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Reconnection Particle Acceleration: only mechanism able to
explain observed VHE gamma-ray flares in BLAZAR Jets 

in magnetically dominated inner regions

Blazars:
Jets point to line-of-sight 

& most frequent 
extragalactic
Gamma-ray emitters

High flux strong 
Doppler boosting 
(jet bulk G~5-10 ) 

Ex.: PKS2155-304 (Aharonian et al. 2007)
(also Mrk501, PKS1222+21, PKS1830-211)

Strong variability in time at TeV: tv ~200 s

-> very compact and fast emitters Gem>50



de Gouveia Dal Pino & Lazarian A&A 2005; 
Kowal, de Gouveia Dal Pino, Lazarian ApJ 2011; PRL 2012
del Valle, de Gouveia Dal Pino, Kowal, MNRAS 2016

Particles are accelerated in reconnection sites 
mainly by stochastic & Fermi process



In situ Reconnection Acceleration
in Relativistic Jets

Relativistic MHD (RMHD)  simulations + test particles:
can probe particle acceleration to highest energies without doing 
extrapolations (to macroscopic scales - as required in PIC simulations)



Reconnection driven by Kink in AGN & GRB Magnetically 
Dominated Relativistic Jets

RMHD Simulations of Reconnection driven by Kink  turbulence 
in Magnetically Dominated Relativistic Jets

Singh, Mizuno, de Gouveia Dal Pino, ApJ 2016
Medina-Torrejon, de Gouveia Dal Pino+ 2021; Kadowaki, de Gouveia Dal Pino + 2021

(see also Bromberg & Tchekhovskoy 2015; Striani et al. 2016)

Precession perturbation
causes lateral kink that 
distorts the plasma 
column:
-> turbulence

-> Reconnection! 
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Figure 1. Time evolution of the tower jet at t = 25, 30, 40, 44, 46 and 50 L/c (from top left to bottom right). The diagrams
depict isosurfaces of the current density intensity at half maximum |J | (orange color), the solid black lines correspond to the
magnetic field lines, and the green circles correspond to the position of fast magnetic reconnection regions (with velocities larger
than or equal to the average reconnection speed) identified with an algorithm described in Kadowaki et al. (2018b) and KGM20.
At zy plane, it is shown the density map of the central slice of the jet (at x = 0). The time t is in units of L/c, the density in
units of ⇢o, and the current density is also in code units.
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Figure 2. Time evolution of the jet at t = 0, 30, 40 and 62 c.u. (from top left to bottom right). The diagrams show isosurfaces
of half of the maximum current density intensity |J | (orange color), the magnetic field topology (black lines), the density profile
at the middle of the box (y � z plane at x = 0), and the magnetic reconnection sites identified by the search algorithm in the
jet frame (colored circles along the jet correspond to di↵erent current density magnitudes in code units).

e1-axis is perpendicular to the current sheet, whereas
the e2-e3 plane is aligned with it. The e3-axis matches
the direction of the local magnetic guide field (and the
current sheet), proving the e�ciency of the algorithm
in separating the dominant non-reconnected magnetic
component from those in reconnection.
Finally, the 2D LIC maps at the middle and bottom of

Figure 4 show the magnetic and current density magni-
tudes (as in Figure 3) around the primary reconnection
site (green circle in the top diagram). Both maps show
a magnetic island topology as a result of the projection
of the reconnected components in the e1�e2 plane. The
local magnetic guide field is still present, but hidden by
the projection. Therefore, despite the useful information

obtained from these 2D maps, the overall 3D scenario
and the real nature of the magnetic islands, which are
2D projections of reconnected flux tubes (Kowal et al.
2011, 2012), should be analyzed carefully. This discus-
sion is important since the formation of current sheets
along the jet due to reconnection events is expected (see,
e.g., Giannios et al. 2009b; Christie et al. 2019), but the
real magnetic topology can be far more complex than
island-like structures.

3.2. Profiles at the Edges of the Di↵usion Regions

In the previous section, we have shown the capability
of the search algorithm to recognize magnetic reconnec-
tion sites and described qualitatively the 2D and 3D

Ø <Vrec> ≈ 0.05 VA -> Fast reconnecton: key to particle acceleration
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Figure 5. The diagrams show normalized 2D histograms (with 200 bins in each direction) of the reconnected magnetic
components (first diagram from the left to the right), the Alfvén speed (second diagram), and the inflow (third diagram) and
outflow (forth diagram) velocities (in units of c) at the upper and lower edges of the di↵usion regions (in the reconnection
reference frame, tilded quantities). The axes correspond to the values of each variable at the upper and lower edges, and the
colorbar corresponds to the normalized counts.

Figure 6. Time-distribution of the Lorentz factor (�) of the
di↵usion regions with respect to the jet frame, for the model
m240ep0.5. The histogram corresponds to Lorentz factors
obtained during the entire evolution of the simulation (with
200 bins in each direction).

possibly are not real reconnection layers. After t ⇠ 35,
hṼreci increases, having the fastest rate of hṼreci ⇠ 0.23
at t = 56.
The right top histogram of Figure 7 shows that the

distribution of hṼreci does not resemble a normal dis-
tribution, showing a long tail on the side of the fastest
rates (similar to the results obtained by Kadowaki et al.
2018, for non-relativistic accretion disk systems). This
skewed feature is characteristic of a log-normal distribu-
tion, and to test this hypothesis we have performed fits
(black lines in the right histograms) and the results are
presented in Table 2. We have also compared the results
of the fit with the four statistical moments of the sample
(i.e., mean, variance, skewness, and kurtosis moments).
In both histograms, we obtained for the skewness and
kurtosis non-zero (positive) values, characteristic of a
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Symmetric profiles (t = 50 - 66)

Figure 7. Histograms of hṼreci for the model m240ep0.5.
The left diagrams correspond to time-distributions obtained
during the entire evolution of the simulation (with 200 bins
in each direction), and the right diagrams correspond to 1D-
distributions (red lines) with a log-normal fit (black lines)
obtained between the snapshots 50 and 66 (with 140 bins).
The top distributions correspond to the whole sample, and
the bottom ones correspond to a constrained sample consid-
ering only the most symmetric profiles of the velocity and
magnetic fields at the edge of the di↵usion regions.

skewed distribution with a peaked shape near the mean,
as we expected. Furthermore, we applied a reduced chi-
square statistic to evaluate the quality of the fit, obtain-
ing the poor value of �2

red ⇠ 17 (see Table 2). Based on

Reconnection driven by Kink in AGN & GRB 
Magnetically Dominated Relativistic Jets

Kadowaki, de Gouveia Dal Pino, Medina-Torrejon +,  ApJ 2021

Fast Reconnection Rate driven by Kink 
instability turbulence in Relativistic Jets

Magnetic energy
density

Ø Distribution of <Vrec> follows log-normal
Ø Magnetic field follows power law spectrum: TURBULENCE

Ø <Vrec> ≈ 0.05 VA
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Figure 10. Power spectra of the magnetic (top diagram)
and kinetic (bottom diagram) energy densities for di↵erent
times (t = 10, 20, 30, 40, 50 and 60 represented by colored
continuous lines). The red dashed line corresponds to the
3D-Kolmogorov spectrum k�11/3.

emission in the high-energy band of sources like the one
above, which is expressed in its light-curve.
We start by considering that in the dissipation zone

of the blazar, roughly half of the magnetic reconnec-
tion power is converted into kinetic power accelerating
e�ciently the particles to very-high-energies (as found
in MGK21), which will then be able to produce high-
energy photons. This assumption is compatible with the
fact that about 50% of the energy released by reconnec-
tion goes into particle acceleration (e.g., Yamada et al.
2016) and thus can be used to constrain the radiative
power as well (see also, e.g., Christie et al. 2019).
We should also emphasize that it is out of the scope of

this work to discuss the specific radiative non-thermal

processes that may lead to photon production by the
accelerated particles. This would require a full study
involving radiative transfer in the jet background and
considerations on the leptonic and/or hadronic compo-
sition of the source. Our purpose here is only to bench-
mark the robustness of our reconnection search method
and verify to what extent the reconnection events can be
connected with the variability and emission patterns of
these relativistic sources. In forthcoming work, we plan
to incorporate radiative transfer e↵ects in our SRMHD
code in order to perform a complete reconstruction of
observed spectral energy distributions of blazar jets, in
a similar way as performed, for instance, in Rodriguez-
Ramirez et al. (2019).
Basically, we evaluate here the magnetic power L̃B(ts)

released from the reconnection sites (in the reconnection
frame) in a snapshot ts, as follows:

L̃B(ts) =

N(ts)X

i=1

h B̃
2
in

2
Ṽinw̃

2
ri

i
, (12)

where B̃in is the reconnected magnetic component, Ṽin

is the inflow velocity, and w̃2
r is the area of the reconnec-

tion site at the edges of the di↵usion region, measured
in the reconnection frame (see the last sketch of Figure
1). We assume that the emission comes from the entire
simulated domain (see Figure 1). To obtain L̃B(ts), we
summed the contributions of all N(ts) sites identified
by the algorithm in the snapshot ts. Since the veloc-
ities of the reconnection sites are mildly relativistic at
the jet frame, with Lorentz factors of the order of unity
(�r ⇠ 1; see Figure 6), then the neglect of a length con-
traction from Lorentz transformation will not change
significantly the results. Therefore, we can estimate the
area by the square of the width of the reconnection site
measured in the jet frame (w̃r ⇠ wr). Likewise, we can
also evaluate the jet luminosity in the dissipation zone
as Lj(ts) ⇠ ⌘L̃B(ts), where ⌘ = 0.5 is the e�ciency of
conversion of the magnetic power into jet luminosity, as
discussed above.
We consider that the simulated jet is moving rela-

tive to an observer’s reference frame (primed quanti-
ties) with a bulk Lorentz factor �0

j , and an angle ✓0j
to the line of sight (see the first sketch of Figure 1).
This assumption is reasonable as long as the reconnec-
tion sites are mildly relativistic at the jet frame. There-
fore, we have also considered the observed luminosity
L0
j(ts) = �04Lj(ts) related to the comoving luminosity

Lj(ts) (assumed to be isotropic at the jet frame), where
�0 = [�0

j(1��0
jcos✓

0
j)]

�1 is the relativistic Doppler factor,
and �0

j is the jet bulk velocity. We have also evaluated
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Injected 1000 test particles
accelerated in reconnection 
regions from:
25 MeV=0.03 mc2
to:
1018 - 1020 eV 
at 0.1 pc scales 
(B~ 0.1 -10 G)

~1

CRs accelerated to 1018 - 1020 eV,  
-> energy enough to  produce TeV Gamma-Rays 

and Neutrinos !!

B~ 10 G
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Figure 11. Particle energy spectrum as a function of the
normalized kinetic energy at two di↵erent early time steps of
the acceleration (in hours) for the jet snapshot t = 50L/c.
The dotted gray line is the initial Maxwellian distribution.
The high energy tail of each distribution is fitted by a power-
law.

to the much larger number of injected particles, in model
t50p (Figure 12), we see a larger number of particles
that are accelerated up to the maximum energy at the
exponential regime and beyond, due to the larger num-
ber of re-injected particles in the periodic boundaries in
all directions. We also see in Figure 9 that both mod-
els have similar acceleration properties, i.e., acceleration
rate, power-law index ↵, and kinetic energy growth rate.

3.2.7. Magnetic field e↵ects

As in Figure 5 (bottom diagram, test particle model
t50o), Figure 13 also shows the kinetic energy evolu-
tion for particles injected at snapshot t = 50 L/c of
the jet model j240, except that now the initial back-
ground magnetic field at the jet axis is 100 times larger
(B0 = 9.4G), corresponding to the test particle model
9t50p of Table 2.6 This change in the physical unit value
of the magnetic field of the background jet was made in
such a way that we have kept the scale invariance in the
jet system. In other words, as stressed in section 2, the
magnetic field code unit in the RMHD jet simulation is
given by

p
4⇡⇢0c2. Thus, when increasing the physical

unit of the magnetic field by a factor of 100, we had also
to increase the background density physical unit by a
factor 104, in order to keep unaltered the magnetic field

6
We note that this test particle model 9t50p was run with

periodic boundaries in all directions, while the counterpart model

used for comparison with it, t50o (Figure 13), has periodic bound-

aries only in the z direction. However, as we have seen in section

3.2.6, the employment of periodic boundaries in all directions pro-

duces results very similar to the corresponding model with peri-

odic boundaries only in the z direction.

Figure 12. Particle kinetic energy evolution, normalized
by the rest mass energy, for particles injected in t = 50L/c
snapshot of the jet model (j240, see Table 2). This test is
similar to that of the bottom diagram of Figure 5, except
that here particles were periodically re-injected through all
the boundaries of the jet system (see model t50p in Table 2).
The color bar indicates the number of particles. The small
plot on the upper left shows the evolution of the particles
gyro-radius.

Figure 13. Kinetic energy evolution for particles injected
at snapshot t = 50L/c of the jet model j240 with an initial
background magnetic field at jet axis B0 = 9.4 G and a
background density ⇢0 = 104 cm�3 (see Table 2). The initial
conditions are the same as in the test particle model (t50o)
shown in the bottom panel of Figure 5, except that there
B0 = 0.094G and ⇢0 = 1 cm�3, leaving unaltered the Alfvén
velocity in both tests (see text for details). The color bar
indicates the number of particles and the small plot in the
detail shows the evolution of the particles gyro-radius.
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Accelerated Particles Spectrum in the 
RMHD Jet

Ø Similar particle spectrum to PIC simulations and observations (but flatter due to 
absence of losses or feedback)

N(E)~ E -1.2
a~0.1
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Figure 11. Particle energy spectrum as a function of the
normalized kinetic energy at two di↵erent early time steps of
the acceleration (in hours) for the jet snapshot t = 50L/c.
The dotted gray line is the initial Maxwellian distribution.
The high energy tail of each distribution is fitted by a power-
law.

As described in section 2.2, in most of the particle
runs, we have allowed the particles to re-enter the sys-
tem only through the jet periodic boundaries, along the
z direction. Nevertheless, we have also performed a few
tests where we allowed the particles to be re-injected
into the system through all the boundaries, i.e., also
when crossing the jet outflow boundaries in the x and
y directions, aiming at increasing the number of accel-
erated particles. In Table 2, these few tests are labeled
with “p”. Figure 12 shows one of these tests performed
for the jet model j240 in the snapshot t = 50 L/c (model
t50p), for which 1,000 particles were initially injected. It
can be compared with its counterpart model shown in
the bottom panel of Figure 5, in which 10,000 particles
(rather than 1,000) were injected and allowed to re-enter
the system only in the z direction (test particle model
t50o, Table 2). We note that both models have very
similar behaviour, except for the amount of particles
that are being accelerated along the system evolution.
While in model t50o (bottom panel of Figure 5), there
are more particles in the beginning of the evolution, due
to the much larger number of injected particles, in model
t50p (Figure 12), we see a larger number of particles
that are accelerated up to the maximum energy at the
exponential regime and beyond, due to the larger num-
ber of re-injected particles in the periodic boundaries in
all directions. We also see in Figure 9 that both mod-
els have similar acceleration properties, i.e., acceleration
rate, power-law index ↵, and kinetic energy growth rate.

3.2.7. Magnetic field e↵ects

As in Figure 5 (bottom diagram, test particle model
t50o), Figure 13 also shows the kinetic energy evolu-

Figure 12. Particle kinetic energy evolution, normalized
by the rest mass energy, for particles injected in t = 50L/c
snapshot of the jet model (j240, see Table 2). This test is
similar to that of the bottom diagram of Figure 5, except
that here particles were periodically re-injected through all
the boundaries of the jet system (see model t50p in Table 2).
The color bar indicates the number of particles. The small
plot on the upper left shows the evolution of the particles
gyro-radius.

Figure 13. Kinetic energy evolution for particles injected
at snapshot t = 50L/c of the jet model j240 with an initial
background magnetic field at jet axis B0 = 9.4 G and a
background density ⇢0 = 104 cm�3 (see Table 2). The initial
conditions are the same as in the test particle model (t50o)
shown in the bottom panel of Figure 5, except that there
B0 = 0.094G and ⇢0 = 1 cm�3, leaving unaltered the Alfvén
velocity in both tests (see text for details). The color bar
indicates the number of particles and the small plot in the
detail shows the evolution of the particles gyro-radius.
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Reconnection in RMHD Jet  
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Another interesting result is that for snapshot t = 30
L/c (t30o in Figure 7) which also shows a smaller accel-
eration time, comparable to that of more evolved snap-
shots, like t = 44L/c ( t44o) and t = 46L/c (t46o), for
which we have detected a large number of fast recon-
nection sites with rates larger than the average value
(see Table 3). Furthermore, these tests have acceler-
ation times comparable to the high resolution model
(480t50o). Regarding the models t44o and t46o, the
larger e�ciency can be attributed to the larger number
of fast reconnection regions, while in t30o, this seems
to be due to the combination of the two acceleration
processes (as discussed in section 3.2.2).
More peculiar behaviour is found in the acceleration

time for the snapshot t = 40L/c (t40o in the top dia-
gram), which shows the lowest values since the begin-
ning. We remind that this snapshot corresponds to the
plateau of the CDK instability and the transition of the
jet from the laminar to the fully developed turbulence
regime. Besides, it has already several sites of fast re-
connection, but all with velocities near the average value
(Figure 1 and Table 3). Moreover, Figure 5 (top) has
indicated that in this snapshot most of the particles en-
ter the exponential regime of acceleration, but do not
achieve the saturation energy. All these facts combined
seem to have favored this slightly smaller acceleration
time in the beginning of the acceleration for this snap-
shot in the transition regime.

3.2.5. Particles Spectrum

Figure 10 shows the evolution of the energy spectrum
of all particles (not only the accelerated ones) during the
acceleration in the jet snapshots at t = 25L/c (particle
model ut25o), 30 (t30o), 46 (t46o) and 50L/c (t50o),
from top to bottom panels, respectively. Several time
intervals are depicted in each panel, in units of hour.
Initially, the particles have a Maxwellian distribution
(red line), except in the top panel for the jet snapshot
t = 25L/c, where the injection spectrum is monoen-
ergetic (with ⇠ 10mpc2). As particles accelerate, they
start to populate the higher energy tail of the distribu-
tion, which becomes flatter at these energies (see third
and bottom panels, in particular). We should remem-
ber that in our numerical setup, particles are contin-
uously re-injected into the system and therefore, they
never stop being accelerated. For this reason, the distri-
bution shifts to larger and larger energies. Furthermore,
even after the particles attain the maximum (saturated)
energy at the end of the exponential acceleration regime
due to reconnection (or magnetic curvature in the case
of the snapshot t = 25L/c, top panel), they continue

Figure 9. Acceleration time (top panel), power law in-
dex of the acceleration time, ↵ index (middle), and kinetic
energy growth rate (bottom) as functions of the particle ki-
netic energy normalized by the proton rest mass energy for
the di↵erent test particle models of Table 2. The error bars
are obtained calculating the standard deviation.

to accelerate at a smaller rate due to normal drift (as
remarked in Section 3.2.1).
We should also remember that the maximum energy

achievable by the stochastic mechanism (at the satu-
ration of the fast acceleration growth) occurs around
t ⇠ 103 hr for all the models depicted (see Figures 5,
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ABSTRACT

Particle acceleration in magnetized relativistic jets still puzzles theorists. In this work we investigate
the acceleration of particles injected in a three-dimensional relativistic magnetohydrodynamical jet
subject to current driven kink instability (CDKI). We find that, once turbulence driven by CDKI
fully develops, achieving nearly stationary state, the amplitude of excited wiggles along the jet spine
attains maximum growth, causing disruption of the magnetic field lines and the formation of several
sites of fast reconnection. Low energy protons injected in the jet at this state experience exponential
acceleration, mostly in directions parallel to the local magnetic field, up to maximum energies E ⇠ 1016

eV, for B ⇠ 0.1 G, and E ⇠ 1018 eV, for B ⇠ 10 G. The Larmor radius of the particles attaining these
energies corresponds to the size of the acceleration region (⇠ diameter of the perturbed jet). There is a
clear association of the accelerated particles with regions of fast reconnection. Beyond these saturation
values, the particles su↵er further acceleration to energies up to 100 times larger, at a slower rate, due
to drift in the varying field. In the early non-linear growth stage of the CDKI, when there are no sites
of fast reconnection yet, injected particles with initial much larger energy are accelerated by magnetic
curvature drift. We have also obtained the acceleration time due to reconnection with a dependence on
the particles energy, tA / E0.1. The energy spectrum of the accelerated particles develops a power-law
index p ⇠ -1.2, in the beginning, in agreement with earlier works. Our results provide multi-dimensional
framework for exploring this process in real systems and explain their emission patterns, specially at
very high energies and associated neutrino emission recently detected in some blazars.

Keywords: acceleration of particles - magnetic reconnection - magnetohydrodynamics (MHD) - meth-
ods: numerical

1. INTRODUCTION

Relativistic, collimated jets are ubiquitous in extreme
astrophysical sources like microquasars (BH XRBs),

Corresponding author: Tania E. Medina-Torrejón and Elisabete M. de Gouveia Dal Pino

temt@usp.br, dalpino@iag.usp.br

active galactic nuclei (AGNs), and gamma-ray bursts
(GRBs). An important property common to all these
classes of objects, is the required presence of magnetic
fields to allow the formation of these jets (e.g., Bland-
ford & Znajek 1977; Blandford & Payne 1982). Ob-
served polarized non-thermal emission in all wavelengths
also evidences that these jets are highly magnetized,
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Another interesting result is that for snapshot t = 30
L/c (t30o in Figure 7) which also shows a smaller accel-
eration time, comparable to that of more evolved snap-
shots, like t = 44L/c ( t44o) and t = 46L/c (t46o), for
which we have detected a large number of fast recon-
nection sites with rates larger than the average value
(see Table 3). Furthermore, these tests have acceler-
ation times comparable to the high resolution model
(480t50o). Regarding the models t44o and t46o, the
larger e�ciency can be attributed to the larger number
of fast reconnection regions, while in t30o, this seems
to be due to the combination of the two acceleration
processes (as discussed in section 3.2.2).
More peculiar behaviour is found in the acceleration

time for the snapshot t = 40L/c (t40o in the top dia-
gram), which shows the lowest values since the begin-
ning. We remind that this snapshot corresponds to the
plateau of the CDK instability and the transition of the
jet from the laminar to the fully developed turbulence
regime. Besides, it has already several sites of fast re-
connection, but all with velocities near the average value
(Figure 1 and Table 3). Moreover, Figure 5 (top) has
indicated that in this snapshot most of the particles en-
ter the exponential regime of acceleration, but do not
achieve the saturation energy. All these facts combined
seem to have favored this slightly smaller acceleration
time in the beginning of the acceleration for this snap-
shot in the transition regime.

3.2.5. Particles Spectrum

Figure 10 shows the evolution of the energy spectrum
of all particles (not only the accelerated ones) during the
acceleration in the jet snapshots at t = 25L/c (particle
model ut25o), 30 (t30o), 46 (t46o) and 50L/c (t50o),
from top to bottom panels, respectively. Several time
intervals are depicted in each panel, in units of hour.
Initially, the particles have a Maxwellian distribution
(red line), except in the top panel for the jet snapshot
t = 25L/c, where the injection spectrum is monoen-
ergetic (with ⇠ 10mpc2). As particles accelerate, they
start to populate the higher energy tail of the distribu-
tion, which becomes flatter at these energies (see third
and bottom panels, in particular). We should remem-
ber that in our numerical setup, particles are contin-
uously re-injected into the system and therefore, they
never stop being accelerated. For this reason, the distri-
bution shifts to larger and larger energies. Furthermore,
even after the particles attain the maximum (saturated)
energy at the end of the exponential acceleration regime
due to reconnection (or magnetic curvature in the case
of the snapshot t = 25L/c, top panel), they continue

Figure 9. Acceleration time (top panel), power law in-
dex of the acceleration time, ↵ index (middle), and kinetic
energy growth rate (bottom) as functions of the particle ki-
netic energy normalized by the proton rest mass energy for
the di↵erent test particle models of Table 2. The error bars
are obtained calculating the standard deviation.

to accelerate at a smaller rate due to normal drift (as
remarked in Section 3.2.1).
We should also remember that the maximum energy

achievable by the stochastic mechanism (at the satu-
ration of the fast acceleration growth) occurs around
t ⇠ 103 hr for all the models depicted (see Figures 5,

a~0.1

a
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Figure 4. Three-dimensional histogram of accelerated par-
ticle positions (square symbols) for the snapshot t = 50L/c
of jet model j240. It was integrated over the particles ac-
celeration time between 100 and 5000 hours, which corre-
sponds to the exponential acceleration regime (see Figure 5,
bottom panel). Only the positions of particles accelerated
with energy increment �Ep/Ep > 0.4 were included, and
energy between Ep > 10�1mpc

2 and the saturation energy
Ep ⇠ 107mpc

2. In order to improve visualization, parti-
cles that accelerated to a maximum energy less than 103

MeV were also removed, and to avoid boundary e↵ects, the
counts were constrained to the domain between [�2.5, 2.5]L
in the x and y directions, and [0.5, 5.5]L in the z direction.
The circles correspond to the positions of fast magnetic re-
connection sites (with velocities larger than or equal to the
average reconnection speed). The isosurfaces of the current
density intensity at half maximum |J | (yellow color) are also
depicted (Jmax/2 ⇠ 1.25).

layers, as expected, though the stochastic nature
of the whole process also allows for the acceler-
ation of the perpendicular component (see also
Kowal et al. 2012). The slower drift acceleration
regimes, both in the beginning and after the ex-
ponential growth regime, are dominated by the
acceleration in the vertical direction. The same
behaviour has been identified in the other snap-
shots.
We note that in the snapshot t = 40L/c, which has

not developed yet full turbulence with substantial num-
ber of very fast reconnection events (Figure 1 and Table
3), though particles also undergo exponential accelera-
tion, most of them do not achieve the saturation energy,
contrary to what happens in the more evolved snapshots
where nearly steady-state, and fully developed turbu-
lence has been already achieved.

Figure 5. Kinetic energy evolution, normalized by the pro-
ton rest mass energy, for the particles injected in the snap-
shots t = 40, 46 and 50L/c of the jet model j240, from top
to bottom, respectively. The color bars indicate the number
of particles. In the middle panel, the colors indicate
which velocity component is being accelerated (red
or blue for parallel or perpendicular component to
the local magnetic field, respectively). The plots in the
upper left inset of each panel show the time evolution of the
particles gyro-radius. The horizontal orange line corresponds
to the cell size of the simulated background jet, the grey color
corresponds to the entire distribution of gyro-radius values,
and the blue line gives the average value.

Fast Reconnection able to explain observed gamma-
ray flux & variability in Blazar Jet: ex. MRK421

Kadowaki, de Gouveia Dal Pino, Medina-Torrejon+, ApJ 2021

Ø Time variability driven by reconnection compatible with observed blazar flare

Ø Simulated flux variability
• Magnetic field: 3.7 G
• Doppler: d=5 
• Height of the Jet:  ≈ 0.1 pc
• High density regions: ≈ 7 102 cm-3

• Photon energy: 0.1 - 300 GeV

Ø Observed gamma-ray flux 
of MRK 421 Blazar 
(Kushwaha et al. 2017)
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Figure 5. Kinetic energy evolution, normalized by the pro-
ton rest mass energy, for the particles injected in the snap-
shots t = 40, 46 and 50L/c of the jet model j240, from top
to bottom, respectively. The color bars indicate the number
of particles. In the middle panel, the colors indicate
which velocity component is being accelerated (red
or blue for parallel or perpendicular component to
the local magnetic field, respectively). The plots in the
upper left inset of each panel show the time evolution of the
particles gyro-radius. The horizontal orange line corresponds
to the cell size of the simulated background jet, the grey color
corresponds to the entire distribution of gyro-radius values,
and the blue line gives the average value.

Fast Reconnection able to explain observed gamma-
ray flux & variability in Blazar Jet: ex. MRK421

Kadowaki, de Gouveia Dal Pino, Medina-Torrejon+, ApJ 2021

Ø Time variability and reconnection power compatible with observed blazar flare

Ø Simulated flux variability
• Magnetic field: 3.7 G
• Doppler: d=5 
• Height of the Jet:  ≈ 0.1 pc
• High density regions: ≈ 7 102 cm-3

• Photon energy: 0.1 - 300 GeV 

Ø Observed gamma-ray flux 
of MRK 421 Blazar (FERMI)
(Kushwaha et al. 2017)

MKR421 observed power 
spectrum density

Integrated magnetic 
reconnection power 



Summary
ü In magnetized plasmas particles can be accelerated by fast magnetic 

reconnection (e.g. driven by turbulence) by stochastic Fermi + drift: N(E) ~ E-1.2  

ü We find similar magnetic reconnection rates in MHD, RMHD and GRMHD  
simulations of turbulent  systems  vrec ~0.05 (compatible with fast reconnection 
theory, Lazarian & Vishniac 1999)

ü Reconnection acceleration rate: tA-1~ E-a (a ~ 0.1 in RMHD and a ≥ 0.2 in 
MHD) 

ü Time variability and magnetic reconnection power from global RMHD simulations 
compatible with observations of Blazars @ gamma-ray band (ex. Mrk 421)

ü Reconnection acceleration of test particles in GLOBAL RMHD simulations of 
magnetically dominated Blazar jets  produce CRs up to ~1020 eV -> may 
explain flare gamma-ray emission and neutrinos 
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