830∆, the disappearance of the helical magnetic field also coincides
with the acceleration of electrons, and the ambient electrons entrained into the jet plasma
are also strongly accelerated.
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Figure 11. Phase space (x− γVx) distribution of jet electrons (red) and ambient electrons (blue) at
t = 900ω−1

pe (top) and t = 1000ω−1
pe (bottom). The two vertical lines show the regions for which

Figure 10 displays the 3D magnetic field vectors. Figure adapted from [20].

3.2.3. Global Jet Simulations with a Toroidal Magnetic Field and a New Injection Scheme

In the simulations of [15], we used 3D PIC simulations to study the spatiotemporal evo-
lution of magnetized relativistic electron–positron and electron–proton jets, by comparing
magnetized (with toroidal fields) and unmagnetized jets, while focusing on investigating
the kinetic instabilities and the associated particle acceleration. Note, as discussed in
Section 3.2.1, that in this work, a new jet injection scheme was applied by injecting different
compositions of e± and e− − p+ jets, with a comoving toroidal magnetic field, with a
top-hat jet density profile and a current that is self-consistently carried by the jet particles,
J = ∇× B. A toroidal magnetic field was applied at the jet orifice in order to sustain the
current in the jet, as so, a motional electric field was established.

This work addresses the following key questions:

1. How does a toroidal magnetic field affect the growth of kKHI, MI, and WI within the
jet and in the jet–ambient plasma boundary?

2. How do jets composed of electrons and positrons and jets composed of electrons and
protons evolve in the presence of a large-scale toroidal magnetic field?

3. How and where are particles accelerated in jets with different plasma compositions?

This study involved a much larger jet radius than the previous works [18]. We
pinpointed how the dissipation of the magnetic fields generates electric fields that are
sufficiently strong to accelerate particles up to Lorentz factors of 35. In these simulations,
the jets were weakly magnetized. The ambient medium was unmagnetized, and the
simulation time was sufficiently long in order for the nonlinear effects of the jets’ evolution
to be included. The grid was set to (Lx, Ly, Lz) = (1284∆, 789∆, 789∆), twice as long than
what was used in our earlier simulation studies [18,19,67]. The jet was injected at x = 100∆
in the center of the y-z plane at (yjc, zjc) and propagated in the x-direction. Its radial width
in cylindrical coordinates was rjet = 100∆. The jet Lorentz factor was set to γjt = 15.

In this work, only a toroidal magnetic field was applied, Bφ(r) = B0(r/a)[1 + (r/a)2],
as also discussed in Section 3.2.1 (Equations (2)–(4)). The poloidal field component, Bx [20],
was not included this time. Bφ had a peak amplitude at r = a, where a is the characteristic
radius. In Cartesian coordinates, the corresponding field components, By and Bz, were
calculated from Equation (3). For the field outside of the jet, the above equations were
multiplied with a damping function, Θ(r− rjet) =

rjet
r , where r > rjet.
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In Figure 12, one sees the global jet structure, while the Lorentz factor is demonstrated
for jet electrons for an e± (Panels a and c) and an e− − p+ (Panels b and d) jet at time
t = 1000ω−1

pe . The black arrows in all panels indicate the magnetic field direction in the x-z
plane. The structures seen at the boundary, for the e± jets, between the jet and the ambient
plasma at 500 < x/∆ < 1000 indicate the excitation and development of kKHI and MI.
As mentioned in the Introduction, MI represents the transverse component/dynamics of
kKHI. In both the unmagnetized and weakly magnetized jets in this work, it is shown that
after the dissipation of the magnetic field, around x/∆ = 800, the disruption around the
jet head is prominent. It is evident that the jets expand radially. This resembles a Mach
cone (a bow shock) structure. For the e− − p+ jets, the bow shock-like structures are less
prominent. A notable difference between the jet with the toroidal magnetic field and the
unmagnetized one is that in the first case, the jet electrons are expanded outside the jet at
x/∆ ' 500− 900. That leads to the conclusion that the instabilities excited within the jet,
which we discuss more later, push the jet electrons radially.

Figure 12. Two-dimensional maps of the Lorentz factor of the jet electrons at y/∆ = 381 for e± jets
(left panels) and e− − p+ jets (right panels) with rjet = 100∆ at time t = 1000 ω−1

pe . Panels (a,b) show
unmagnetized jets and Panels (c,d) the jets with the toroidal magnetic field. Black arrows show the
in-plane magnetic field (Bx, Bz). Figure adapted from [15].

In Figure 13, one sees the magnetic field component By in the x-z plane at y/∆ = 381
with an in-plane magnetic field depicted with black arrows. The results for jets with
toroidal magnetic fields are shown, and the upper panels present the field structures in the
linear regime at time t = 600 ω−1

pe , whereas the lower panels depict the nonlinear stage at
time t = 1000 ω−1

pe . In the left panels (a, c), an electron–positron jet is shown, and in the
right panels (b, d), an e− − p+ jet is shown. WI is initially generated within the jet, while at
the jet head located at x/∆ ≈ 650–700, this instability generates magnetic field filaments
aligned with the jet propagation direction. Downstream along the jet, the oblique mode of
WI dominates. This is visible as striped magnetic fields at x/∆ ≈ 300–600, for the e± jet
(Figure 13a). In the same region of the jet, kKHI and MI start to grow simultaneously, at
the jet–ambient medium boundary and across the jet, respectively. The wavelength of WI
is about 4λse. The observed excitation of MI and kKHI is merged with WI. This results in
slanted striped structures of the magnetic field in the electron–positron jet. The wavelength
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of the kKHI mode is about 6λse, and the wavelength of the MI mode is about 5λse along the
jet radius, or else perpendicular to the jet axis. Since the growth rates of MI and kKHI are
similar, the excited modes propagate towards the jet center. Figure 13c shows the growth
of kKHI and MI in the nonlinear stage. MI grows stronger and generates two dominant
modes along the jet radius, the inner mode having a larger amplitude. Concurrently, along
the jet, the longitudinal kKHI wave modes modulate the magnetic field.

Additionally, Figure 13b, for the e− − p+ jet in the linear stage, shows that MI grows
around x/∆ = 400 dominantly. It then propagates toward the jet center and generates
two MI modes. For the nonlinear stage, Figure 13d shows a very strong toroidal (helical)
magnetic field in the jet at t = 1000ω−1

pe (at approximately 500 . x/∆ . 830), with the
amplitude B/B0 ≈ 56 (see above). The magnetic field amplification seen is attributed to
kKHI and MI, which was similarly observed in the unmagnetized case of [17]. Let us note
that the outer MI mode merges with the inner mode (Figure 13d).

The same panel (d) shows the growth of kKHI along the jet since the field structure
is pinched by MI, which is strongly modulated. This fact demonstrates that the observed
field collimation is caused by the pinching of the jet electrons towards the center of the jet,
as already noted for the electron density structures in the same work. Figure 13b indicates
the detailed structure of the growing modes of both MI and kKHI.

Figure 13. Color maps of the magnetic field amplitude By and arrows depicting the magnetic field
components in the x-z plane, both at t = 600 ω−1

pe (upper panels) and 1000 ω−1
pe (lower panels),

respectively. The jet is injected at x = 100∆ in the middle of the y-z plane and propagates in the
+x-direction. Panels (a,c) are for an e± plasma, while Panels (b,d) are for an e− − p+ composition.
The peak amplitudes of By are (a) ±1.591, (b) ±3.339, (c) ±2.691, and (d) ±5.673. Figure adapted
from [15].

Figure 14 shows the x - γvx distribution of jet electrons (red), jet positrons (green),
and ambient (blue) electrons for a jet pair at t = 1000 ω−1

pe . The color map depicts Ex in the
x-z plane at y/∆ = 381. The Bx,z field is indicated by the arrows. The slight dislocations
of the jet electrons and positrons are the response to the magnetic field structures, as the
corresponding variations in vz found, and they generate through Ė ∝ j the strips of the
positive and negative Ex. Inspecting the bottom panel of Figure 14, one sees strong striped
patterns of Ex, which are generated by the out-of-phase distributions of jet electrons and
positrons (top panel).
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Figure 14. Upper panel: x - γvx distribution of jet electrons (red), jet positrons (green), and ambient
(blue) electrons at t = 1000 ω−1

pe . Lower panel: color map of Ex in the x-z plane at y/∆ = 381, with
arrows indicating Bx,z. The maximum and minimum are ±0.817. The dislocation of jet electrons and
positrons generates the strips of the positive and negative Ex. Figure adapted from [15].

In Figure 15, the energy distribution of the jet (red) and ambient (blue) electrons in
and around the e± and e− − p+ jets in the two regions x/∆ < 600 and x/∆ > 600 is shown.
One sees that the electron acceleration is most significant in the nonlinear stage at the region
x/∆ > 600. In the linear stage, the ambient electrons are not accelerated as significantly
for the electron–positron jet as they are around the e− − p+jet. In our work [15], here, we
further compared the results and found that the electrons are further accelerated by the
disappearance/dissipation of the magnetic fields in the nonlinear stage, a fact that is also
seen in the kinetic simulations of the driven magnetized turbulence of [100]. Let us note
that in the latter simulation studies, the turbulent magnetic fluctuations were externally
forced into the simulation system, and therefore were not self-consistent. Moreover, another
work [101] investigated particle acceleration at reconnecting current sheets due to stochastic
interactions with turbulent fluctuations (plasmoids and vertexes). In our current simu-
lations [15], plasmoids (vertexes) were generated at the nonlinear stage, and these were
shown to accelerate the jet electrons in a similar way. On the contrary, the turbulent mag-
netic field—where we report multiple magnetic flux ropes—was self-consistently created
in the relativistic jets, through the self-consistent disappearance/dissipation of the toroidal
magnetic field. For more details, the reader is referred to similar past studies [95–97], where
they also discussed the particle acceleration process in turbulent magnetic reconnection
events, for a comparative study.
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Figure 15. Particle energy distributions of the jet (red) and ambient (blue) electrons in and around
the e± jet (a) and e− − p+ jet (b) in the two regions x/∆ < 600 (dashed lines) and x/∆ > 600 (solid
lines) at t = 1000 ω−1

pe . Figure adapted from [15].

4. Summary

PIC simulations have become more and more powerful, constituting an excellent tool
to study the physical properties of relativistic jets in many highly energetic astrophysical
environments such as AGNs, GRBs, and pulsars. Although microscopic PIC simulations
are computationally more costly and heavy than the macroscopic plasma fluid simulations
(MHD), they permit one to study the individual particle behavior in relativistic jets, in
contrast to the macroscopic fluid simulations, which do not allow one to capture the key
features of the plasma as the PIC approach does. The PIC simulation approach helps us
to understand better many plasma phenomena in turbulent plasmas, jet collimation and
propagation, the formation and operation of kinetic instabilities, acceleration processes,
reconnection phenomena in linear and nonlinear stages, etc.

In this paper, we reviewed the PIC numerical method, and we briefly discussed
the kinematic and plasma instabilities and presented a selection of simulation studies
performed for different spatiotemporal simulation setups, applicable to astrophysical rela-
tivistic (e− − p+) and electron–positron (e±) jets. The simulations performed concerned
unmagnetized and magnetized relativistic jets containing helical (or toroidal) magnetic
fields, presenting a summarized ensemble of the results, focusing on the excited instabil-
ities in different jet compositions, the effects on its evolution, reconnection events, and
consequent particle acceleration.

We showed that the electromagnetic currents and the magnetic structures are very dif-
ferent for astrophysical jets of different compositions (e− − p+ and e± jets). The differences
seem to arise from the different mobilities of protons and positrons in each jet. The later
aspect is very useful to help us deduct conclusions in the observed polarization signatures
of radiation from such sites, and what we discussed indicates that the magnetic field
structures can be different enough to yield distinctive polarizations in Very-Long-Baseline
Interferometry (VLBI) observations of AGN jets at the highest angular resolutions [102].
For example, helical or toroidal magnetic fields inside and outside of an e− − p+ jet will
contribute to circular polarization. This will help astronomers distinguish an e− − p+ jet
clearly from an e± jet, at least partially. Furthermore, it will help establish if and when a
possible dissipation of the helical magnetic fields occurs in accordance with the present
and recent studies.

The simulation works we reviewed proposed that particle acceleration may occur in
relativistic jets, and moreover, several of the complicated magnetic field structures seen
could be observed and verified in the near future with polarimetric VLBI observations at
extremely high angular resolutions, if they can resolve the transverse structure of the jet, as
with space VLBI [102] and with the Event Horizon Telescope [8]. For example, flares from
highly energetic sources may be associated with a reconnection-like event and/or related
acceleration mechanisms prone to turbulent magnetic field behaviors similar to the ones
observed in the above-reported works. One of the next steps in a future work will be to
use even more realistic jet structures and comparatively combine observations with the
temporal and spectral properties of very large jet simulations.
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