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We performed relativistic 
MHD simulations of jets 
subject to kink instability 
which drives TURBULENCE 
and FAST RECONNECTION

CRs: accelerated to 1018-1020 eV !  
-> energy enough to  produce TeV

Gamma-Rays and Neutrinos !!

Injected test particles: 
are accelerated by (Fermi)
MAGNETIC RECONNECTION12 Medina-Torrejon et al.

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.
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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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with energy increment �Ep/Ep > 0.4 were included, and
energy between Ep > 10�1mpc

2 and the saturation energy
Ep ⇠ 107mpc
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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.
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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)
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