
CR Acceleration in Turbulent Magnetic Reconnection: 
applications to relativistic jets and accretion flows

CR Anistropy Workshop, Chicago, May 17th, 2023

Particle acceleration by magnetic reconnection in relativistic jets

5

Figure 1. Three dimensional view of the � ⇠ 1 jet evolved with the MHD-PIC mode at bete:
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 ((� � 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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This talk
TURBULENT RECONNECTION ACCELERATION @ Magnetically 
dominated regions of BH relativistic jets and accretion flows (to solve 
current puzzles related CR acceleration and VHE emission):

Ø Overview of turbulent fast magnetic reconnection acceleration in 
MHD flows

Ø Reconnection acceleration of particles up to ultra-high-energies 
(UHECRs) from 3D relativistic MHD jet simulations + test particles
(first time)

Ø Reconnection acceleration can explain observed emission in Blazar
jets: variability, gamma-rays and neutrinos

Ø Reconnection acceleration in the accretion disks of BH sources



As in shocks: 1st-order Fermi
(de Gouveia Dal Pino & Lazarian, A&A 
2005):

particles bounce back and forth   
between 2 converging magnetic flows  

<DE/E> ~ vrec/c

Particles are accelerated in reconnection sites 
mainly by Fermi process

1st-order Fermi (Bell 1978; Begelman 
& Eichler 1997)):

<DE/E> ~ vsh/c
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As in shocks: 1st-order Fermi
(de Gouveia Dal Pino & Lazarian 2005;
del Valle, de Gouveia Dal Pino, Kowal 2016)

<DE/E> ~ vrec/c

Particles are accelerated in reconnection sites 
mainly by Fermi process

Reconnection AccelerationExponential energy growth in time

B
+
-

vrec

B vrec

Kowal, de Gouveia Dal Pino & Lazarian, ApJ 2011



Turbulence drives Fast Reconnection 
in MHD flows

Tested in 3D MHD numerical 
simulations (Kowal et al. 2009, 
2012; 2015; 2019; 2020; Takamoto et 
al. 2015) 

(Lazarian & Vishniac 1999; Eyink et al. 2011; 2013)

(Other descriptions: Shibata & Tanuma01; Loureiro+07; Bhattacharjee+09)

Magnetic lines wandering and 
slippage: many simultaneous 
reconnection events

Vrec =  VA ( h
LVA )

) −1/2



Particle Acceleration by Magnetic Reconnection 
probed with Numerical Simulations

9

Ø 2D and 3D kinetic plasmas (PIC): 
(e.g. Drake+ 06; Zenitani & Hoshino 01; 07; 08; Ji+ 11; Cerutti, Uzdensky+ 
13; Li+ 15; Christie et al. 2019; Sironi & Spitkovsky 2014; Guo+2015; 
16; 18; 21; Werner+ 17; 19; Sironi+18; Niskiwkawa et al. 2019, 2020; 
Comisso & Sironi 2019, 2020; Zhang et al. 2021, Davelaar et al. 2021; Sironi 2022…)

@ scales: few plasma inertial length ~ 100-1000 c/ωp
acceleration up to ~ few 1000 mc2

Ø Larger-scale astrophysical systems (e.g. BHBs, AGNs, GRBs):

3D MHD + test particles: 
(Kowal, de Gouveia Dal Pino & Lazarian 2011,  2012; 
de Gouveia Dal Pino & Kowal 2015; del Valle et al. 2016;  
Beresnyak & Li 2016; de Gouveia Dal Pino+2018, 2019; Guo et al. 2019; Yang et al. 
2020; Medina-Torrejon et al. 2021, Medina-Torrejon, de Gouveia Dal Pino, Kowal 2023, 
…)



Equivalence of particle acceleration in current sheets and 
merging plasmoids in 2D: Fermi

(Kowal, de Gouveia Dal Pino, Lazarian 2011)

2D MHD 
simulations of 
current sheets 
and plasmoids
(driven by tearing 
mode)

2D PIC 
simulations 
of plasmoids and 
X points (driven by 
tearing mode)(e.g. Sironi & Spitkovsky 2014)

But plasmoids: just cross sections of 3D flux tubes reconnecting, and particle 
acceleration is actually 3D !  



Kowal, de Gouveia Dal Pino, Lazarian PRL 2012
del Valle, de Gouveia Dal Pino, Kowal, MNRAS 2016

3D MHD Simulations with Test Particles
(with turbulence that makes reconnection fast) 

(Lazarian & Vishniac 1999)   

e = v x B
Neglect: e = h J
(dominant in 
PIC simulations)

q(e +



Fermi Reconnection Acceleration: successful  numerical testing 
in 3D MHD turbulent Current Sheets

Kowal, de Gouveia Dal Pino, Lazarian, PRL 2012

Injected in turbulent 
current sheet to 
make reconnection 
fast

1st order 
Fermi

vrec 10,000 test particles

ü N(E) ~ E-1

del Valle, de Gouveia Dal Pino, Kowal MNRAS 2016

(~PIC simulations) 



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 it is required in PIC 
simulations)



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

3D RMHD Simulations of Magnetically Dominated 
Relativistic Jets subject to Kink Instability

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

Kadowaki, de Gouveia Dal Pino + ApJ 2021

• RMHD Godunov (HLLE) based RAISHIN code (Mizuno et al. 2012)

• Precession perturbation -> current-driven kink instability (CDKI)  -> turbulence -> 
reconnectionCurrent driven Kink instability (CDKI)

Singh, Mizuno, de Gouveia Dal Pino, ApJ 2016

Kinetic energy

Magnetic energy

Magnetic energy 
converted into kinetic: 
RECONNECTION

Kruskal-Shafranov 
criterion for this 
instability:

Bø > Bz

1

(see also Bromberg & Tchekhovskoy 2015; Striani et al. 2016, Davelaar et al. 
2020)
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Identification of Fast Reconnection driven by 
Kink in Relativistic Jets

Kadowaki, de Gouveia Dal Pino, Stone 2018; 
Kadowaki, de Gouveia Dal Pino, Medina-Torrejon +ApJ 2021

Ø Algorithm  (as in Zhdankin et al. 2013) extended to 3D relativistic analysis 

numerical effects. Finally, as in Mizuno et al. (2009,
2011, 2012), periodic boundaries have been applied in the z
direction to maintain the CDK instability growing until the
saturation and disruption inside of the domain (see Section 3).

2.3. Magnetic Reconnection Search Algorithm and Reference
Frames

In order to search magnetic reconnection events in our
Poynting flux-dominated jet simulations in the relativistic
regime, we have used a modified version of the algorithm
developed by Kadowaki et al. (2018a; see also, Zhdankin et al.
2013). As in the previous work, we select a sample of cells with
a current density value (J=∇× B) five times higher than the
average one taken in the whole system (∣ ∣ ∣ ∣> á ñJ Jmax , for
ò= 5), and choose those cells where ∣ ∣Jmax is a local maximum
within a subarray data cube of size 3× 3× 3 cells. Then, we
evaluate the eigenvalues and eigenvectors of the current density
Hessian matrix around each local maximum cell to obtain a
new local coordinate system (e1, e2, e3; see Figure 1) centered
in the magnetic reconnection site since it may not be
necessarily aligned with one of the axes of the Cartesian
coordinate system (for more details, see Kadowaki et al. 2018a;
Zhdankin et al. 2013). The edges of the reconnection (or
diffusion) regions are defined when the current density decays
to half of the maximum value along the e1, e2 and e3
directions (∣ ∣ ∣ ∣=J J0.5edge max ).

These latter steps are applied in the coordinate frame
(hereafter, jet frame), where the relativistic jet simulations are
performed (see the previous sections). However, since each
local maximum cell can move relative to the jet frame with
relativistic velocities, we have introduced the reconnection co-
moving frame (tilded variables) to quantitatively evaluate the

reconnection events. We then transformed all the variables
inside each subarray data cube from the jet to the reconnection
frame, via generalized Lorentz transformations. In order to
remove false-positive events, we also introduced additional
criteria for the magnetic and velocity fields (at the reconnection
frame), where we selected only those regions with opposite
magnetic field and inflow velocity components at the upper and
lower edges of the reconnection sites. Furthermore, all the
identified regions in the final sample have at least one outflow
velocity component at the left or right edges (see more details
in Section 3.2).
With this algorithm, we can evaluate several features of the

diffusion regions, such as the reconnection structures, the
reconnected components of the magnetic field, and the
magnetic reconnection rate, showing the advantages of this
analysis. In Section 3, we will focus on the study of these
features.
Finally, besides the jet and reconnection reference frames

mentioned above, we will also have to deal with the observer’s
frame (primed variables). We assume that the entire computa-
tional domain is moving relative to this frame with a bulk
Lorentz factor G¢j, and an angle q¢j to the line of sight (see
Figure 1 for a schematic view of the scenario studied in the
present work). This is reasonable, since the initial vertical and
azimuthal velocity components (Equations (6) and (7), for
Ω0= 2.0) are mildly relativistic and defined by the drift
velocity (similar assumption was used by Mizuno et al. 2012).
In this work, the observer’s frame will be used to build a
synthetic light curve based on the observations of the Blazar
Mrk 421, considering reconnection events as the primary
source for dissipation and variable emission at high energies
(see more details in Section 4).

Figure 1. The schematic diagram shows different structures (and frames) analyzed in the present work. The first sketch (from the left to the right) shows the relativistic
jet at the observer reference frame (primed variables). The hatched region corresponds to the simulation domain moving with an angle q¢j to the line of sight and with a
bulk Lorentz factor G¢j. The second and third figures show the evolved structures of the simulation at the jet reference frame. The colored circles correspond to
reconnection sites and the streamlines correspond to the magnetic field. Finally, the last sketch (adapted from Kadowaki et al. 2018a) depicts the details of a
reconnection region in a coordinate system at the reconnection reference frame (tilded variables).
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The Astrophysical Journal, 912:109 (17pp), 2021 May 10 Kadowaki et al.

Identification of Fast Reconnection driven by 
Kink in Relativistic Jets

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

Ø Algorithm  (as in Zhdankin et al. 2013; Kadowaki, dGDP, Stone 2018) 
extended to 3D relativistic analysis   



Fast Reconnection Rate driven by Kink 
instability in Relativistic Jets

Kadowaki, de Gouveia Dal Pino, Medina-Torrejon +, ApJ 2021
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Identification of Fast Reconnection Rate 
driven by Kink turbulence in Relativistic Jets

Kadowaki, de Gouveia Dal Pino, Medina-Torrejon + ApJ 2021
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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 reconnection: key for efficient particle acceleration

Maximum vrec ~0.4 VA



Fast magnetic reconnection structures in Poynting-flux dominated jets 11

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

Time

〈V
re

c
〉

~

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

TURBULENCE

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:

Ø <Vrec> ≈ 0.05 VA

Fast magnetic reconnection structures in Poynting-flux dominated jets 15

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



In situ acceleration of test particles by Magnetic 
Reconnection in Relativistic MHD Jets

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

Injected 1000 test particles
accelerated in reconnection 
sheets from:
25 MeV=0.03 mc2

~1

3D histogram of accelerated 
partticles

12 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).

3.2.2. Particle acceleration in the earlier stages of the
CDK instability

As remarked previously, there is no reconnection
events in the jet snapshot t = 25 L/c (Figure 1) and thus
one would not expect any acceleration by magnetic re-
connection. Nevertheless, motivated by the recent work
of Alves et al. (2018) who claimed to detect magnetic
curvature drift acceleration in a relativistic jet subject
to the kink mode instability, we have also launched
test particles in this snapshot in order to seek out for
this process. The results are presented in Figure 6.
The upper diagram shows particles launched with sim-
ilar initial energy distribution and intensity as in the
evolved snapshots of Figure 5 (see test particle model
t25o in Table 2). In this case, we see that part of the
particles undergo some acceleration, but saturate at an
energy Ep ⇠ mpc2, which is much smaller than the val-

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 num-
ber 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.



In situ acceleration of test particles by Magnetic 
Reconnection in Relativistic MHD Jets -> UHECRs

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

Particles accelerated over:
0.01-0.1 pc scales 
(B~ 0.1 -10 G)

B~ 10 G

Exponential regime:

RL,max~10-4 pc E18/B10G ~ distorted jet diameter~4 L L= 3.6 10-5 pc 



In situ acceleration of test particles by Magnetic 
Reconnection in Relativistic MHD Jets -> UHECRs

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

Particles accelerated over:
0.01-0.1 pc scales 
(B~ 0.1 -10 G)

B~ 10 G

L= 3.6 10-5 pc 
UHECRs: accelerated to 1018 - 1020 eV (B~ 0.1 -10 G)

-> more than enough to produce
TeV Gamma-Rays and Neutrinos !



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

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

Accelerated Particles Spectrum in the 
RMHD Jet

Ø Similar particle spectrum to PIC simulations, but flatter than observations due to 
absence of losses or feedback

N(E) ~ E -1.2
a~0.1

18 Medina-Torrejon et al.

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.



Early Particle Acceleration using 
RMHD-PIC Simulations: dB/dt effects

Medina-Torrejon, de Gouveia Dal Pino, Kowal, ApJ 2023

• RMHD-PIC PLUTO code Godunov Based (HLLD)  (Mignone et al. 2018)
• Particles evolve with flow (Boris particle pusher method) 
• 2563 resolution
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Figure 1. Three dimensional view of the � ⇠ 1 jet evolved with the MHD-PIC mode at bete: 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 ((� � 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.

Particle acceleration       ßà Fast reconnection sites     
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Early Particle Acceleration using 
PIC-RMHD Simulations: dB/dt effects

Medina-Torrejon, de Gouveia Dal Pino, Kowal, ApJ 2023

t= 60 L/c ~ 1 hr
L= 5 10-7 pc

• maximum Larmor 
radius -> jet diameter 
~4L

• ~ to RMHD+ test 
particle

->   dB/dt effects: not important

curvature dirift
Reconnection 
acceleration
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Finally, in Figure 7 we show the particle energy spec-
trum for the � ⇠ 1 and � ⇠ 10 jets, for di↵erent time
steps in these early stages of the acceleration. The initial
Maxwellian distribution is represented by a red line. As
particles accelerate, they start to populate high energy
tails in the distribution, which become flatter as time
evolves. In the the � ⇠ 1 jet, we note the formation
of two slopes with a smooth transition between them
which may be an indication of the two di↵erent regimes
of acceleration specially coexisting at larger energies, the
reconnection and later drift accelation regimes we iden-
tified in Figure 6. Interestingly, the power-law tail of
the flatter part of the spectrum for t = 45 L/c, when
the � ⇠ 1 jet develops a fully turbulent regime, is very
similar to the slope obtained in the snapshot t = 50 L/c
in Medina-Torrejon et al. (2021) which is in a similar
dynamical state of the background jet (see their Figure
11). For the � ⇠ 10 jet, the transition is more abrupt
and characterized by large fluctuations. Examining the
particles energy evolution in Figure 6, the two regimes
of acceleration also seem to coexist in these large en-
ergies. Since the acceleration of the particles 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.

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 � ⇠ 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 10). The connection
of the accelerated particles with the magnetic recon-
nection layers is clear (Figure 1). During this regime,
the particles energy grow exponentially and the paral-
lel velocity component to the local magnetic field is the
one that is preferentially accelerated, as expected in a
Fermi-type process. In the test particle simulations of
MGK+21 (see also Figure 5), particles re-enter the sys-

Figure 7. Particle energy spectrum evolution as a func-
tion of the normalized kinetic energy for the particels
evolved in the MHD-PIC simulation for the � ⇠ 1 (top)
and � ⇠ 10 (bottom) jet. The solid red line corre-
sponds to the initial Maxwellian distribution. The high-
energy tails in more evolved times of the system are fit-
ted by power laws. bete: Tania, no spectro do jato
sigma=10, coloca o t=30; E Por que 51 e nao 50?]

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 diameter.
This takes several hundred hours in the � ⇠ 1 jet and
the particles energy become as large ⇠ 107 mc2. Beyond
this energy, particles still experience further accelera-
tion, but at smaller rate due to drift in the large scale
non-reconnected fields. In the MHD-PIC simulations,
we can follow particle acceleration only during the dy-



Applications to Blazar AGN Jets VHE 
Phenomena
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Figure 1. Three dimensional view of the � ⇠ 1 jet evolved with the MHD-PIC mode at bete: 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 ((� � 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.



Reconnection Particle Acceleration: best candidate able to
explain observed VHE gamma-ray flares in AGN BLAZAR Jets 

in magnetically dominated inner regions
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

(e.g. Giannios et al. 2009)



First simultaneous observation of gamma-ray flare and 
neutrino in AGN blazar TXS 0506+056: 

Evidence of VHE Proton acceleration 

Simultaneous detection of gamma-rays and neutrinos
Detection of gamma-rays and high-energy neutrinos ~290 TeV 
from the blazar TXS 0506+056 (Aartsen et al. 2018). 

First direct evidence of the presence of high energy protons

Science (2018)

Table 1 Temporal characteristics of Flares.

Flare (MJD)

Components [Name]

Tr (days)

Td (days)

Reduced-χ 2(DOF)

F1 (58133.0–58139.0)

Envelope [1]

1.62 ± 0.06

1.49 ± 0.05

1.77 (43)

(Fitted with 2 components)

Fast flare [1]

0.06 ± 0.02

0.04 ± 0.02

F2 (58222.0–58232.0)

Envelope [1]

1.61 ± 0.03

2.74 ± 0.05

1.52 (79)

(Fitted with 3 components)

Fast flare [1]

0.05 ± 0.01

0.09 ± 0.02

Fast flare [2]

0.09 ± 0.02

0.08 ± 0.01

F3 (58268.0–58276.0)

Envelope [1]

1.47 ± 0.08

1.88 ± 0.06

1.69 (61)

(Fitted with 1 component)

F2 (58222.0–58232.0)

Envelope [E1]

1.25 ± 0.17

0.25 ± 0.06

1.14 (65)

(Fitted with 8 components)

Envelope [E2]

0.42 ± 0.05

0.57 ± 0.05

Envelope [E3]

0.75 ± 0.11

0.46 ± 0.17

Envelope [E4]

0.18 ± 0.07

0.59 ± 0.09

Envelope [E5]

1.35 ± 0.34

1.24 ± 0.08

Fast flare [FF1]

0.06 ± 0.01

0.08 ± 0.01

Fast flare [FF2]

0.09 ± 0.01

0.10 ± 0.01

Fast flare [FF3]

0.11 ± 0.04

0.08 ± 0.03

Column (1) presents the name of the flare and their duration, next row in column (1) presents number of fitted components for the same flare, Column (2) presents the type of components used for

fitting and their names, Column (3) presents the rise time of the flare, Column (4) presents the decay time of the flare, Column (5) presents the reduced-χ 2and degrees of freedom (DOF) of the overall

fit for the flare with all the components.
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Mini-jets
Helical magnetic fieldFig. 2 Minute-scale flare as a diagnostic tool for the jet geometry. a Shows the 3-min (circle) and ten-minute (square) binned light curves measured

during the orbit wherein a strong rapid variability of the order of a few minutes with high significance (4.7 σ) was observed. During this orbit, 3C 279 was

found to be highly inconsistent with the constant flux having p-values 0.002 (χ 2-test) and 10 −5(χ 2-test) for the three-minute and 10-min binned light

curves, respectively. Hence, the best-fit function to the 3-min binned light curve is deduced using the sum of two exponentials represented by the dashed

cyan-blue line. Notably, the error bars in the light curve represent 1 σ uncertainty and the significance of each 3-min bin is colour-coded. b Shows a

proposed sketch of the inner jet of a blazar, explaining the peak-in-peak light curve with reference to the jet-in-jet magnetic reconnection model. In this

scenario, the magnetic field fragments into small plasmoids that interact and grow into monster plasmoids within the reconnection region. Subsequently,

these massive plasmoids lead to the formation of mini-jets, which produce optically thin minute-scale gamma-ray flares. These mini-jets are represented in

the sketch in magenta. Moreover, the emission from the reconnection region, as a whole, accounts for the observed envelope emission.
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Leptonic-Hadronic Reconnection Acceleration 
for Relativistic Jets - VHE Losses 

ü Jet background described by striped reconnection model (Giannios & Uzdenzky 2019)
ü Photon Field: due to internal dissipation

Rodriguez-Ramirez, de Gouveia Dal Pino  et al. (2023, in prep.)

Blazar TXS 0506+056

Simultaneous detection of gamma-rays and neutrinos
Detection of gamma-rays and high-energy neutrinos ~290 TeV 
from the blazar TXS 0506+056 (Aartsen et al. 2018). 

First direct evidence of the presence of high energy protons

Lepto-Hadronic Model based on Reconnection 
Acceleration for blazar TXS 0506+056 

Jet background described by striped reconnection
model (Giannios & Uzdenzky 2019)

Target photon field: primary electron Synchrotron
Rodriguez-Ramirez et al. (2022, in prep.)

Blazar TXS 0506+056

Our model predicts VHE g-rays appearing later 
than neutrino emission as observed

Gao et al. 2018

Emission scenario:
Single-zone Lepto – Hadronic model 
for TXS 0506+056 neutrino flare

Reconnection striped jet model
Giannios & Uzdensky 2019

Zhang & Giannios 202110-15

(Aartsen et al. Science 2018)



Lepto-Hadronic Model based on Reconnection 
Acceleration for Relativistic Jet

Blazar TXS 0506+056

model predicts VHE g-
rays appearing later 
than neutrino 
emission, as observed!

(Aartsen et al. Science 2018)

Lepto-Hadronic Model based on Reconnection 
Acceleration for Relativistic Jet

ü Jet background described by striped reconnection model (Giannios & Uzdenzky 2019)
ü Photon Field: due to internal dissipation

Rodriguez-Ramirez et al. (2022, in prep.)

Blazar TXS 0506+056

Simultaneous detection of gamma-rays and neutrinos
Detection of gamma-rays and high-energy neutrinos ~290 TeV 
from the blazar TXS 0506+056 (Aartsen et al. 2018). 

First direct evidence of the presence of high energy protons

Lepto-Hadronic Model based on Reconnection 
Acceleration for blazar TXS 0506+056 

Jet background described by striped reconnection
model (Giannios & Uzdenzky 2019)

Target photon field: primary electron Synchrotron
Rodriguez-Ramirez et al. (2022, in prep.)

Blazar TXS 0506+056

Our model predicts VHE g-rays appearing later 
than neutrino emission as observed

Gao et al. 2018

Emission scenario:
Single-zone Lepto – Hadronic model 
for TXS 0506+056 neutrino flare

Reconnection striped jet model
Giannios & Uzdensky 2019

Zhang & Giannios 202110-15

Rodriguez-Ramirez, de Gouveia Dal Pino  et al. (2023, in prep.)



CR Reconnection Acceleration
also possible in the core region of BHs

General Relativistic MHD + test particles



CR Reconnection Acceleration
in the accretion flow of BH

de Gouveia Dal Pino & Lazarian, A&A 2005
Kadowaki, de Gouveia Dal Pino & Singh, ApJ 2015
Singh, de Gouveia Dal Pino & Kadowaki, ApJ 2015

GRMHD simulations of accretion flows around BHs 
reconnection driven by magneto-rotational turbulence

(de Gouveia Dal Pino et al. 2018; Kadowaki et al. 2019)

Athena++ code (Stone et al. 2020)



Fast magnetic reconnection in turbulent accretion disks and jets Luís H.S. Kadowaki

Figure 2: The top diagram shows the time evolution of the averaged magnetic reconnection (black line)
measured by an observer in the coordinate frame. The blue shading corresponds to the standard deviation.
The bottom diagram shows the system at t = 1000 (in units of GM/c

3). As time goes by the MRI sets in,
allowing the accretion process and the formation of a turbulent environment. The black circles correspond
to the local maxima identified by the algorithm and the white circles correspond to the confirmed magnetic
reconnection sites (Kadowaki et al., in prep.).

de Gouveia Dal Pino et al. 2019, in these Proceedings). To this aim, we have extended the study
above, using the special relativistic code Raishin [24] in a 3D domain with 240 cells in each direc-
tion. We have assumed an adiabatic index G = 5/3 with an initial helical force-free configuration
(~j⇥~B = 0) and the jet density profile higher than the environment (see [41]). We have imposed
outflow conditions in the x and y boundaries and periodic conditions in the vertical boundaries.

The bottom diagram of Figure 3 shows the density isosurface (green color) of the jet with the
streamlines (black lines) of the magnetic field at t = 54.5L/c (where L is the longitudinal scale of
the jet and c the speed of light). The red points correspond to reconnection sites identified by the
algorithm [30]. As in Figure 2, the instability allows the development of magnetic reconnection
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Fast Reconnection in GRMHD simulations of accretion flows 
around BHs driven by 

magneto-rotational instability turbulence 

(de Gouveia Dal Pino et al. 2018; Kadowaki et al. 2019)

Ø Average reconnection 
velocities <Vrec>~ 0.05 VA

(See also: de Gouveia Dal Pino & Lazarian 2005; Koide & Arai 2008; Dexter, McKinney, Tcheckovskoy2014; Parfrey et al. 2015;
Kadowaki + 2015; Singh + 2015; Pohl et al. 2016; de Gouveia Dal Pino+ 2018…)



Ex.  Galactic Center SgrA*: Reconnection 
acceleration and PeVatron emission

Rodriguez-Ramirez, de Gouveia Dal Pino, Alves-Batista, ApJ 2019

GRMHD + Radiative Transfer + CR cascading simulations 

J1745-290 

CTA

Application: Milky Way Galactic center - SgrA* 
->  gamma ray emitter

PeVatron source detected - HESS J1745-290! 

CTA

PeVatron! 



Summary
ü In magnetized flows particles can be accelerated by turubulent driven fast magnetic

reconnection via stochastic Fermi by e = v x B, and produce N(Ep)~E-1.2

ü Magnetic reconnection rates in MHD, RMHD and GRMHD simulations of turbulent systems
<vrec>~0.05 and peak values >0.1 VA (compatible with Lazarian & Vishniac 1999)

ü Reconnection acceleration of protons GLOBAL RMHD simulations of magnetically dominated
Blazar jets can produce UHECRs up to ~ 1018 -1020 eV (for B ~ 0.1 – 10 G) -> may explain
flare gamma-rays and neutrinos (ex.TXS0506+056)

ü RMHD-PIC simulations ~ RMHD-test particle simulations: no important effects due to dB/dt

ü Reconnection acceleration may be also important to explain VHE emission in core of BH
sources: ex. SgrA* PeVatron, NGC1068?

To Dos
• Transition from PIC (resistive electric field) to MHD (ideal electric field) acceleration

• Signatures of polarization to probe reconnection ? 

• RMHD+Radiative Transfer+CR Cascading:  produce SED self-consistently (ex. NGC1068 ?)



Next to be tested:
Neutrinos and Gamma Rays from NGC1068 

(IceCube Collaboration, 2022, Science)

The absence oÿ      rays 
indicates 

auto-absorption due to 
a dense photon field

      The emission may 
become ÿrom the inner 

part oÿ the AGN!

Neutrino VS Āamma-ray flux ÿrom NGC1068

come from the core of 
the AGN (reconnecrtion 

acceleration?)


