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Particle acceleration by magnetic reconnection in relativistic jets
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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.
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MAGNETIC  RECONNECTION

2

Approach of magnetic flux tubes of opposite polarity with finite 
resistivity (h): RECONNECT 

Solar corona

Earth magnetotail

Reconnection is FAST in these environments
->     vrec ~ VA = B/(4pr) 1/2

J = DXB       ~ 2B c_
D  4p

D



Reconnection
beyond

Solar System

Perseus

Stellar coronae

ISM & ICM

Accretion
disk 
coronae

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 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 M
axwellian

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).
W
e note that both

models have very

similar behaviour, except for the
amount of particles

that are being accelerated
along the system

evolution.

W
hile 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. W
e 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 B

0 =
9.4

G
and

a

background density ⇢
0 =

10 4
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

B
0 =

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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Facts & Challenges



Cosmic Ray Spectrum
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Black Hole Sources: 
Cosmic Ray accelerators  ≥ 1015 eV 

and very high energy emitters >TeVs

Black Hole Binaries 
(Microquasars)

AGNs (blazars, radio-galaxies, seyferts)

GRBs

Black Hole Sources: 
Cosmic Ray accelerators ->  ≥ 1015 eV 
and very high energy emitters >TeVs

Black Hole Binaries 
(Microquasars)

AGNs (blazars, radio-galaxies, seyferts)

GRBs
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Ø Powered by magneto-centrifugal
acceleration by helical field arising 
from the accretion disk (Blandford & 
Payne)

Ø Or powered by BH spin (Blandford-Znajek)

(e.g, McKinney 06;
Tchekhovskoy 2015)

Relativistic jets are born magnetically dominated

Major Problem:
Most energy is in magnetic field 
-> Need rapid conversion (dissipation) to kinetic:

Requires RECONNECTION?
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configuration and magnetized plasma properties along the line
of sight (Bromley et al. 2001; Broderick & Loeb 2009;
Mościbrodzka et al. 2017). These polarimetric measurements
allow us to carry out new quantitative tests of horizon-scale
scenarios for accretion and jet launching around the
M87* black hole. In this Letter we present our interpretation
of the EHTC VII resolved polarimetric images of the ring
in M87*.

Our analysis is presented as follows. In Section 2 we report
polarimetric constraints from M87* EHT 2017 and supplemen-
tal observations, and argue that they can be used for scientific
interpretation, focusing on several key diagnostics of the degree
of order and spatial pattern of the polarization map. In
Section 3 we present one-zone estimates of the properties of
the synchrotron-emitting plasma. In the transrelativistic para-
meter regime relevant for the M87 core, a full calculation of
polarized radiative transfer using a realistic description of the
plasma properties is essential. To that end, in Section 4 we

describe a set of numerical simulations of magnetized accretion
flows that we use to compare with our set of observables. In
Section 5 we show that only a small subset of the simulation
parameter space is consistent with the observables. The favored
simulations feature dynamically important magnetic fields. We
discuss limitations of our models in Section 6, and discuss how
future EHT observations can further constrain the magnetic
field structure and plasma properties near the supermassive
black hole’s event horizon in Section 7.

2. Polarimetric Observations and Their Interpretation

2.1. Conventions in Observations and Models

Throughout this Letter we use the following definitions and
conventions for polarimetric quantities, following the Interna-
tional Astronomical Union (IAU) definitions of the Stokes
parameters ( )! ) - ., , , (Hamaker & Bregman 1996;
Smirnov 2011). The complex linear polarization field ( is

( )= +( ) -i . 1

Then, the electric-vector position angle (EVPA) is defined as

( ) ( )º (EVPA
1
2

arg . 2

The EVPA is measured east of north on the sky. Therefore,
positive ) is aligned with the north–south direction and
negative ) with the east–west direction. Positive - is at
a+ 45 deg angle with respect to the positive ) axis (in the
northeast–southwest direction). Positive Stokes . indicates
right-handed circular polarization, meaning in our convention
that the electric field vector of the incoming electromagnetic
wave is rotating counter-clockwise as seen by the observer. In
the synchrotron radiation models that we consider, a positive
value of emitted Stokes . is associated with an angle θB
between the wavevector kμ and magnetic field bμ as measured
in the frame of the emitting plasma in the range θB ä [0, 0.5π].
Negative . corresponds to θB ä [0.5π, π].
The linear and circular polarization fractions at a point in the

image are defined as

∣ ∣ ∣ ∣ ( )º
(
!

m , 3
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.
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We also define the rotation measure between two wavelengths
λ1 and λ2
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Unresolved observations measure the net (image-integrated)
polarization fractions
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Figure 1. Top panel: 2017 April 11 fiducial polarimetric image of
M87* from EHTC VII. The gray scale encodes the total intensity, and ticks
illustrate the degree and direction of linear polarization. The tick color indicates
the amplitude of the fractional linear polarization, the tick length is proportional
to ∣ ∣ º +( ) -2 2 , and the tick direction indicates the electric-vector
position angle (EVPA). Polarization ticks are displayed only in regions where
>! !10% max and ∣ ∣ ∣ ∣>( (20% max. Bottom row: polarimetric images of

M87* taken on different days.
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The Astrophysical Journal Letters, 910:L13 (43pp), 2021 March 20 EHT Collaboration et al.



Challenge to explain observed gamma-ray flares in AGN 
BLAZAR  Jets? 

Blazars:
High luminous AGNs &
most frequent 
extragalactic
Gamma-ray emitters

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



Challenge to explain observed gamma-ray flares in AGN 
BLAZAR  Jets? 

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)



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

in magnetically dominated 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)

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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Fig. 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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This talk
PARTICLE ACCELERATION BY RECONNECTION @ magnetically 
dominated regions of black hole relativistic jets and accretion flows 
(to solve current puzzles related CR acceleration and very high 
energy emission):

Ø Overview of fast magnetic reconnection acceleration in MHD 
flows   driven by turbulence

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

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

Reconnection AccelerationShock Acceleration 

B
+
-

vrec

B vrec
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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

RL= E/qB



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	 (DL )
−1/2



Particle Acceleration by Magnetic Reconnection 
probed with Numerical Simulations

30

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; 22; Werner+ 17; 19; Sironi+18; Niskiwkawa et al. 2019, 2020; 
Comisso & Sironi 2019, 2020; Zhang et al. 2021, Davelaar et al. 2021; Sironi 2022; Zhang  
et al 2023; …)

@ 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
ü Signatures of Fermi acceleration



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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Reconnection driven by CD Kink 
Instability in Laboratory

LAPD plasma column: 60 cm in diameter and 18 m long @ UCLA
(Gekelman et al., ApJ 2012)

Magnetic flux ropes wrapped
around each other develop kink
instability that drives turbulent
reconnection -> patchy in
space and bursty in time



Identification of Fast Reconnection driven by 
Kink in Relativistic Jets

Kadowaki, de Gouveia Dal Pino, Stone ApJ 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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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
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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).

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.
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Accelerated Particles Spectrum in the 
Relativistic MHD 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
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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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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.

Particle acceleration       ßà      Fast reconnection sites     



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

~ to RMHD+ test 
particles (Medina-Torrejon 
et al. 2021)

->   dB/dt effects: not important

curvature dirift

Reconnection 
acceleration

Magnetic-grad drift



Applications to AGN Jet Very High 
Energy Phenomena

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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Figure 10. The diagram shows the normalized power spec-
tral density (PSD) of the photon fluxes obtained from the
light curve of Mrk 421 (red line, obtained from Kushwaha
et al. 2017), and our jet model m240ep0.5 (black line) in the
observer frame.

frame. The latter shows a broken power-law profile6

with a frequency break log10(⌫00) ⇠ �6.3, in agreement
with one obtained by Kushwaha et al. (2017). We have
also obtained a compatible power-law index (a2 ⇠ �0.6)
for frequencies higher than ⌫00. On the other hand, the
synthetic PSD is steeper (a1 ⇠ �2.0) than the observed
one (a1 ⇠ �1.5) for frequencies lower than ⌫00. Since the
synthetic light curve is a result of turbulent magnetic
reconnection events, the similarity found between the
PSDs emphasizes the argument that the time-variability
observed in Mrk 421 can be correlated with such events.

5. DISCUSSION AND CONCLUSIONS

In this work, we have evaluated how turbulent mag-
netic reconnection structures evolve in Poynting-flux
dominated relativistic jets subject to the current-driven
kink instability. To this aim, we have performed 3D-
SRMHD simulations following the work of Mizuno et al.
(2012) to obtain suitable initial and boundary condi-
tions for a small portion of a comoving jet with an ini-
tial helical magnetic field and a moderate magnetization
(� ⇠ 1.0) near the jet spine. Motivated by the previ-
ous work of Singh et al. (2016), we have examined the
magnetic reconnection rates in such a system employ-
ing the algorithm developed in Kadowaki et al. (2018),
which was modified to take into account relativistic ef-
fects. This algorithm was able to perform a systematic
search of all reconnection events in the system, allowing
for visualization of the local magnetic topology of the
current sheets, as well as quantification of the recon-
nection rate and the magnetic power released in these
events, in three di↵erent frames (the reconnection, the
jet, and the observer’s frame). Our results can be sum-
marized as follows:

6 f 0 / ⌫0a1 (⌫0 < ⌫0o) and f 0 / ⌫0a2 (⌫0 � ⌫00)

• The identification of the magnetic reconnection
sites reveals that these are initially concentrated
in the jet spine. At the beginning of the growth
of the twists of the magnetic field driven the CDK
instability (between t ⇠ 20 and ⇠ 30 c.u.), the
current density structures are thick. During this
phase (after t ⇠ 25), mostly sporadic, slow re-
connection events with average rates smaller than
0.015ṼA are detected. As time evolves, after the
instability grows exponentially up to saturation,
around t = 40 (see also MGK20), the increasing
amplitude of the jet wiggling structure becomes
fully turbulent. The magnetic field lines are dis-
torted and disrupted in several regions, and the as-
sociated current density structures become thinner
(Figure 2), undergoing fast reconnection with the
fastest rate around 0.23ṼA (at t = 56). The system
achieves a turbulent, quasi-steady-state regime be-
tween t ⇠ 50 and 66 with an average rate of
0.051 ± 0.026ṼA in agreement with the previous
works of Takamoto et al. (2015) and Singh et al.
(2016).

• The reconnection rate values resembles a log-
normal distribution especially in the quasi-steady-
state phase, after t = 50 (Figure 7). Since log-
normal profiles are signatures of turbulence, this
is another indication that turbulence is driving
the fast reconnection events (in agreement with
the theory of Lazarian & Vishniac 1999) along the
relativistic jets. A �2 analysis reveals that asym-
metric reconnection events produce a deviation
from the log-normal distribution, which indicates
that such events maybe not be associated with the
same process.

• The convergence tests show no major di↵erences
in hṼrecis between the models with the middle and
high resolutions (240 and 480 cells in each direc-
tion), which implies that the fastest reconnection
events are independent of the numerical resistivity,
again in agreement with the turbulence-induced
fast reconnection theory of Lazarian & Vishniac
(1999) (see also Kowal et al. 2009; Santos-Lima
et al. 2020), which predicts that the reconnection
does not depend on the Ohmic resistivity of the
environment.

• Our qualitative analysis of 2D cuts of the local
reconnection events (using the LIC method) ev-
idences X-point-like structures of highly concen-
trated magnetic field lines (in a reconnection pro-
cess) and magnetic islands (already reconnected)
in several regions, where the magnetic field and the

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).

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 10. The diagram shows the normalized power spec-
tral density (PSD) of the photon fluxes obtained from the
light curve of Mrk 421 (red line, obtained from Kushwaha
et al. 2017), and our jet model m240ep0.5 (black line) in the
observer frame.

frame. The latter shows a broken power-law profile6

with a frequency break log10(⌫00) ⇠ �6.3, in agreement
with one obtained by Kushwaha et al. (2017). We have
also obtained a compatible power-law index (a2 ⇠ �0.6)
for frequencies higher than ⌫00. On the other hand, the
synthetic PSD is steeper (a1 ⇠ �2.0) than the observed
one (a1 ⇠ �1.5) for frequencies lower than ⌫00. Since the
synthetic light curve is a result of turbulent magnetic
reconnection events, the similarity found between the
PSDs emphasizes the argument that the time-variability
observed in Mrk 421 can be correlated with such events.

5. DISCUSSION AND CONCLUSIONS

In this work, we have evaluated how turbulent mag-
netic reconnection structures evolve in Poynting-flux
dominated relativistic jets subject to the current-driven
kink instability. To this aim, we have performed 3D-
SRMHD simulations following the work of Mizuno et al.
(2012) to obtain suitable initial and boundary condi-
tions for a small portion of a comoving jet with an ini-
tial helical magnetic field and a moderate magnetization
(� ⇠ 1.0) near the jet spine. Motivated by the previ-
ous work of Singh et al. (2016), we have examined the
magnetic reconnection rates in such a system employ-
ing the algorithm developed in Kadowaki et al. (2018),
which was modified to take into account relativistic ef-
fects. This algorithm was able to perform a systematic
search of all reconnection events in the system, allowing
for visualization of the local magnetic topology of the
current sheets, as well as quantification of the recon-
nection rate and the magnetic power released in these
events, in three di↵erent frames (the reconnection, the
jet, and the observer’s frame). Our results can be sum-
marized as follows:

6 f 0 / ⌫0a1 (⌫0 < ⌫0o) and f 0 / ⌫0a2 (⌫0 � ⌫00)

• The identification of the magnetic reconnection
sites reveals that these are initially concentrated
in the jet spine. At the beginning of the growth
of the twists of the magnetic field driven the CDK
instability (between t ⇠ 20 and ⇠ 30 c.u.), the
current density structures are thick. During this
phase (after t ⇠ 25), mostly sporadic, slow re-
connection events with average rates smaller than
0.015ṼA are detected. As time evolves, after the
instability grows exponentially up to saturation,
around t = 40 (see also MGK20), the increasing
amplitude of the jet wiggling structure becomes
fully turbulent. The magnetic field lines are dis-
torted and disrupted in several regions, and the as-
sociated current density structures become thinner
(Figure 2), undergoing fast reconnection with the
fastest rate around 0.23ṼA (at t = 56). The system
achieves a turbulent, quasi-steady-state regime be-
tween t ⇠ 50 and 66 with an average rate of
0.051 ± 0.026ṼA in agreement with the previous
works of Takamoto et al. (2015) and Singh et al.
(2016).

• The reconnection rate values resembles a log-
normal distribution especially in the quasi-steady-
state phase, after t = 50 (Figure 7). Since log-
normal profiles are signatures of turbulence, this
is another indication that turbulence is driving
the fast reconnection events (in agreement with
the theory of Lazarian & Vishniac 1999) along the
relativistic jets. A �2 analysis reveals that asym-
metric reconnection events produce a deviation
from the log-normal distribution, which indicates
that such events maybe not be associated with the
same process.

• The convergence tests show no major di↵erences
in hṼrecis between the models with the middle and
high resolutions (240 and 480 cells in each direc-
tion), which implies that the fastest reconnection
events are independent of the numerical resistivity,
again in agreement with the turbulence-induced
fast reconnection theory of Lazarian & Vishniac
(1999) (see also Kowal et al. 2009; Santos-Lima
et al. 2020), which predicts that the reconnection
does not depend on the Ohmic resistivity of the
environment.

• Our qualitative analysis of 2D cuts of the local
reconnection events (using the LIC method) ev-
idences X-point-like structures of highly concen-
trated magnetic field lines (in a reconnection pro-
cess) and magnetic islands (already reconnected)
in several regions, where the magnetic field and the

Fast Reconnection can explain observed gamma-ray 
flux & variability in Relativistic Jets

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

Ø Time variability and reconnection power compatible with observed blazar flaring

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 
MKR421 observed power 
spectrum density

Integrated magnetic 
reconnection power 

AGN Blazar:  MRK421

peaked shape near the mean, as we expected. Furthermore, we
applied a reduced chi-square statistic to evaluate the quality of
the fit, obtaining the poor value of c ~ 17red

2 (see Table 2).
Based on this result, we constrained the sample in order to
obtain the reconnection rate only for the most symmetric
profiles (bottom histograms in Figure 7).11 This constraint
reduces to one-fourth the sample size, but also implies in a
reduced chi-square to c ~ 2.8red

2 (see Table 2). Despite this
difference, we obtained from the fit of the constrained sample
an average reconnection rate ˜á ñV frec of the order of
0.050± 0.021, which does not differ from the value of the
original sample ( ˜á ñ = V 0.051 0.026frec , see Table 2).
Furthermore, this value is compatible with that found in Singh
et al. (2016).

We have also obtained the time evolution of the average
magnetic reconnection rate, ˜á ñV srec (taken from all identified sites
in each snapshot), considering different criteria for the position
of the edges of the diffusion region (0.5, 0.1, and ∣ ∣J0.05 ;max see
Section 2.3). This is shown in the top diagram in Figure 8, where
each line corresponds to models m240ep0.5 (blue line),
m240ep0.1 (red line), and m240ep0.05 (green line; see
Table 1). In general, the evolution of ˜á ñV srec does not change
significantly between t= 16 and 34, when the CDK instability
grows exponentially (see MGK21, Figure 2). All models show
few and slow events with a peak around t= 32, and a gap
between t= 33 and 34. After this time, models m240ep0.1 and
m240ep0.05 show convergence, but with ˜á ñV srec values larger
than those obtained for the reference model m240ep0.5 (at the
limit of 1σ uncertainty, indicated by the colored shades in
Figure 8), particularly after the CDK instability has achieved the
saturation and quasi-steady-state turbulence is settled in the
system, beyond t= 40. The reconnection regions in models
m240ep0.1 and m240ep0.05 are larger than in model m240ep0.5
since the asymptotic magnetic field and the velocity have been
measured at locations where the current density decays to 0.1
and 0.05 of the maximum, respectively. Despite the convergence
of models m240ep0.1 and m240ep0.05, we adopted for our
reference model the conservative criterion of ∣ ∣J0.5 max (model
m240ep0.5), also used in previous works (see, e.g., Kowal et al.
2009; Zhdankin et al. 2013; Kadowaki et al. 2018a). In fact, we
do not expect a convergence of ˜á ñV srec in such comparisons since
we can extrapolate the size of a single identified region.

The bottom diagram in Figure 8 compares the time evolution
of ˜á ñV srec obtained for the reference jet model with resolution of
2403 cells (model m240ep0.5, blue line), and with two lower
and higher resolution models, i.e., 1203 (model m120ep0.5,
red line) and 4803 (model m480ep0.5, green line) cells,

respectively. The lowest resolution model (m120ep0.5) has the
largest differences, with a smooth increase of ˜á ñV srec (with no
gaps) between t= 23 and 36. After this time, model m120ep0.5
achieves a peak around t∼ 40, i.e., when the CDK instability
reaches a plateau, followed by high variability, but with
average fast rates over the quasi-steady-state turbulent regime,
as in models m240ep0.5 and m480ep0.5. The highest
resolution model (m480ep0.5)12 shows the smallest variability,

Table 2
Statistics of the Ṽrec Distribution for Model m240ep0.5 (t = 50−66)

Statistics Symmetric and Nonsymmetric Profiles Symmetric Profiles

Sample Fit (log-normal) Sample Fit (log-normal)

Mean 0.047 0.05085 ± 0.00060 0.048 0.04969 ± 0.00038
( )s Variance 0.024 0.02612 ± 0.00082 0.022 0.02146 ± 0.00049

Skewness 0.99 1.676 ± 0.048 1.26 1.376 ± 0.029
Kurtosis 1.99 5.38 ± 0.33 4.17 3.55 ± 0.16
cred

2 L 17 L 2.8

Degrees of freedom L 78 L 76

Figure 8. The top diagram shows the time evolution of the average magnetic
reconnection rate ˜á ñV srec (taken from all identified sites in each snapshot)
considering different criteria for the position of the edges of the diffusion
region (0.5, 0.1, and ∣ ∣J0.05 max ), whereas the bottom diagram compares the
time evolution of ˜á ñV srec for three different resolutions of the jet simulation
(1203, 2403, and 4803 cells). Colored shades correspond to standard deviations
of each model.

11 We note that for the symmetric sample, the magnetic and velocity
magnitudes at one edge of the diffusion region will not be two times larger than
the values in the opposite edge (as in Kadowaki et al. 2018a).

12 Model m480ep0.5 is numerically expensive and unstable, thus we have
evolved it until t = 55.
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Lepto-Hadronic Reconnection Acceleration for 
Relativistic Jets - VHE Losses 

(Giannios & Uzdensky 2019)

Aartsen et al. (2018), Science.

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

Blazar TXS 0506+056 (Aartsen et al. 2018, Science)

lmin/Rg = 100-1000
(blue -> gray)



Emission 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
de Gouveia Dal Pino, Piovezan, Kadowaki A&A 2010
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 (+ drift): N(E)~E-1.2

ü Magnetic reconnection rates in MHD, RMHD and GRMHD simulations of
turbulent systems <vrec>~0.05 (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? (signatures of polarization?)


