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ABSTRACT
The properties of relativistic jets, their interaction with the ambient environment and particle
acceleration due to kinetic instabilities are studied self-consistently with Particle-in-Cell (PIC)
simulations. In this work we study how a relativistic 4± jet containing a helical magnetic
field evolves by focusing on its interaction with the external ambient plasma. Particularly,
3D PIC simulations are performed using a longer simulation system than previous studies
with an embedded helical magnetic field. An important key issue in this work is how such a
magnetic field affects an 4± jet and how this excites kinetic instabilities such as the Weibel
instability (WI), the kinetic Kelvin-Helmholtz instability (kKHI) and others by further focusing
on how particles accelerate. We do find that kinetic instabilities along with generated magnetic
turbulence are present and consequently accelerate particles. At the linear stage we observe
recollimation-like features at the center of the simulated jet and later-on as the 4± jet evolves,
the magnetic fields generated by the instabilities become untangled and reorganized into a
new topology near the non-linear phase. We additionally report indications of reconnection
near the end of the non-linear stage, before the magnetic-field becomes untangled, as electrons
get accelerated by multiple magnetic islands in the jet. In the present study the untangled
magnetic field becomes turbulent without any reformation as it happened in our previous
study of an 4− − ?+ jet, which we will use to additionally compare the present results,
obtaining important insights about the nature of these phenomena applicable to high-energy
astrophysical environments such as Active Galactic Nuclei jets and Gamma-ray bursts.

Key words: simulations, acceleration of particles, jets, plasma outflows, relativistic, magnetic
reconnection, turbulence

1 INTRODUCTION

Relativistic astrophysical jets are ubiquitous in the Cosmos. Most
collimated relativistic jets extend between several thousand up to

★ E-mail: ameli@uliege.be

millions of parsecs (e.g., Blandford et al. 2019) and have been ob-
servationally associated with the activity of central black holes in
active galactic nuclei (AGN, e.g. EHT Collaboration et al. 2019)
and Gamma-ray Bursts (GRBs), as well as with neutron stars or
galactic stellar black holes (e.g, Ruiz et al. 2018). The formation
and powering of these astrophysical jets is a highly complex phe-
nomenon involving relativistic plasmas and tangled magnetic fields
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which are organized in such a manner as to ultimately launch an
outflow from a central source.

Particle-in-Cell (PIC) and other simulation approaches for
studying these jets, and particularly unmagnetized or magnetized
relativistic jets which interact with the interstellar medium, have
been used for over two decades and have offered tremendous in-
sights into understanding the instabilities, turbulence, and shocks
that can develop in the out-flowing plasma leading to particle accel-
eration and the production of non-thermal radiation (e.g., Giannios
et al. 2009; de Gouveia Dal Pino et al. 2010; Uzdensky 2011;
Granot 2012; McKinney & Uzdensky 2012; Sironi et al. 2015;
Ardaneh et al. 2016; Kadowaki et al. 2018, 2019; Christie et al.
2019; Fowler et al. 2019).

Relativistic jets interact with the plasma environment of an
astrophysical source and many instabilities occur, which are re-
sponsible for the acceleration of particles. In some cases, e.g., when
the jet is unmagnetized, previous computer simulations have shown
that the Weibel instability (WI) mediates occasionally relativistic
shocks resulting in the acceleration of particles. On the other hand,
other instabilities such as the kinetic Kelvin-Helmhotz (kKHI) and
mushroom instability (MI) are both created due to the velocity-shear
at the boundary between the jet and the ambient medium. Conse-
quently, these instabilities contribute to the generation of magnetic
turbulence. PIC simulation studies of the WI, kKHI and MI in slab
jet simulations have been investigated and several other studies have
been performed concerning the evolution of cylindrical jets with a
helical magnetic field topology (e.g., Sironi et al. 2013; Nishikawa
et al. 2014; Alves et al. 2015; Nishikawa et al. 2019). The present
investigation has been carried out to better understand the nature of
particle acceleration in these relativistic plasma flows.

Particles accelerate and radiate within the jet. One possible
mechanism of particle acceleration is magnetic reconnection, in
which the magnetic topology is rearranged and the magnetic en-
ergy is converted into thermal and particle kinetic particle energy.
Magnetic reconnection is observed in solar and planetary magneto-
spheric plasmas and it is often assumed to be an important mecha-
nism of particle acceleration in AGN and GRB jets (e.g, Drenkhahn
& Spruit 2002; de Gouveia Dal Pino & Lazarian 2005; Uzdensky
2011; Zhang & Yan 2011; Granot 2012; McKinney & Uzdensky
2012; Giannios 2010, 2011; Komissarov 2012; Sironi et al. 2015;
de Gouveia Dal Pino et al. 2018; Kadowaki et al. 2018, 2019;
Christie et al. 2019; Fowler et al. 2019).

Magnetic reconnection has been commonly studied with PIC
simulations using the Harris model in a slab geometry showing
significant particle acceleration (e.g., Zenitani & Hoshino 2005;
Oka et al. 2008; Daughton 2011; Kagan et al. 2013; Wendel et al.
2013; Karimabadi et al. 2014; Sironi & Spitkovsky 2014; Guo
et al. 2015, 2016a,b). Nevertheless, these studies cannot be directly
applied to astrophysical relativistic jets, since the helical magnetic
field is believed to be the dominant component of the jet’s topology
close to the collimation point, as it is shown through observations
(Hawley et al. 2015; Gabuzda 2019) as well as MHD modelling
Tchekhovskoy (2015).

An overall understanding of the jet physics should emerge from
global 3D PIC modelling that would allow the investigation of the
combined shock/shear processes at the kinetic level. Such studies
have first been performed by us for unmagnetized jets (Nishikawa
et al. 2016a); in Nishikawa et al. (2016b) we used PIC simula-
tions for the first time to study global magnetized jets with helical
magnetic fields. These initial studies analysed jets in both electron-
proton and electron-positron pair plasmas, but used limited-size

computational boxes. Presently, we extend these studies to larger
systems with jets containing a helical magnetic field.

In (Nishikawa et al. 2020) we investigated the evolution of a
relativistic electron-proton (4− − ?+) jet containing a helical mag-
netic field, focusing on the interaction with the ambient plasma,
by performing 3D PIC simulations of a jet of relatively large ra-
dius in order to examine how the helical magnetic field influences
kinetic instabilities (e.g. kKHI, WI and MI) resulting in particle
acceleration.

In the present work we extend our study to a relativistic 4±
jet containing a helical magnetic field. The study involves a larger
jet radius and longer simulation times than previous work, allowing
for nonlinear evolution and designed to address the following key
questions: (i) How does the helical magnetic field affect the growth
of kKHI,MI, andWIwithin the jet, (ii) how do these effects differ in
comparison to an 4− − ?+ jet, and (iii) how and where are particles
accelerated within the jet? Moreover, we will investigate the role
of possible magnetic reconnection and will examine the effect of
the rapid merging and breaking of the helical magnetic field carried
by the jet, as observed in previous studies (e.g., Nishikawa et al.
2016a). We examine the role of potential magnetic reconnection
events in a cylindrically injected jet with a helical magnetic field,
based on our innovative approach (e.g., Nishikawa et al. 2016b,
2017), with which we previously investigated much smaller sys-
tems that exhibited recollimation-like instabilities occurring at an
early stage of the simulation. Note that in this previous work, the
evolution of 4± jets was shaped by a kinetic instability that made the
general structure similar to that obtained by our previous work in a
simulation study without helical magnetic fields Nishikawa et al.
(2016a).

As themagnetic-field structure and particle composition of rel-
ativistic jets is still not well understood, this systematic endeavour
of simulation studies will provide an advanced and detailed un-
derstanding of the magnetic field evolution, possible reconnection
events, and particle acceleration applicable to AGN and GRB jets.
It is important to note that the differences in the evolved magnetic
field structures between jets composed of 4− − ?+ and 4±, could
contribute significantly to studies of the polarized emission from
AGN jets and GRBs. Particularly, circular polarization (measured
as the Stokes parameter +) in the continuum radio emission from
AGN jets provides a powerful diagnostic tool of magnetic structures
and particle composition because, unlike linear polarization, circu-
lar polarization is expected to remain almost completely unmodified
by external screens (e.g., O’Sullivan et al. 2013).

It is important to stress out, as discussed in (Nishikawa et al.
2020) for an 4−−?+ jet, that our simulations do not address the large-
scale plasma flows ofmacroscopic parsec-scale jets, but instead they
explore relevant kinetic-scale physics within relativistic jet plasmas,
which cannot be studied with pure magnetohydrodynamic (MHD)
simulations. Therefore, our study is complementary toMHDmodels
and yields important insights into the kinetics at work in relativistic
astrophysical jets (see also Nishikawa et al. 2020).

This paper is organized as follows: In Section 2 we describe the
details of the set-up of our numerical calculations. In Section 3 we
present our results in comparison to the recent work of Nishikawa
et al. (2020), and in Section 4 we summarize our conclusions.

MNRAS 000, 1–11 (2020)
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2 NUMERICAL APPROACH OF THE SIMULATION
SET-UP

We use a 3D PIC code which is a modified version of the rela-
tivistic electromagnetic PIC code TRISTAN (Buneman 1993) with
MPI-based parallelization (Niemiec et al. 2008; Nishikawa et al.
2009). We apply Cartesian coordinates on a numerical grid of
size (!G , !H , !I) = (1285Δ, 789Δ, 789Δ), where Δ(= 1) is the size
of the grid cells. Open boundaries are used on the G/Δ = 0 and
G/Δ = 1285 surfaces. Periodic boundary conditions are imple-
mented along the transverse directions H and I. Since the jets are
located in the center of simulation box far from the boundaries (see
below) and since the simulation is rather short, the effect of periodic
boundaries is minimal. Moreover, we have conducted tests which
have shown no visible effects of the periodic boundary conditions.

A cylindrical jet containing a helical magnetic field is injected
into an ambient plasma and propagates in the G-direction, as shown
schematically in Fig. 6a of (Nishikawa et al. 2019). The structure of
the helical magnetic field is implemented as in the relativistic MHD
(RMHD) simulations of Mizuno et al. (2014). Its components are
described in Equations (1) and (2) of Mizuno et al. (2014):

�G =
�0

[1 + (A/0)2]
, �q =

(A/0)�0
[1 + (A/0)2]

, (1)

where A is the radial coordinate in cylindrical geometry, �0
parametrizes the magnetic field strength, and 0 is the character-
istic radius of the magnetic field (Nishikawa et al. 2019) which we
assume to be 0 = 0.25 · Ajet (Ajet = 100Δ).

As in Mizuno et al. (2014) we choose a constant magnetic
pitch andmagnetic helicity. The toroidal component of themagnetic
field in the jet has a peak value at A = 0 and is created by an
electric current, +�G (H, I), in the positive G-direction. In Cartesian
coordinates the corresponding �H and �I field components are
defined as:

�H (H, I) =
((I − Ijc)/0)�0
[1 + (A/0)2]

, �I (H, I) = −
((H − Hjc)/0)�0
[1 + (A/0)2]

. (2)

The jet Lorentz factor is set to Wjt = 15, and the jet is ini-
tially weakly magnetized while the ambient medium is unmagne-
tized. The jet’s magnetic field amplitude, �0 = 0.12, corresponds to
a plasma magnetization f = �2/(=e<eWjt22) = 2.8 × 10−3, Ajet =
100Δ is the jet radius, and the jet is injected at G = 100Δ in the center
of the H − I plane at (Hjc, Ijc), giving A =

√
(H − Hjc)2 + (I − Ijc)2,

propagating along the G direction.
We follow the jet over a long computational time, Cmax =

1000l−1pe , to investigate the nonlinear stage of its evolution. The
longitudinal box size, !G , is twice that in our previous simulation
studies (Nishikawa et al. 2016b, 2017, 2019). Equation (2) de-
scribes the helicity of the magnetic field to a left-handed polarity
for positive �0. Moreover at the jet opening, the helical magnetic
field is computedwithout amotional electric field. This corresponds
to a toroidal magnetic field generated by jet particles moving in +G-
direction.

For the field external to the jet we use a damping function,

Θ(A − Ajet) = exp
[
−
(A − Ajet)2

1

]
, where A > Ajet (3)

that multiplies the expressions in Equation (2) with tapering pa-
rameter 1 = 200. Profiles of the resulting helical magnetic field
components are shown in Fig. 6b of Nishikawa et al. (2019)
demonstrating that the toroidal magnetic field becomes zero at the
center of the jet (red line of Fig. 6b) (see �q in Eq. (1)).

As in (Nishikawa et al. 2020) the jet head profile in the simu-
lations has a flat-density-top-hat shape. Although the realistic struc-
ture of the jet head is far more complex than that, our results are one
step in a series of numerical refinements (including the implemen-
tation of a Gaussian profile) designed to study PIC jet formations.

In (Nishikawa et al. 2020) we studied an 4−− ?+ jet and in this
present work we will investigate the same simulation set-up for an
4± pair jet. We will show that different plasma compositions exhibit
distinct dynamical behavior, which leads to distinct morphologies
in the jet evolution as well as in the acceleration and consequent
emission of particles.

The initial number densities measured in the simulation frame
are =jt = 8 and =amb = 12, respectively, for pairs in the jet and
electrons and positrons in the ambient plasma. Here the electron
mass <e is equal to the positron mass <positron. For the electron-
proton jet, electrons and protons are both in the jet and ambient
plasma. The Debye length for ambient electrons is _D = 0.5Δ and
the electron skin depth is _se = 2/lpe = 10.0Δwhere 2 is the speed
of light and lpe = (42=amb/(n0<e))1/2 is the electron plasma
frequency. The jet-electron thermal velocity is Ejt,th,e = 0.0142 in
the jet reference frame. The electron thermal velocity in the ambient
plasma is Eam,th,e = 0.052, and the proton thermal velocities are
smaller by a factor (<proton/<e)1/2 ≈ 42.

3 RESULTS OF SIMULATIONS OF A JET WITH
HELICAL MAGNETIC FIELD

In this section we present simulation results for a jet with helical
magnetic fields and an 4± pair composition and compare them with
recent results for a jet composed of 4− − ?+ as in Nishikawa et al.
(2020). We are particularly interested in the potential differences
in the dynamical behavior, and in the way the jet interacts with its
surrounding environment.

Let us start with Figure 1, where the jet is injected from left
to right in the middle of the graph (at I/Δ = 381) and at G/Δ =

100; through the center of the jet we show cross-sections of the H-
component of the magnetic field, �y, with the magnetic field in the
G − I plane depicted by arrows, at times C = 600l−1pe and 1000l−1pe ,
for comparison purposes. The 4± pair jet is shown in the panels (a,
c) and the 4− − ?+ jet in panels (b, d).

For the 4−− ?+ composition, as it was presented in the work of
Nishikawa et al. (2020), we observe a very strong helical magnetic
field in the jet at C = 1000l−1?4 (at around 400 . G/Δ . 830), where
the amplitude was much larger than the initial field, �/�0 ≈ 40.
This magnetic field amplification was due to the growth of kKHI
and MI and it was observed similarly in the un-magnetized case
(Nishikawa et al. 2016a). Presently, in Fig. 1d we see that the field
structure is strongly modulated which reflects the growth of kKHI
along the jet. Nishikawa et al. (2020) demonstrated that this field
collimation is caused by the pinching of the jet electrons toward the
center of the jet (Fig. 1d is the same as Fig. 1a in Nishikawa et al.
(2020)).

The 4± pair jet (Figs. 1a and 1c) exhibits a different magnetic
field morphology. The WI is generated initially around G/Δ = 400,
as shown by the striped magnetic field in Fig. 1a. The growth time
is roughly 400l−1pe and the wave length is about 40Δ. The MI
appears near the center of the jet and near the jet boundary, then
the longitudinal kKHI wave modes modulate the magnetic field
along the jet simultaneously. The growth time of kKHI and MI is
roughly 600l−1pe and the wave length of kKHI is about 60Δ. Beyond
G/Δ = 750, a disruption of the magnetic field of the outer mode of

MNRAS 000, 1–11 (2020)
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pair jet (a) e−- ?+ jet (b)

(c) (d)

Figure 1. Colormap of the magnetic field amplitude of �y and the magnetic field components in the G − I plane depicted by arrows, at C = 600 l−1pe (upper
panels) and 1000 l−1pe (lower panels), respectively. The jet is injected from left in the middle of the H− I plane and at G = 100Δ and propagates in +G-direction.
Panels (a, c) are for 4± plasma while panels (b, d) are for the 4− − ?+ case. The dotted squares indicate the volumes plotted in Fig. 4.

MI occurs which results in disordering via a nonlinear saturation of
kKHI&MI that is seen, up to G/Δ ≈ 950. Firstly, around G/Δ = 780,
the magnetic field near the jet boundary disappears; then afterwards
the magnetic field gets untangled around G/Δ = 820 (Blandford et
al. 2017).

Furthermore, Figure 1c shows the growing kKHI and MI (and
WI) generation of two modes of MIs (indicated by two lines), along
the jet radius (I). Note here that in the following description (i.e.
Figs. 3, 7, 5) we will show nodes of growing MI poloidal to the
jet center, following the vertical lines shown in Figure 1c here, and
indications of particle acceleration).

Since reconnection in a 3D simulation with a helical magnetic
field is complicated, it is not easy to determine its location. The
magnetic field structure of a reconnection site in 2D simulations
consists of - and $ shapes which can be recognized easily. We
need to rely on the changes of the magnetic field direction and the
null (very weak) magnetic fields in 2D displays in this work. The
complex structures of 3D reconnections have been shown in (e.g.,
Parnell et al. 2010; Lazarian et al. 2020). In order to determine the
reconnection locations analytically, we would need to investigate
the eigenvalues of Jacobian matrix, which is beyond the scope of
this report, for more details, see (Cai et al. 2007).

Just before G/Δ = 800 (Fig. 1 c) one sees a reversal of the
magnetic field near the jet with some independent magnetic struc-
tures which show a growth of an MI instability. It seems like the

magnetic field is maintained longer than in the 4−− ?+ plasma (Fig.
1d). Note that the collimation is generated by the strong poloidal
(helical) magnetic field, generated by the MI. At around G/Δ = 900
the helical structure of the jet is distorted and weakened, but also
reorganized at the center of the jet, which indicates the existence of
a non-linear stage of the MI and kKHI. The MI mode near the jet
boundary disappears first, but the inner mode (MI and kMHI) stays
longer and later disappears as in our previous paper according to the
mechanismwhich is discussed in (Blandford et al. 2017; Nishikawa
et al. 2020). At this point things get interesting as the reorganization
seen for the magnetic field, means that we have conditions for the
occurrence of a magnetic reconnection. We will discuss this point
further down in the following figures.

Figure 2 shows the total magnetic-field strength in the H − I
plane at G/Δ = 830, 900, 1050, 1100 (panels a, b, c, d) after C =
1000l−1?4 for the 4± jet case which allows us to discuss possible
reconnection sites corresponding to the same areas of Fig. 1, by
showing the magnetic-field structure in the H − I plane as the jet
propagates through our simulation box.

The arrows indicate the magnetic field (�y, �z). The initial jet
radius (slightly expanded) is located in the box which is shown in
Fig 2d therefore the jet is expanded outside the jet as shown in Figs.
2a - 2c. The reconnection location should have a minimum total
magnetic field strength, which is a necessary condition and which

MNRAS 000, 1–11 (2020)
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Figure 2. The total magnetic-field strength at time C = 1000 l−1pe ) is shown for the 4± pair case in the H − I plane at G/Δ = 830, 900, 1050, 1100 (panels a, b,
c, d), respectively, for 281 < H/Δ, I/Δ < 481. The arrows indicate the magnetic field (�y, �z) .

is indicated by a dark blue colour in the panels. In panels a)-c), we
mark examples of possible reconnection sites by red circles.

Fig. 2a shows that at G/Δ = 830 the initially clockwise circular
magnetic field starts to split (near the jet) resulting into a number of
magnetic structures through the remnants of MIs. These magnetic
structures start to get surrounded by opposite polarity fields as we
will further show in Fig. 3c below. The magnetic fields are produced
by the jet current modified by the excited kKHI and MI. A possible
reconnection site ismarked by a red circle, where themagnetic fields
flux-in from the left and right and flux-out higher and lower.Moving
further along the jet to G/Δ = 900 (panel b), one sees a strongly
turbulent magnetic field. The helical field structure gets distorted
and disperses, as one can also see in the movie provided showing
the evolution of the magnetic field at different locations in the jet.
The magnetic field is reorganized and forms multiple magnetic
islands. The red circle indicates a possible reconnection site where
the magnetic fields direct the opposite direction. These processes

reflect the non-linear stage of theMI and kKHI. Since the non-linear
stage takes over, the instabilities saturate and brake. Note that the
evolution in the non-linear stage is different, because the dominantly
growing modes are distinct Blandford et al. (2017). The non-linear
evolution of the filaments, as one can see in the supplementary
video (slideshow), leads to the formation ofmagnetic field structures
which then instigate magnetic reconnection.

We further observe in the panels of Figure 2 and the video
(movie3), that the magnetic structures interact with each other and
with the surrounding environment generating the right conditions
for magnetic reconnection. At G/Δ = 1050 (Fig. 2c) the field starts
to get reorganized and examples of possible reconnection sites can
be found at (H/Δ, I/Δ) = (400, 435) among many other locations
where the total magnetic field approaches a null point, with a sur-
rounding magnetic field of the opposite direction.

At the final location G/Δ = 1100 where a full non-linear evo-
lution takes over, we see a complete restoration of the jet boundary

MNRAS 000, 1–11 (2020)
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(a) (b) (c)

(d) (e) (f)

Figure 3. These panels show the G-component �x of the current density with the �y,z (black arrows) for the 4± case in G/Δ = 650, 700, 830, 900, 1050, 1100
at C = 1000 l−1pe .

with a plethora of tiny magnetic islands with almost chaotic orien-
tation of the magnetic field vectors. At the center we observe the
reversal of the magnetic field in an anti-clockwise direction with a
slight strengthening of the magnetic field. The patterns of the total
magnetic fields show the remnants of the growing MI at an earlier
stage. Further out there are various small distorted connected islands
of a null magnetic field. We note that the filamentary structure at
the jet head (Figs. 2d and 1a is formed by the WI (remnants) as it
was seen also by Nishikawa et al. (2020). Note that later (in Fig. 4)
we will show that in a 3D geometry, a reconnection location can be
identified where regions of a weak magnetic field are surrounded
by oppositely directed magnetic fields and not by a single G-point,
as in a 2D slag geometry here.

Figure 3 shows six 2D isocontour plots at C = 1000l−1pe , for the
G-component of the current density, �G , in the y-z plane with �y,z in
black arrows at G/Δ = 650, 700, 830, 900, 1050, 1100 (panels a, b, c,
d, e, f) for an 4± pair jet (corresponding to the vertical black lines of
Fig. 1). For an overview of the different properties, we additionally
provide two movies for the two different jet compositions (4± and
4− − ?+) as supplementary material. It should be noted that in Figs.
3a and 3b two modes of MI, indicated by the two arrows with MI
in Fig. 1c along the jet radius (I) in the G − I plane, are recognized
through two concentric orange rings with few bunched currents
along the poloidal direction (the jet center is located at the middle
of panels) in the H − I plane.

Before we move on, we will summarize our understanding
about the formation of instabilities in plasma jets. It is known that
growing kKHI and MI are observed in jet structures where kKHI
have longitudinal modes whilst MI show transverse modes. Thus,
one should find the excited modes of kKHI in the G − I plane while
the MI modes are found in the H − I plane as shown in Alves et al.
(2015); bothmodes can be seen simultaneously in a 3D graph. Since
in our simulations the jet is injected with a sharp edge, this creates

by default a discontinuity at the jet boundary which consequently
excites kKHI and MI. Inside the jet though, the WI is the instability
that is excited due to interaction with the ambient plasma.

In past works it has been found that toroidal magnetic field
lines outside of a cylindrical jet, show signatures of kKHI and MI.
Specifically, Nishikawa et al. (2014) have shown the development
of the MI mode at an earlier linear stage. Then at the non-linear
stage as Alves et al. (2012) shown, the MI developed into very large
wavelengths with a generation of a DCmagnetic field. In Nishikawa
et al. (2016a) it was additionally shown that a DC magnetic field
becomes more dominant and relates to the collimation of the jet in
the 4− − ?+ jet before the non-linear stage. Especially, for relativis-
tic jets with high Lorentz factors the MI is found to be dominant
compared to the kKHI. Specifically, for an 4± pair jet many distinct
current filaments are found within the jet due to the small gyroradii
of jet electrons and positrons, and are generated near the regions
of velocity shear where individual current filaments are wrapped
by the magnetic field which indicates the development of MI. This
same trend occurs as you have seen previously, in Figs. 1, 2, and 3.
Accordingly, the strongly grown MI can be found in Figs. 3a and
3b.

It is known that for an 4− − ?+ jet, waves are generated by the
kKHI and the MI. Specifically, layers of concentric rings around the
jet seem to be generated by MI. This trend is seen in (Nishikawa
et al. 2020) and is used as a comparison with the present study.
Specifically, the strongest magnetic fields are generated where the
WI develops. One can see clearly the evolution of the currents in
the movies, comparing the two cases. The jet protons dominate with
strong +�G currents and concentric rings, maintaining the border of
the jet boundaries, contrary to the 4± pair jet, shown in Fig. 3.

We find that at the first steps along the jet, up to around G/Δ =
650 it seems that a strong helical magnetic field is maintained by
a strong �G by the collimated jet (ambient) electrons, as we have
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[h!]
(a) (b)

Figure 4. The magnetic field vectors within a cubic section of the simulation grid (850 < G/Δ < 1150; 231 < H/Δ, I/Δ < 531) at time C = 1000 l−1pe , for 4±
(panel a) and 4− − ?+ (panel b). The center of the jet is at H/Δ = I/Δ = 381. For the magnetic field to be given inside the jet, the plots show half of the regions
clipped at the center of jet in the G − I plane (381 < H/Δ < 531).

seen previously in Fig. 1. Once the collimation relaxes, the polarity
of the toroidal magnetic fields switches from clockwise to counter-
clockwise (Figs. 1c, 1d and Fig. 3d), following the same trend as
seen by e.g. Nishikawa et al. (2016a) who have shown that the
counter-clockwise magnetic fields were generated by the current
layer (+�G) at the jet boundary. Later-on we will show (i.e. Figs. 5)
that the due to the perpendicularly accelerated jet electrons in the
collimated region, the electrons are expelled from the collimated
region and are accelerated-decelerated in a periodic manner due to
the growing kKHI. Consequently, the MI is saturated and the strong
magnetic field disappears releasing the collimation.

For the 4± pair jet shown here, Fig. 3 indicates that the small
current filaments are generated by the kKHI, MI and the WI as
discussed above. Moreover, the slightly stronger current filaments
that form and deform periodically and preferentially off the jet-
center (seen at the different G snap-shots along the jet and in the
movie provided) are most likely generated by the MI. In particular,
we can find six modes of MI in Figs. 3a and 3b.

Interestingly, these small current filaments of −�G eventually
merge into the two larger current filaments/magnetic islands, seen
more clearly in Fig. 3d. This indicates an occurrence of reconnection
in comparison with Fig. 2, where one sees considerable weakening
or strengthening of the total magnetic field (�C>C ) in opposition to
the respective �G almost at around the same areas, which is clearly
seen in Fig. 2c, Fig. 3d and Fig. 2d, Fig. 3f.

Fig. 3 also demonstrates that the change of polarity is more
prominent at the regime around G/Δ = 900 (see also Fig. 2b), where
the distortion and filamentary evolution is more evident, with a
followed slight weakening of the magnetic field and a consequent
reorganization. The later is evident in Figs. 3b and 3e. One sees
smaller islands around the center where anti-clockwise direction
of the magnetic field occurs. We observe that the distortion of the
magnetic field and the formation of the magnetic structures around
the jet center occur earlier than in the 4− − ?+ jet (see movie).

Additionally, one finds a wider dispersion of the magnetic
fields compared to the 4− − ?+ case and the jet border seems to
widen more prominently. This happens because of the acceleration
of the jet and ambient electrons close to the non-linear stage after the

strong collimation effect, as already seen in Fig. 1. It is interesting
at this point to note that the current inside the jet starts to weaken
towards a null value, therefore the magnetic field is diminishing,
evidently in turbulent engulfing magnetic-islands with a counter-
clockwise direction, at the later stage (at larger G) more prominently
(see Figs. 1 and 2). In addition, one sees that the magnitude of �G
decreases towards a null value in small magnetic structures more
prominently in the 4± jet than what one sees in the 4− − ?+ jet case
of (Nishikawa et al. 2020). This is what we would expect from
a recollimation-like region/shock. Similar behavior can be seen as
well in Figs. 1 and 2.

A further comparison of the 4− − ?+ and 4± jet cases shows
significant differences in the structure of the jet’s current density
(�G), as the reader may clearly see from the movies provided: In
an 4− − ?+ composition jet, the jet electrons and protons remain
closer to the jet border and specifically, currents of protons maintain
and frame near the periphery of the jet with occasional concentric
rings of +�G . On the other hand, in an 4± jet the electrons are found
outside the jet due to the escape of jet electrons because of the
excited instabilities. At the same time the kKHI and MI cause jet
and ambient electrons to move away from the jet boundary. This
escape of jet electrons occurs because positrons move easily com-
pared to heavier protons. This behavior is consistent with previous
simulations (e.g., Nishikawa et al. 2009) of the WI, where cur-
rent filaments associated with growing instabilities are found in the
cross sections of the jet. In particular, for the 4− − ?+ case we find
that the current filaments lie within the jet, while a negative current
is dominant outside the jet. On the other hand, for the 4± case in
Fig. 2, filaments of �y seem to be found inside and outside the
jet. These characteristics are very useful in distinguishing linear or
circular polarization signatures in radio maps of AGN jets and other
astrophysical relativistic sources.

Figure 4 shows the 3D morphology of the magnetic fields
near the jet head. The magnetic-field vectors are shown within a
cubic section of the simulation grid at 850 < G/Δ < 1150; 231 <
H/Δ, I/Δ < 531 at time C = 1000l−1pe , for the 4± (a) and the 4−− ?+
(b) jets. Note that the red-dashed squares in Fig. 1 indicate the
same region plotted in these 3D plots. The center of the jet is at
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[t!]
pair jet (a) e−- ?+ jet (b)

(c) (d)

Figure 5. Phase-space G− W+x distribution of the jet (red) and ambient (blue) electrons, for the 4± (a, c) jet and 4− − ?+ (b, d) jet, respectively, for C = 600 l−1pe
(a, b) and C = 1000 l−1pe (c, d). One can easily see that for the 4± jet the jet electrons are slightly decelerated and that later the kKHI and MI are generated. On
the other hand, for the 4− − ?+ jet, the MI is excited and jet electrons suddenly decelerate and later, both ambient and jet electrons are accelerated.

H/Δ = I/Δ = 381. The stronger magnetic fields are generated by
the jets, and the plots show half of the regions clipped at the center
of jet in the G − I plane with 381 < H/Δ < 531.

Before we further discuss Figure 4, let us summarize what
was found in the similar simulation study for the 4− − ?+ jet case
by Nishikawa et al. (2020); hence, we obtain an overall picture
of the different physical properties. In Fig. 3 of Nishikawa et al.
(2020) it was shown that the edge of the magnetic field of the jet
was moving much slower than the jet velocity, which indicates that
the front edge of the helical magnetic field is peeled off during the
jet propagation. This indicates that the helical magnetic field might
have gotten braided by kinetic instabilities and as a consequence it
got untangled, as also discussed in Blandford et al. (2017). This
condition reveals that the untangling of helical magnetic fields is
the result of a magnetic reconnection-like phenomena.

Fig.4b shows that the 4−− ?+ jet manifests a tunnel-like feature
of a weakened magnetic field at the center of the jet in comparison
to the 4± jet (a). In Fig. 4a, one observes an abrupt weakening of the
magnetic field close to a null point, which indicates a reconnection
location of the magnetic field at 1000 ≤ G/Δ ≤ 1100 (see also Fig.
2d). For the 4− − ?+ case the weakening of the field at the center
of the jet is maintained longer, as seen along the G − H plane. For
the 4± jet there is a prominent dispersion (in the H − I plane) of the
magnetic field, also at the head of the jet which widens more than
what in the 4− − ?+ case.

Furthermore, there is a push-out of the helical magnetic fields
from the center of the jet at the forward position, where two split
smaller magnetic islands are identified. Presently, for the 4± pair jet
one can distinguish smaller magnetic field islands, but close to the
jet center in an almost periodic-like pattern. We will see later-on the

same trends with the groups of accelerated and decelerated bunches
of electrons in the calculated phase-space distributions (i.e. Fig. 5).

It is important to note here that by comparing the previous
panels of Fig. 4 with Figs. 1 and 2, the 3D perspectives indicate
distinctive differences in the location of the magnetic-islands and
vector directions, contrary to the information extracted from the 2D
projections of the H − I and G − I planes. The later indicates that
one should pay attention to the geometry viewing-angle sensitivity
conditionswhich can be taken under consideration for future studies,
combining observational jet polarizationmaps. In a futureworkwith
larger jet systems, we will aim at investigating a comparable case
study with astronomical source observables.

Figure 5 shows where electrons are accelerated in the phase
space. The phase-space G − W+x distribution of the jet (red) and
ambient (blue) electrons is shown, for the 4± jet and 4− − ?+ jet
respectively at C = 600l−1pe (panels a, b) and C = 1000l−1pe (panels c,
d). One can easily see differences between the time of acceleration of
ambient electrons and how both groups of electrons are accelerated
at several locations in the 4± jet. At C = 1000 l−1?4 the acceleration
location of ambient electrons almost coincides with regions of the
jet at 850 < G/Δ < 1050 where strong magnetic turbulence is
observed, see also Fig. 2, 3 and 4. Note, the maximum acceleration
of jet and ambient electrons takes place close to G/Δ ∼ 1000, which
is more prominent for the 4± jet rather than for the 4− − ?+ jet.
Nonetheless, for the 4− − ?+ jet there is a slight trend that the
maximum electron energy is higher, as we will see later showing
the velocity distributions.

We also observe that ambient electrons are strongly acceler-
ated as they are swept up into the relativistic jet plasma. A similar
form of electron acceleration occurs during the magnetic-islands
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Figure 6. Velocity distributions of the jet (red) electrons and ambient (blue)
electrons for the 4± jet (panel a) and for the 4− − ?+ jet (panel b) for
comparison purposes, at C = 1000 l−1pe

formation and the weakening/disappearance of the magnetic field,
clearly shown in Fig. 2 for the 4± jet species.

The phase-space distributions at first glance indicate a strong
electron acceleration at different locations. Initially the jet elec-
trons have a Lorentz factor of W ' 15. From Figs. 5a and 5c one
observes the following: The distribution of jet electrons (red) in
general widens. Specifically, in panel (c) at C = 1000l−1pe , a group
of electrons has lower speeds decelerating, but later-on they start
an accelerating-decelerating looping in periodical group bunches,
eventually reaching maximum energies at W = 40, before they start
to decelerate again. In comparison with the 4− − ?+ jet case (panel
d), the maximum acceleration for the 4± jet occurs later just after
G/Δ = 1000, but at almost the same region of the disappearance
of the helical magnetic field. Still the behavior for both cases is
slightly different. In terms of the electron acceleration for the 4±
jet (panel c), it is interesting to observe that the ambient electrons
are accelerated with the jet electrons after at about G/Δ = 800. A
group of electrons accelerates to about W = 20 close to G/Δ = 1000,
much more prominently than for the 4−− ?+ jet case (panel d). This
acceleration coincides almost with the magnetic field weakening
seen previously in Fig. 2, where recollimation sites/shocks occur.

Figure 6 shows the velocity distributions of the total jet (red)
and ambient (blue) electrons at C = 1000l−1pe for the 4± jet (a) and
for the 4− − ?+ jet (b). For both jet cases the velocity distribution
of the jet electrons shows a flatness peaking close to W = 15, which
is slightly more prominent for the 4± jet. Comparing Figs. 6 and
5 indicates that this behavior could be due to the electrons moving
swiftly compared to protons which load the jet bulk, giving-off a
resulting gradual spectral cut-off, reaching larger energies compared
to the ambient electrons.

Additionally, Fig. 6 indicates that the ambient (blue) electrons

pair jet (a)

e−- p jet (b)

Figure 7. A 2D plot of the Lorentz factor of jet electrons for the 4± jet (a)
and 4− − ?+ (b) jet with Ajet = 100Δ at time C = 1000 l−1pe . The arrows
show the magnetic fields in the x-z plane.

also show a steeper but clearer power-law distribution, for almost
one and a half order of magnitude but with lower cut-offs for 4± jet:
W = 22 and 4− − ?+ jet: W = 30, which resembles the signature of a
stochastic Fermi acceleration mechanism with the power-law shape
of cosmic-rays, originated from astrophysical acceleration sites such
as jets of AGN and GRBs. Comparing the velocity distributions of
panels a and b with the phase-space distributions in Figs. 5c and 5d,
we can deduct that the spectral peak of the jet electrons (red) occurs
comparably around G/Δ = 1000 which might indicate the further
acceleration of jet electrons due to magnetic reconnection. Specifi-
cally, at those locations where non-linear phenomena take over, Fig-
ure 1c demonstrates that an overall weakening and re-organisation
of the magnetic field occurs indicating a reconnection-like event.
For the ambient electrons, the same comparison illustrates that the
acceleration is more prominent for the 4− − ?+ jet. It will be vital
in our next study to run simulations for even larger systems with
a larger jet radius such that we are capable of deducting clearer
conclusions about these new phenomena.

Upon further inspection of Figs. 5, 6 an interesting property is
revealed that might take place with regard to electrons which seem
to be able to further accelerate to higher Lorentz factors on account
of turbulent acceleration, as in kinetic simulations of driven mag-
netized turbulence seen in (e.g., Comisso & Sironi 2018; Zhdankin
et al. 2018). Note that in these simulations, the turbulent mag-
netic fluctuations were externally forced in the simulation system,
therefore not been self-consistent. In contrast, in our simulations the
turbulent magnetic field (where we see multiple magnetic field is-
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lands (e.g. in Figs. 1-4) is self-consistently created in the relativistic
jets via the simultaneously consistent untangling of the impeded he-
lical magnetic field. Furthermore, the particle acceleration process
in turbulent magnetic reconnection has also been examined by, e.g.,
Kowal et al. (2011, 2012); Lazarian et al. (2016), which supports
our argument.

Figure 7 shows the Lorentz factor of the jet electrons for the
two jet cases 4± (a) and 4− − ?+ (b). In both panels the magnetic
field’s direction is indicated by the black arrows in the G − I plane.
The structures seen in both cases at the front-edge of each jet might
be generated by the kKHI. Furthermore, it is evident that the kKHI
is dominant at 500 < G/Δ < 880 in panel (a) while on panel (b)
the MI is dominant at around G/Δ = 500. Figure 7a shows that
the acceleration of jet electrons occurs along the jet and close to
its center due to the stronger collimation around G/Δ = 500. The
disruption around the end of the jet is more prominent and expands
almost radially as well which creates a Mach cone (bow shock).

Note that in similar simulations, but with smaller systems
(Nishikawa et al. 2019), it was found that the Lorentz factor in
the H − I plane showed the formation of the MI at the circular edge
of the jets.

4 SUMMARY AND DISCUSSION

We have used large-scale 3D PIC simulations to study the proper-
ties of relativistic jets, their interaction with the environment, and
the behavior of the potential particle acceleration. We examined the
potential presence of kinetic instabilities, irregularities and promi-
nent magnetic turbulences, how all these evolve up to the non-linear
stage of the simulation and what we can learn from them about
the underlying jet kinematics and consequent particle acceleration
applicable to a relativistic astrophysical jet environment.

We specifically studied how a relativistic 4± jet containing a
helical magnetic field evolves, focused on how it interacts with the
ambient plasma and how particles are accelerated. We found that
for a relativistic 4± jet, kinetic instabilities are indeed present, that
the jet boundary is distorted such that the initially embedded helical
magnetic field is magnified and untangled when the instabilities are
saturated, and that particles are subsequently accelerated by sev-
eral turbulent magnetic islands/reconnection sites within the jet.
Specifically, at the center of the jet at the linear stage, we observed
instabilities and later-on as the 4± jet evolves close to the non-linear
stage, the magnetic field becomes extremely turbulent resulting in
the formation of magnetic islands of distinctive characteristics. An
important point we found is that the untangled magnetic field be-
comes turbulent without any reformation, as it happened in our
previous study of an 4− − ?+ jet. We additionally reported indica-
tions of reconnection near the end of the non-linear stage, before
the magnetic-field becomes untangled, as electrons get accelerated
by multiple magnetic islands in the jet.

Figure 5 shows particle acceleration, however, it is not easy to
determinewhere and howparticles are accelerated. The acceleration
of particles in turbulent magnetic fields needs further investigation,
including the shock drift acceleration (SDA), the shock surfing
acceleration (SSA) and the diffusive shock acceleration (DSA), as
described in (Matsumoto et al. 2017).

At the non-linear stage it was observed that jet electrons are ex-
panded outside of the jet and the jet boundaries seem to get distorted
by the kKHI. Near the jet head of the 4± jet, as shown in Figs. 3d
and 3e, we witnessed a re-arrangement of the magnetic field and a
general weakening of the currents with counter-clockwise direction

seen from the jet front. We found that at the initial stages along the
jet a strong helical magnetic field is maintained by a strong �x by
the collimated jet (ambient) electrons. Then we observed that once
the collimation relaxes, the polarity of the toroidal magnetic fields
switches from clockwise to counter-clockwise following the same
trend as in earlier work of e.g. Nishikawa et al. (2016a), who have
calculated that the counter-clockwise magnetic fields are generated
by the current layer (+�x) at the jet boundary. We also witnessed the
simultaneous acceleration of the jet and ambient electrons (Fig. 5).
This kind of behavior is expected when reconnection events occur,
which we indeed observed.

Longer simulation runs with larger jet radii will give us even
more rigid insights into the new properties of the relativistic jets
with embedded helical magnetic fields and their acceleration mech-
anisms. Although our present work gives important insights already,
larger simulations will be needed in order to better understand the
evolution of different jet species, the un-tanglement of the heli-
cal magnetic field of a relativistic jet, the consequent development
of electric and magnetic field irregularities, magnetic islands and
reconnection events, which all conclude in assisting the particle ac-
celeration with consequent radiation signatures, which are critical
to observational astronomy.

At this point and before closing the conclusions of this study,
we will comment on our results in the context of the observational
astronomy. It is known that current and magnetic structures are very
different for 4− − ?+ and 4± jet species. The differences arise from
the dissimilar mobilities of protons and positrons and these will
give different observational signatures in terms of polarity. It has
been known by now that the resulting magnetic field structures are
different enough to yield distinctive polarizations in VLBI obser-
vations of AGN jets at the highest angular resolutions (e.g., Gomez
et al. 2016). For example, toroidal magnetic fields (like the helical
magnetic field jet in our simulations) inside and outside an 4− − ?+
jet contributes to circular polarization. This will helps us to separate
an 4− − ?+ jet clearly from an 4± jet, at least partially, and also to
establish when and if a possible disappearance of the helical mag-
netic field occurs, in accordance with the present and recent studies
(Nishikawa et al. 2020). Moreover, we propose that some of the
filaments we report in this work could be observed and verified in
the near future with polarimetric VLBI observations at extremely
high angular resolutions capable of resolving the transveral struc-
ture of the jet, as can be obtained with space VLBI (e.g., Gomez
et al. 2016; Giovannini et al. 2018) and millimeter ground-based
observations with the Event Horizon Telescope (e.g., EHT Collabo-
ration et al. 2019; Kim et al. 2020). In addition, it will be important
to investigate observationally and in-tandem with simulations, the
signatures of reconnection phenomena since the dissipation of a
significant fraction of the magnetic energy (i.e. reconnection) will
naturally result in the appearance of flares from astrophysical source
candidates. Particularly, this will happen when an accelerated parti-
cle beam is directed along the line of sight, see (Komissarov 2012;
McKinney & Uzdensky 2012; Sironi et al. 2015). Our study might
have very important implications in this context as, for example,
the expected prompt GRB emissions, could be due to reconnection
events which can be investigated via the temporal and spectral prop-
erties of simulation studies, together with observations. This will
be one of our next aims in a follow-up work.
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