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ABSTRACT

Several MHD works and, in particular, the recent one by Medina-Torrejon et al. (2021) based on

three-dimensional MHD simulations of relativistic jets, have evidenced that particle acceleration by

magnetic reconnection driven by the turbulence in the flow occurs from the resistive up to the large

injection scale of the turbulence. Particles experience Fermi-type acceleration up to ultra-high-energies,

predominantly of the parallel velocity component to the local magnetic field, in the reconnection layers

in all scales due to the ideal electric fields of the background fluctuations (V ×B, where V and B are

the velocity and magnetic field of the fluctuations, respectively). In this work, we show MHD-particle-

in-cell (MHD-PIC) simulations following the early stages of the particle acceleration in the relativistic

jet which confirm these previous results, demonstrating the strong potential of magnetic reconnection

driven by turbulence to accelerate relativistic particles to extreme energies in magnetically dominated

flows. Our results also show that the dynamical time variations of the background magnetic fields do

not influence the acceleration of the particles in this process.

Keywords: acceleration of particles - magnetic reconnection - magnetohydrodynamics (MHD) - particle-

in-cell - methods: numerical

1. INTRODUCTION

The role of magnetic reconnection in the acceleration

of energetic particles has lately gained tremendous im-

portance in high energy astrophysics (de Gouveia Dal

Pino & Lazarian 2005; Giannios et al. 2009; de Gou-

veia Dal Pino et al. 2010; Zhang & Yan 2011; Hoshino

& Lyubarsky 2012; McKinney & Uzdensky 2012; Arons

2013; Kadowaki et al. 2015; Singh et al. 2015; Zhang & Li

2015; Zhang et al. 2018). It is now regarded as a strong

candidate for the production of ultra-high energy cos-

mic rays (UHECRs) (e.g. Medina-Torrejón et al. 2021)

and very high energy (VHE) flares in the magnetically

dominated regions of relativistic sources (i.e., where the

magnetic energy is of the order or exceeds the rest mass

energy of the particles) (e.g., Cerutti et al. 2013; Yuan

et al. 2016; Lyutikov et al. 2018; Petropoulou et al. 2016;
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Christie et al. 2019; Mehlhaff et al. 2020; Kadowaki et al.

2021).

The comprehension of particle acceleration driven by

magnetic reconnection has greatly improved thanks to

both particle-in-cell (PIC) simulations (predominantly

performed in two-dimensions - 2D) (e.g., Zenitani &

Hoshino 2001; Drake et al. 2006; Zenitani & Hoshino

2007, 2008; Lyubarsky & Liverts 2008; Drake et al. 2010;

Clausen-Brown & Lyutikov 2012; Cerutti et al. 2012,

2014; Li et al. 2015; Werner et al. 2018, 2019; Lyutikov

et al. 2017; Sironi & Spitkovsky 2014; Guo et al. 2015,

2016, 2020; Sironi et al. 2015; Ball et al. 2018; Kilian

et al. 2020; Sironi 2022)), and MHD simulations (gen-

erally performed in 3D) (e.g., Kowal et al. 2011, 2012;

del Valle et al. 2016; Beresnyak & Li 2016; Guo et al.

2019; Medina-Torrejón et al. 2021). They both have

established reconnection as an efficient process of accel-

eration.

Our understanding is that particles are predominantly

accelerated in reconnection sites by a Fermi-type mech-
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anism in ideal electric fields (de Gouveia Dal Pino &

Lazarian 2005; Drake et al. 2006; Kowal et al. 2012;

Guo et al. 2019). They undergo multiple crossings in

the two converging magnetic fluxes of opposite polar-

ity moving to each other at the reconnection velocity

(Vrec), thereby gaining energy from head-on interactions

with background magnetic irregularities (see also Lazar-

ian et al. 2012; de Gouveia Dal Pino & Kowal 2015;

Lazarian et al. 2020, for reviews). In order to produce

fast reconnection and hence, efficient particle accelera-

tion, the ubiquitous turbulence in astrophysical MHD

flows is acknowledged as one of the main driving mech-

anisms. The wandering of the magnetic field lines in

the turbulent flow allows for many simultaneous events

of reconnection and the enlargement of the outflow re-

gions, removing the reconnected flux more efficiently.

These two factors result in the reconnection rate be-

ing a substantial fraction of the Alfvén speed and in-

dependent of the microscopic magnetic resistivity (i.e.,

independent of the Lundquist number and depending

only on the parameters of the turbulence) (Lazarian &

Vishniac 1999; Kowal et al. 2009; Eyink et al. 2013;

Takamoto et al. 2015; Santos-Lima et al. 2010, 2020;

Lazarian et al. 2020). The intrinsic 3D nature of the tur-

bulent reconnection and the particle acceleration that it

entails makes the process more efficient than the accel-

eration in the 2D shrinking plasmoids and X-points that

are usually excited by tearing mode instability in PIC

(Hoshino & Lyubarsky 2012; Drake et al. 2006; Sironi

& Spitkovsky 2014) and in resistive MHD (e.g., Kowal

et al. 2011; Puzzoni et al. 2022) simulations. Moreover,

2D plasmoids are nothing but the cross section of 3D

reconnecting magnetic flux tubes, and particle accelera-

tion in nature cannot be confined to 2D plasmoids. This

has been successfully verified in 3D MHD simulations

considering the injection of thousands of test particles in

a current sheet with embedded forced turbulence (Kowal

et al. 2012; del Valle et al. 2016). In these simulations,

the formation of a thick volume filled with large num-

ber of converging reconnecting layers covering the en-

tire inertial range of the turbulence, from the resistive

to the injection scale, allows particle acceleration up to

the very large scales of the system and to high ener-

gies. These are crucial differences with regard to PIC

simulations which can probe only the kinetic small (re-

sistive) scales of the acceleration process, dealing with

large intrinsic resistivity wherein particles are predom-

inantly accelerated by non-ideal electric fields and only

up to a few thousand times their rest mass energy. Due

to these differences one has to be very cautious when ex-

trapolating the results of particle acceleration from PIC

simulations to the macroscopic scales of real systems (see

e.g. review in Lazarian et al. 2012).

The MHD studies mentioned above (Kowal et al.

2012; del Valle et al. 2016) considered particle accel-

eration in non-relativistic domains of 3D reconnection.

More recently, Medina-Torrejón et al. (2021) (here-

after MGK+21) and Kadowaki et al. (2021) (hereafter

KGM+21), motivated by current debates related to the

origin of cosmic ray acceleration and VHE variable emis-

sion in relativistic jets, and specially in blazars (e.g.,

Aharonian et al. 2007; Ackermann et al. 2016; Britto

et al. 2016; Aartsen et al. 2018), investigated particle

acceleration in a 3D relativistic magnetically dominated

jet subject to current driven kink instability (CDKI),

by means of relativistic MHD simulations (using the

RAISHIN code; Mizuno et al. 2012; Singh et al. 2016).

The instability drives turbulence and fast magnetic re-

connection in the jet flow. Its growth and saturation

causes the excitation of large amplitude wiggles along

the jet and the disruption of the initial helical mag-

netic field configuration, leading to the formation of

several sites of fast reconnection. The turbulence de-

veloped follows approximately a Kolmogorov spectrum

(KGM+21). Test protons injected in the nearly sta-

tionary snapshots of the jet, experience an exponential

acceleration in time, predominantly its momentum com-

ponent parallel to the local field, up to a maximum en-

ergy. For a background magnetic field of B ∼ 0.1 G,

this saturation energy is ∼ 1016 eV, while for B ∼ 10 G

it is ∼ 1018 eV. There is a clear association of the ac-

celerated particles with the regions of fast reconnection

and largest current density. The particles interact with

magnetic fluctuations from the small dissipative scales

up to the injection scales of the turbulence, which is

of the order of the size of the jet diameter. For this

reason, the Larmor radius of the particles attaining the

saturation energy, which gives the maximum size of the

acceleration region, is also of the same order. Beyond

the saturation value, the particles suffer further acceler-

ation to energies up to 100 times larger, but at a slower

rate, due to drift in the largest scale non-reconnecting

fields. The energy spectrum of the accelerated particles

develops a high energy tail with a power law index p ∼
-1.2 in the beginning of the acceleration, in agreement

with earlier works (MGK+21).

In this work, we present results of 3D MHD-PIC

simulations of relativistic jets (using the PLUTO code;

Mignone et al. 2018), considering in most of the tests the

same initial jet setup as in MGK+21 and KGM+21. Our

main goals here are: (i) to test the early stages of the ac-

celeration of the particles evolving at the same time that

the jet develops the turbulence driven by the CDKI; (ii)
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to compare with these previous studies which were per-

formed with test particles launched in the MHD jet after

it achieved a nearly steady state regime of fully devel-

oped turbulence; and (iii) to investigate potential effects

of the background magnetic field dynamical time evolu-

tion on particle acceleration. We find that the results

are very similar to the previous studies. Particles are

accelerated by the ideal electric field of the background

fluctuations in the reconnection layers of the turbulent

flow, from the small resistive scale up to the large in-

jection scales of the turbulence. Furthermore, the time

evolution of the background fields does not affect their

acceleration.

The paper is organized as follows, in Section 2 we

describe the numerical method and setup, in Section 3,

the results we obtained from the numerical simulations,

and in Section 4 we discuss the results and draw our

conclusions.

2. NUMERICAL METHOD AND SETUP

We performed 3D relativistic MHD-PIC simulations of

a jet using the PLUTO code with non explicit resistivity

(Mignone et al. 2018). We employed the HLLD Riemann

solver to calculate the fluxes (Mignone, Ugliano, & Bodo

2009), a flux-interpolated constrained transport to con-

trol the divergence ∇·B = 0 (Mignone et al. 2019), and

a second-order TVD Runge–Kutta scheme to advance

the equations in time.

We have used a similar setup as in MGK+21 and

KGM+21, considering a rotating relativistic jet with

initial force-free helical magnetic field and initial de-

creasing radial density profile (for more details, see

MGK+21) and also (Mizuno et al. 2012; Singh et al.

2016).

The computational domain in Cartesian coordinates

(x, y, z) has dimensions 10L× 10L× 6L, where L is the

length scale unit. The larger domain adopted in the x

and y directions is due to the fact that the jet struc-

ture exceeds the boundaries of the box in evolved times.

We have imposed outflow boundaries in the transverse

directions x and y and periodic boundaries in the z di-

rection. We have considered in most of the simulations

a grid resolution with 256 cells in each direction, (im-

plying a cell size in the z direction of ∼0.02 L, and in

the x and y directions of 0.04 L), but in order to test

the convergence of the results we have also run a model

with 426 cells in the x and y directions and 256 in e

the z direction, (implying a cell size of ∼0.02 L in all

directions).

The code unit (c.u.) for the velocity is the light speed

c, for time is L/c, for density is ρ0 =1, for magnetic field

is
√

4πρ0c2, and for pressure is ρ0c
2.

We have considered two different initial values of the

magnetization parameter σ0 = B2
0/γ

2ρh ∼ 0.6 and 10

at the jet axis, corresponding to a magnetic field B0 =

0.7 and density ρ = 0.8, and B0 = 4.0 and ρ = 1.6,

respectively, where γ is the Lorentz factor and h is the

specific enthalpy (with γ ∼ 1 and h ∼ 1 at the axis).

Hereafter, We will refer to these models simply as the

σ ∼ 1 and σ ∼ 10 models.

In order to drive turbulence in the jet, we allow for

the development of the current-driven-kink instability

(CDKI) by imposing an initial perturbation in the ra-

dial velocity profile as in MGK+21 (equation 7; see also

Mizuno et al. 2012; Singh et al. 2016).

In the MHD-PIC mode, the test particle trajectories

are integrated in the time evolving plasma fields (veloc-

ity and magnetic ) using the Boris pusher method (Boris

1970) which requires the definition of the charge-to-mass

ratio for the particles. We have adopted here e/mc =

20,000, which implies a physical length scale relation in

cgs units: ( e

mc

)
=

( e

mc

)
cgs

Lcgs
√
ρcgs (1)

Where e and m are the particle charge and mass, re-

spectively. We have adopted ρcgs = 1.67×10−24g cm−3

(or ncgs = 1 cm−3), which results a physical length scale

Lcgs ∼ 5.2 × 10−7 pc. In most of the models, we inte-

grated the trajectories of 10,000 - 50,000 protons with

initial uniform space distribution inside the domain, and

initial kinetic energies between (γp − 1) ∼ 1 and 200,

where γp is the particle Lorentz factor, with velocities

randomly generated by a Gaussian distribution.

Besides employing the MHD-PIC mode of the PLUTO

code to investigate particle acceleration, we have also

considered a model where we injected test particles after

the full development of turbulence in the jet flow, as in

MGK+21. This test was performed with the GACCEL

code (Kowal et al. 2012; Medina-Torrejón et al. 2021).

We further notice that, in order to make direct com-

parisons of the MHD-PIC simulations with the previous

work involving test particle injections in frozen-in-time

MHD fields, we did not account for the accelerated par-

ticles feedback on the background plasma, which will be

considered in forthcoming work.

3. RESULTS

Figure 1 shows the σ ∼ 1 jet evolved with the MHD-

PIC mode of the PLUTO code (with a resolution 2563)

for two snapshots. A total of 50,000 particles were ini-

tially injected in the system. The dynamical evolution

of the jet is very similar to the one obtained in MGK+21
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Figure 1. Three dimensional view of the σ ∼ 1 jet evolved with the MHD-PIC mode at t = 20 (top), and 45 L/c (bottom).
Left panels: the black lines represent the magnetic field, and the circles the 50,000 particles distribution. The color and size of
the circles indicate the value of their kinetic energy normalized by the rest mass energy (γp − 1). Right panels: the orange color
represents iso-surfaces of half of the maximum of the current density intensity |J |, the black lines the magnetic field, and the
green squares correspond to the positions of the fastest magnetic reconnection events, with reconnection rate ≥ 0.05. See text
for more details.
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and KGM+21 with the RAISHIN MHD code. With the

growth of the CDKI, the initial helical magnetic field

structure starts to wiggle (see t = 20 L/c) and then,

turbulence develops distorting entirely the field lines and

driving fast magnetic reconnection sites, as we see in the

right panel for t = 45L/c. We note that there are al-

ready a few particles being accelerated in the wiggling

jet spine at t = 20L/c (left top panel). This is due

to curvature drift acceleration, as detected also in the

PIC simulations by Alves et al. (2018), and in MGK+21

with test particles injected in a similar snapshot of the

background MHD jet (see their Figure 6). Neverthe-

less, massive particle acceleration takes place only later

on, when turbulence and fast reconnection fully develops

in the system, as indicated in the left bottom panel at

t = 45L/c. The correlation of the accelerated particles

(represented by the red circles with increasing diameter

as the energy increases) with the sites of high current

density and fast reconnection (right bottom panel) is

evident. A very similar result was obtained for the σ ∼
1 jet model run with larger resolution (4262 × 256). In

the next paragraphs, we will further quantify these as-

sociations.

Figure 2 shows the time evolution of the volume-

averaged kinetic energy density transverse to the z-axis

(upper panel), and the volume-averaged total relativistic

electromagnetic energy density (Em) (bottom panel) for

the σ ∼ 1 jet, as the CDKI grows (see also Mizuno et al.

2012; Singh et al. 2016; Medina-Torrejón et al. 2021).

For this jet model, these quantities are presented for two

different resolutions, 2563 (solid red lines) and 4262×256

(dot-dashed black lines), and the results are both very

similar. These curves are also compared with those ob-

tained by MGK+21 (and KGM+21) using the RAISHIN

code for the same jet model (labeled as MGK+21 in

Figure 2), and with the σ ∼ 10 jet. Note that Em is

presented in the linear scale, while the kinetic energy is

in the log scale. The results of both σ ∼ 1 jet models

are comparable. As the CDKI develops, Em is converted

into kinetic energy. For the σ ∼ 1 models, the initial re-

laxation of the system to equilibrium leads to a hump in

the kinetic and Em curves. After this relaxation, there

is an initial growth of Em caused by the increasing wig-

gling distortion of the magnetic field structure in the jet

spine due to the initial growth of the CDKI. The kinetic

energy, after a slower increase, undergoes an exponen-

tial growth which is a little more advanced in time in

the PLUTO run, that starts around ∼ 25 L/c, than in

the RAISHIN run (MGK+21), that starts around ∼ 30

L/c. This causes the jet model in this work to achieve

earlier a turbulent state than in the model of MGK+21,
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Figure 2. Top: time evolution of the volume-averaged ki-
netic energy density transverse to the z-axis within a cylinder
of radius R ≤ 3.0L for the σ ∼ 1 jet (red solid line for the
model with resolution 2563 and dashed-dotted black line for
the model with resolution 4262−256), and for the σ ∼ 10 jet
(blue solid line). Bottom: volume-averaged relativistic elec-
tromagnetic energy density for the same models. For com-
parison, also plotted with dashed red lines are the results
obtained in MGK+21 for the σ ∼ 1. The kinetic energy is
presented in log scale, while Em is in linear scale.

with a time delay ∆t ∼ 5 L/c between them1. After the

exponential growth, the kinetic energy reaches approx-

imately a plateau while Em decreases. This coincides

with full increase of the turbulence and of the number

of fast reconnection events in Figure 1 (bottom right;

see also Figure 4). In fact, this plateau characterizes

the achievement of saturation of the CDKI and a nearly

steady-state turbulent regime in the system (see Figure

3). A similar behaviour has been identified in MGK+21

and KGM+21. We also notice that there is a difference

of at most 30% in the amplitude of Em between the two

models. In the σ ∼ 10 jet, the CDKI clearly increases

1 We attribute this small delay to intrinsic numerical differences
between the two codes and to the slight difference in the grid
resolution. The σ ∼ 1 jet model run with the RAISHIN code by
MGK+21 has a cell size ∼ 0.03 L in the three directions.
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faster achieving saturation much earlier, at about half

of the time of the σ ∼ 1 jet.

Since the two models with different resolution for the

σ ∼ 1 jet are so similar, in the rest of the manuscript

we consider only the 2563 resolution model.

To quantify the development of the turbulence, we

have evaluated the three-dimensional power spectra of

the magnetic and kinetic energy densities in the jet, con-

sidering averages in spherical or ellisoidal shells between

k and k + dk (where k =
√
k2x + k2y + k2z in the Fourier

space) (KGM+21). Figure 3 depicts these power spectra

for different times for both, σ ∼ 1 and σ ∼ 10 jets. A

3D-Kolmogorov spectrum slope (∝ k−11/3; red dotted

line) was included for comparison. The diagrams show

inertial ranges both for the kinetic |√ρv(k)|2 and for

the magnetic |B(k)|2 energy density spectra between

0.2 ≲ k ≲ 25 (in units of 1/L) in agreement with a

Kolmogorov-like spectrum, after t ≃ 30L/c for the σ ∼ 1

jet and t ≃ 10L/c for the σ ∼ 10 jet. This indicates

a turbulent energy cascade between an injection scale

∼ 5L and a resistive small scale ∼ 0.11L. The magnetic

energy spectrum shows a little steeper slope, probably

due to the strong (guiding) magnetic field of the back-

ground plasma (see, e.g., Kowal et al. 2007; Kadowaki

et al. 2021). As expected, the σ ∼ 10 jet has maximum

magnetic energy density 10 times larger than the σ ∼ 1

jet. The results are comparable to those obtained in

KGM+21 for the σ ∼ 1 jet, as shown in the left dia-

grams of the figure2.

In order to identify fast magnetic reconnection sites

in the turbulent flow of the relativistic jet and quantify

their reconnection velocities, we have used the same al-

gorithm employed in KGM+21 wherein the method is

described in detail (see also, Zhdankin et al. 2013; Kad-

owaki et al. 2018). The time evolution of the magnetic

reconnection rate, Vrec, for all identified sites and the

time evolution of the average value, ⟨Vrec⟩ (blue line in

the upper and middle panels), in units of the Alfvén ve-

locity, are shown in Figure 4. The evolution of ⟨Vrec⟩
changes more abruptly after t ∼ 25 in the σ ∼ 1 jet

and t ∼ 10 in the σ ∼ 10 jet, when the CDKI starts to

grow exponentially (Figure 2). After that, as the CDKI

tends to saturation, the average reconnection rate also

attains a value ⟨Vrec⟩ ∼ 0.03 ± 0.02 for the σ ∼ 1 jet,

in agreement with KGM+21 (see their reference model

m240ep0.5 and their Figure 8). For the σ ∼ 10 jet, it

2 We note that the turbulent power spectra of the kinetic and
magnetic energy densities of the σ ∼ 1 jet presented in KGM+21
were produced with a distinct normalization from the one used in
Figure 3. For this reason, we have reproduced them again here
for direct comparison with the other spectra of Figure 3.

is still growing to a plateau to a similar average value

(middle diagram) ⟨Vrec⟩ ∼ 0.02 ± 0.02. A peak recon-

nection rate of the order ∼ 0.9 (not shown in the figure)

is obtained for the σ ∼ 1 jet, while a peak value ∼ 0.6

is attained for the σ ∼ 10 jet. The bottom diagram

compares directly the evolution of the average recon-

nection speed of both models including their respective

variances which are similar3.

In MGK+21, test particles were injected with an ini-

tial Mawellian distribution (with initial mean kinetic en-

ergy ⟨Ep⟩ ∼ 10−2mpc
2) in the simulated σ ∼ 1 jet with

already fully developed turbulence (with the RAISHIN

code), and accelerated by magnetic reconnection up to

VHEs. Figure 5 (upper panel) depicts the kinetic en-

ergy growth as a function of time for 1,000 particles

injected (with the GACCEL code) in the snapshot t = 50

L/c of their model (see also bottom panel of Figure 5 in

MGK+21). The lower panel of Figure 5 shows a similar

plot, but obtained for particles injected (also with the

GACCEL code) in the fully turbulent jet simulated in this

work with the PLUTO code, at t = 45 L/c. As remarked

previously in Figure 2, the model run here develops tur-

bulence earlier, with an advance in time of ∆t ∼ 5 L/c

and thus, in order to compare with MGK+21 results, we

have considered the corresponding earlier snapshot. The

results are very similar, as expected. As in MGK+21,

particles are accelerated exponentially in the magnetic

reconnection sites in all scales of the turbulence driven

by the CDKI up to ∼ 107mc2, which corresponds to a

Larmor radius comparable to the diameter of the jet and

the size of the largest turbulent magnetic structures (see

the plot in the inset). As we see in the figure, beyond this

energy, particles suffer further acceleration at a smaller

rate, which is attributed to drift in the large scale non-

reconnected fields. We also see that the parallel compo-

nent of the velocity is predominantly accelerated in the
exponential regime, as expected in a Fermi-type process,

while in the drift regime, it is the perpendicular compo-

nent that prevails (see MGK+21 for more details).

The figures described above evidence the similarity

of the results obtained with the two MHD codes and

reinforce the results of MGK+21 and KGM+21.

Figure 6 shows the first stages of the kinetic energy

evolution of the particles evolving together with the

background jet as obtained with the present model (i.e.,

employing the MHD-PIC mode) both for the σ ∼ 1 and

3 We note that the slightly smaller mean value of the reconnec-
tion rate for the larger σ model is compatible with the fact that
the necessary wandering of the field lines by the turbulence in or-
der to drive fast reconnection is naturally more difficult the larger
the strength of the magnetic field (Lazarian & Vishniac 1999).
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Figure 3. Power spectrum of the magnetic (left) and kinetic (right) energy densities for the σ ∼ 1 jet model of KGM+21
(upper row), the σ ∼ 1 (middle row) and σ ∼ 10 (bottom row) jet models of this work, for different times in unit of L/c. The
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evolved times > 30 L/c for the σ ∼ 1 models, and > 10 L/c for the σ ∼ 10 model. The wavenumber is in unit of L.
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Figure 4. Histogram of the reconnection rate evolution for
the σ ∼ 1 (top) and σ ∼ 10 jet (middle). The blue line gives
the average reconnection rate evolution. Bottom diagram
compares the average reconnection rate evolution of the two
models and the colored shades correspond to the standard
deviations of each model.
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Figure 5. Kinetic energy evolution, normalized by the pro-
ton rest mass energy, for 1,000 particles injected into the
fully turbulent snapshot t = 50 L/c of the σ ∼ 1 jet run by
MGK+21 (top). The same for particles injected into the the
snapshot t = 45 L/c of the σ ∼ 1 jet in this work (bottom).
The colors indicate which velocity component is being accel-
erated (red or blue for the parallel or perpendicular compo-
nent to the local magnetic field, respectively). The insets in
the upper left corner show the time evolution of the particles
gyroradius. The color bars indicate the number of particles.
The horizontal grey stripe is bounded on the upper part by
the jet diameter (4L) and on lower part by the cell size of the
simulated background jet. In these particle simulations, the
particle acceleration time is given in hours and the adopted
physical size for L is the same as in MGK+21 for compari-
son, L = 3.5× 10−5 pc.
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σ ∼ 10 jet. In the very beginning, while the CDKI is still

developing, particles only suffer drift in the background

magnetic fields. Then, as the jet column starts to wiggle

around t ∼ 20 L/c in the σ ∼ 1, and around t ∼ 7 L/c in

the σ ∼ 10 jet, due to the kink instability (Figure 1), the

particles suffer curvature drift acceleration. Note that

at these times, fast reconnection driven by turbulence is

not developed yet (Figure 4). As stressed earlier, cur-

vature drift acceleration has been also detected in the

σ ∼ 1 jet by MGK+21, for a similar resolution, around

similar jet dynamical time (more precisely, at t ∼ 25

L/c, due to the time delay between the two runs; see

their Figure 6), and by Alves et al. (2018) in PIC simu-

lations of the early stages of the development of the kink

instability.

After t ∼ 30 L/c in the σ ∼ 1 jet (and t ∼ 15 L/c

in the σ ∼ 10 jet), which coincides with the nonlin-

ear growth and saturation of the CDKI leading to fully

developed turbulence in the jet (Figures 2 and 3), the

particles in Figure 6 start exponential acceleration, as

in Figure 5. The maximum achieved energy is about

10 times larger for the jet with corresponding larger σ.

The entire dynamical time of the system evolution is of

only 60 L/c for the σ ∼ 1 jet (and half this time for the

σ ∼ 10 jet). For the particles, the physical time elapsed

is only ∼ 60L/c ∼ 1 hr (and half-hour for the σ ∼ 10

jet, for the adopted L = 5.2×10−7 pc in physical units),

which is much smaller than the several hundred hours

that particles can accelerate in the nearly steady state

jet snapshot of Figure 5 where they can re-enter the

system several times through the periodic boundaries of

the jet in the z direction until they reach the saturation

energy (see also MGK+21). This explains why particles

do not achieve the maximum possible energy by accel-

eration in the largest turbulent magnetic reconnection

structures of the order of the jet diameter (∼ 4L), as we

see in the inset in the figure, which depicts the particles

Larmor radius distribution. For this value of the Lar-

mor radius (Rmax ∼ 4L), the particles would achieve an

energy Esat ∼ eB Rmax ∼ 200, 000 mpc
2 in the σ ∼ 1

jet, and ∼ 1, 000, 000 mpc
2 in the σ ∼ 10 jet, if the jet

were allowed to evolve for a dynamical time about one

hundred times larger (where Rmax ∼ 4L = 2.1 × 10−6

pc, and B ∼ 0.1 G and ∼ 0.6 G for the σ ∼ 1 and

σ ∼ 10 jets, respectively, considering the physical units

employed in the MHD-PIC simulations). Nonetheless,

the results in these early stages of particle acceleration,

follow the same trend depicted in Figure 5, indicating

that particles are accelerated exponentially by magnetic

reconnection in the turbulent flow, from the small re-

sistive scales up to the large scales of the turbulence

in the ideal electric field of the magnetic reconnecting

structures. These results also indicate that the time

evolution of the background magnetic fields does not in-

fluence the acceleration of the particles since they enter

the exponential regime of acceleration in the same jet

dynamical times in which turbulence becomes fully de-

veloped, as obtained in the MHD simulations with test

particles of Figure 5. At the more evolved dynamical

times, particularly in the σ ∼ 10 jet, we also identify

particles having their perpendicular velocity component

being accelerated suggesting the presence of drift accel-

eration too, as in the late stages of particle acceleration

in Figure 5.

We have also run the MHD-PIC model for the σ ∼ 1

and 10 jets with the larger resolution 4262 − 256, and

the results we obtained for particle acceleration evolu-

tion are very similar to those shown in Figure 6. The

only difference is that less particles re-enter the system

and thus the histogram has comparatively less acceler-

ated particles. In particular, there are almost no parti-

cles undergoing curvature drift in the very early times

(around t ∼ 20 L/c), but the exponential regime, with a

dominance of the acceleration of the parallel component

of the velocity, is clearly detected, as in Figure 6 (top)4.

In Figure 7 we show the particle energy spectrum for

the σ ∼ 1 and σ ∼ 10 jets, for different time steps in

these early stages of the acceleration. The initial distri-

bution is represented by a red line. As particles acceler-

ate, they start to populate the high energy tail in the dis-

tribution, which becomes flatter as time evolves. In the

σ ∼ 1 jet, we note the formation of two slopes in more

evolved times with a smooth transition between them

which may be an indication of the two different regimes

of acceleration specially coexisting at larger energies,

the reconnection and later drift acceleration regimes we

identified in Figure 6. Interestingly, the power-law tail

of the flatter part of the spectrum for t = 45 L/c, when

the σ ∼ 1 jet develops a fully turbulent regime, is very

similar to the slope obtained in the snapshot t = 50 L/c

in MGK+21 which is in a similar dynamical state of the

background jet (see their Figure 11). For the σ ∼ 10 jet,

the transition is more abrupt and characterized by large

humps around 6000 and 10000 Ep/mpc
2. Examining the

4 The absence of accelerated particles by curvature drift in this
case could be explained by the fact that this acceleration can be
experienced only by particles with a Larmor radius large enough
to feel the curvature of the field (Alves et al. (2018), MGK+21).
When we increase the resolution of the MHD domain (and thus
decrease the cell size), particles with the same (still small) Lar-
mor radius, at the same dynamical time step around t ∼ 20 L/c
as in the lower resolution simulation (Figure 6), will see no field
curvature when moving from a smaller cell to the other and then,
experience only linear drift, as in much earlier times.
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Figure 6. Kinetic energy evolution for 50,000 particles
evolved in the MHD-PIC simulation for the σ ∼ 1 (top) and
for the σ ∼ 10 (bottom) jet. Particles are initially injected
with energy ⟨Ep⟩ ∼ 1− 200mpc

2. The colors indicate which
velocity component of the particles is being accelerated (red
or blue for the parallel or perpendicular component to the
local magnetic field, respectively). The inset panels depict
the evolution of the particles gyroradius, and the red hori-
zontal lines correspond to the jet diameter (4L) (top) and
the cell size of the simulated jet (bottom).

particles energy evolution in Figure 6, these humps seem

to concentrate a substantial number of particles with ac-

celeration of the parallel component predominantly, but

the two regimes of acceleration also seem to coexist in

these large energies, as indicated by the presence of par-

ticles also with the perpendicular component dominat-
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Figure 7. Particle energy spectrum evolution as a function
of the normalized kinetic energy for the particles evolved in
the MHD-PIC simulation for the σ ∼ 1 (top) and σ ∼ 10
(bottom) jet. The solid red line corresponds to the initial
distribution. The high-energy tails in more evolved times of
the system are fitted by power laws.

ing the acceleration. Clearly, for this model the amount

of particles accelerated in this short dynamical time is

comparatively smaller. Since the acceleration of the par-

ticles is still in very early stages and far from reaching

the saturation energy by reconnection, the large energy

tails of these spectra are clearly still under development.

Finally, we can quantify and compare the particle

acceleration, in particular, in the nearly exponential

regime, by evaluating the acceleration time directly from

the diagrams of particles kinetic energy versus time,

in a similar way as performed previously in del Valle,

de Gouveia Dal Pino, & Kowal (2016) and MGK+21.
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Figure 8. Power-law index α = ∆(log t)/∆(logEp) of the
acceleration time as function of the particle kinetic energy
normalized by the proton rest mass energy. The minimum
in the curves, α ∼ 0.1, indicates the nearly exponential
regime of particle acceleration. Depicted are the models with
steady-state turbulent background of Figure 5, namely the
σ ∼ 1 jet at t=50 L/c run by MGK+21 (black line) and
the σ ∼ 1 jet at t = 45 L/c run in this work (blue line).
Also shown is α for the nearly exponential regime (between
30L/c < t < 50L/c) of the σ ∼ 1 MHD-PIC model of the
top of Figure 6 where particles evolved with the background
plasma (red curve).

Specifically, we compute the slope of the logarithmic dia-

grams in Figures 5 and 6 (top), α = ∆(log t)/∆(logEp),

which gives the acceleration time dependence with par-

ticle energy, tacc ∝ Eα
p . The result is shown in Fig-

ure 8. We find that the slope α has essentially the

same minimum value in all models, which corresponds

to the nearly exponential regime of the acceleration of

the particles, i.e., α ∼ 0.1, implying an acceleration time

tacc ∝ E0.1
p , as found in MGK+21, with very weak de-

pendence on the energy, as expected in this regime. The

increase in α (and thus in the acceleration time) around

Ep/mpc
2 ∼ 103 for the MHD-PIC model is due to the

contribution of several particles that are already experi-

encing drift and thus slower acceleration at this energy

(see the blue points in Figure 6 that correspond to the

perpendicular momentum component, predominant in

drift acceleration).

4. DISCUSSION AND CONCLUSIONS

In this work, we have investigated the early stages

of the acceleration of the particles in 3D Poynting flux

dominated jets with magnetization σ ∼ 1 and 10, sub-

ject to CDKI, using the MHD-PIC mode of the PLUTO

code, in order to follow the evolution of the particles

along with the flow. The CDKI drives turbulence and

fast magnetic reconnection which we find to be the dom-

inant mechanism of particle acceleration.

Our results are very similar to those of MGK+21

which were carried out with test particles launched in

the simulated MHD relativistic jet after it achieved a

regime of fully developed turbulence. Particles are ac-

celerated by the ideal electric field (V ×B) of the back-

ground fluctuations, over the entire inertial range of the

turbulence, starting in the small, resistive scales up to

the large injection scales (Figure 3). The connection of

the accelerated particles with the magnetic reconnection

layers is clear (Figure 1). During this regime, the par-

ticles energy grow nearly exponentially and the parallel

velocity component to the local magnetic field is the

one that is preferentially accelerated, both expected in

a Fermi-type process. In the test particle simulations of

MGK+21 (see also Figure 5), particles re-enter the sys-

tem several times through the periodic boundaries of the

nearly steady state turbulent jet and are accelerated in

the reconnection sites up to the saturation energy that is

achieved when their Larmor radius becomes of the order

of the size of the acceleration region, or the jet diame-

ter. This takes several hundred hours in the σ ∼ 1 jet

and the particles energy become as large ∼ 107 mpc
2.

Beyond this energy, particles still experience further ac-

celeration, but at smaller rate due to drift in the large

scale non-reconnected fields. In the MHD-PIC simu-

lations, we can follow particle acceleration only during

the dynamical time evolution of the MHD jet which lasts

∼ 60 L/c and ∼ 35 L/c for the σ ∼ 1 and σ ∼ 10 jet,

respectively, and corresponds to only ∼ 1hr and half-

hour, respectively, in physical units for the particles.

During this time, the particles obviously do not reach

the maximum possible (saturation) energy, but follow
the same exponential acceleration trend as in the test

particle simulations (Figure 6).

At later times, when turbulence is fully developed, the

particle energy spectrum develops a power law tail with

two slopes (better defined in the σ ∼ 1 jet), suggesting

the presence of the two different regimes of accelera-

tion, the reconnection and the drift regimes (Figure 7).

The slope of the power-law tail of the flatter part of the

spectrum for t = 45 L/c in the σ ∼ 1 is the same as ob-

tained for particles accelerating in the snapshot t = 50

L/c in MGK+21, which has a similar state of the back-

ground jet (see their Figure 11). These slopes are also

comparable to previous studies of particle acceleration

both in MHD flows (Kowal et al. 2012; del Valle et al.

2016) and PIC simulations (e.g., Comisso & Sironi 2018;

Werner et al. 2018). However, we expect that in realistic
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systems, the presence of radiative losses and dynamical

feedback of the accelerated particles into the plasma will

lead to steepening of the spectra (e.g., MGK+21).

Our results also indicate that the time evolution of

the background magnetic field (∂B/∂t) does not influ-

ence the acceleration of the particles. They enter the

exponential regime of acceleration in the same dynam-

ical times of the jet in which turbulence becomes fully

developed (∼ 30 L/c for the σ ∼ 1 jet, and ∼ 15 L/c

for the σ ∼ 10, respectively; Figure 6), in agreement

with the results of the MHD simulations with test par-

ticles injected in the nearly steady state turbulent jet

in MGK+21 (see also Figure 5). The particles also un-

dergo curvature drift acceleration in the initial stage of

the CDKI when the jet column starts to wiggle in similar

dynamical time both in the test particle + MHD and in

the MHD-PIC simulations. The background magnetic

field time evolution effect, also known as betatron accel-

eration, has been found to affect particle acceleration in

pure turbulent flows only by a factor two in the accel-

eration rate (e.g., de Gouveia Dal Pino & Kowal 2015).

Therefore, while it can be substantial in very early times

when particles are still undergoing linear drift acceler-

ation, it is negligible in the more advanced times when

exponential acceleration takes over.

The increase of the jet magnetization by a factor 10,

speeds up the growth of the CDKI which attains satura-

tion in nearly half of the time (see Figure 2) and particles

are accelerated to energies about 10 times larger, as also

expected from PIC simulations (e.g. Werner et al. 2018).

The results above indicate that particle acceleration

by fast magnetic reconnection in a Fermi process can be

dominant in magnetically dominated flows from the in-

jection (large) to the resistive (small) scales of the tur-

bulence. These results (and those produced in earlier

MHD works with test particles; e.g. Kowal et al. 2012;

del Valle et al. 2016; Medina-Torrejón et al. 2021) are

in contrast with recent studies based on 3D PIC sim-

ulations that suggest that acceleration by reconnection

would be dominant only in the very early stages of parti-

cle energizing (e.g., Comisso & Sironi 2019; Sironi et al.

2021; Sironi 2022; Comisso & Sironi 2022). This ap-

parent inconsistency is essentially due to the intrinsic

difference in scales and in the accelerating electric fields

that prevail in the two regimes. While in these PIC sim-

ulations, plasmoid-like reconnection acceleration occurs

at the small kinetic, resistive scales and is dominated by

the resistive electric field (ηJ , where η is the resistiv-

ity and J the current density), in our collisional MHD

turbulent flow simulations where resistivity is naturally

small (the ubiquitous Ohmic resistivity is mimicked by

the numerical truncation error), the reconnection lay-

ers persist up to the large injection scales and parti-

cles are accelerated by the ideal electric fields (V×B) of

the fluctuations in these sites. Therefore, these intrin-

sic differences (inherent to scale and accelerating electric

field), indicate that direct extrapolation from the resis-

tive small scales probed by PIC simulations (wherein

non-ideal accelerating electric fields generally prevail),

to the large MHD scales should be taken with caution

(see also Guo et al. 2019, 2022).

The same applies to the recent study of Puzzoni,

Mignone, & Bodo (2022) who examined the impact of re-

sistive electric fields on particle acceleration in reconnec-

tion layers. The authors claimed that their results are in

contradiction with earlier MHD works (Kowal, de Gou-

veia Dal Pino, & Lazarian 2011, 2012; Medina-Torrejón,

de Gouveia Dal Pino, Kadowaki, Kowal, Singh, &

Mizuno 2021). However, they are clearly exploring a

different regime of reconnection endowed with extremely

high artificial resistivity, which is much larger than the

Ohmic resistivity expected in most astrophysical MHD

flows and in particular, in turbulent ones. In other

words, they are exploring the resisistive, kinetic scales

well below the inertial range of the turbulence that is

explored in the works above and in the present one.

While in the present simulations and those of the previ-

ous works mentioned above, particles are predominantly

accelerated by the ideal electric fields of the magnetic

fluctuations in the reconnection layers, in (Puzzoni et al.

2022) simulations, the dominant component is the resis-

tive electric field component which prevails in the kinetic

scales. Therefore, there is no contradiction with the

MHD (non-resistive) works above.5

Future studies exploring in depth both regimes and

scales, and also including particle feedback into the

5 One may still inquire how the results of the present study
would change if we had included an explicit resistivity in the flow.
As remarked above, this would affect only the very small scales
of the flow, of the order of a few grid cells size (e.g. Santos-Lima
et al. 2010). In the integration of the particles equation of motion,
we accounted only for the ideal electric fields of the magnetic fluc-
tuations that persist in the entire range of the turbulence. Still,
the non-ideal term could be important for the small-scale topol-
ogy of the velocity and magnetic fields, especially in the vicinity
of the reconnection regions, indirectly affecting the particles’ evo-
lution before they reach a gyroradius of the order of a few cells
size. Therefore, if we had included an initial small explicit resis-
tivity of the typical strength of Ohmic resistivity (as expected in
astrophysical turbulent flows), the results for particle acceleration
would be the same as in the present work. On the other hand, if
we had adopted an artificial much larger explicit resistivity, well
above the Ohmic resistivity, this would kill all the turbulence in
the range of scales smaller than this resistive scale and particle
acceleration by turbulent reconnection would be possible only in
a more limited inertial range of turbulent structures, from the
injection scale down to the resistive scale.
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plasma are required. Our present study, combining PIC

and MHD altogether in a relativistic jet with turbulence

induced by an instability was a first attempt in this di-

rection and the results in general confirm the predic-

tions of previous MHD studies with test particles which

show that turbulent reconnection acceleration prevails

in most of the scales of the system. As stressed, e.g. in

MGK+21, the implications of these results for particle

acceleration and the origin of VHE emission phenomena

in Poynting flux dominated systems like the relativistic

jets in microquasars, AGN and GRBs, is rather impor-

tant.
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