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Clues from Observations



Blazar TXS 0506+056

First simultaneous observation of -ray flare 
and neutrino emission in AGN blazar jet -> 
offering evidence for VHE Protons 

Science (2018)

AGN Jets 



Blazar TXS 0506+056

First simultaneous observation of -ray 
flare and neutrino emission in AGN 
blazar jet -> evidence of VHE Protons 

AGN Jets 

Is Magnetic Reconnection  
the key process to produce 
VHE protons and photons? 



Neutrino Excess and Gamma Ray Absorption in AGN NGC1068 

IceCube collaboration, Science 2022

Neutrinos: a clue for the acceleration of protons to 
VHE

Gamma-ray absorption suggests:  emission comes 
from magnetized nuclear region of the AGN

Can magnetic reconnection explain VHE  
acceleration and emission? 



Magnetic Reconnection
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Fast Magnetic Reconnection Ubiquitous 



This talk

MAGNETIC RECONNECTION key process for CR acceleration and VHE 
emission:

➢ Overview of fast magnetic reconnection mechanisms

➢ Overview of first-order Fermi particle acceleration by reconnection

➢ Reconnection acceleration at Kinetic (PIC) versus  MHD scales

➢ Turbulence-driven Reconnection (TDR) acceleration of particles in MHD: up to ultra-
high-energies (UHECRs) without extrapolations

➢ Applications of Turbulent-driven reconnection (TDR) acceleration to AGN sources
(core and jets) explain neutrino and gamma-rays

➢ Key processes on CR propagation: Lucas Barreto-Mota & Petros Stefanou’s talks



Reconnection can accelerate 
Particles up to very high energies (VHE) 
and produce VHE -rays and neutrinos

But it has to be FAST !



Two ways to make reconnection fast

- Resistive Tearing mode instability (or “plasmoid-mediated”) 

- Turbulence-Driven Reconnection (TDR): resistive independent



Best-Resolved 2D MHD Simulations of Tearing Mode/Plasmoid Reconnection

Simulation of a current layer: 

S= 3.3 10⁵ and 65,536² grid points

Vicentin, Kowal, de Gouveia Dal Pino & Lazarian, ApJ 2026

• 1 × 104 < S < 3 × 105 -> tearing reconnection slow 
and resistive-dependent:

Vrec ∼ S−1/3 



Best-Resolved 2D MHD Simulation of Tearing Mode/Plasmoid Reconnection

➔ Plasmoid Reconnection: RESISTIVIVE-DEPENDENT 

AND SLOW up to Sc ~ 3.3 × 105

➔ Contradicts earlier reports of “UNIVERSAL” fast 

Vrec ∼ 0.01 VA for Sc ~ 104 (Bhattacharjee et al. 2009; 

Loureiro et al. 2012))

➔ At large S > 2 x 10⁵: Re >> 1  and Reconnection 
occurs in TURBULENT REGIME!

Vicentin, Kowal, de Gouveia Dal Pino & Lazarian, ApJ 2026



Ripperda et al. (2022)

Insights from 3D GRMHD simulations

3D General Relativistic MHD 

simulations of Magnetically Arrested

Disc (MAD) performed by Ripperda

et al. (2022) with the GRMHD code

H-AMR (Liska et al. 2019).

“Plasmoid” structures found in the

accretion flow w/ vrec ~0.01.

But, are they plasmoids (driven by

explicit or numerical resistivity), or

simply turbulent eddies?



Fortunately there is another way to make 
FAST Reconnection in MHD Flows: 

Turbulence-Driven Reconnection (TDR)



Turbulent Reconnection is Fast and Resistive-Independent



Turbulent Reconnection @ Relativistic Regime



Fast Reconnection driven by Turbulence  
in 3D MHD Flows Successfully Tested

Lazarian & Vishniac 1999 Tested in 3D res-MHD (Smax<2x106) numerical simulations (Kowal+2009, 2012; 2015; 

2019; 2020; Eyink et al. 2013; Takamoto+2015; Oishi+2015; Beresnyak 2017; Vicentin

+2025) 

Vrec~ 0.05-0.1 VA

➢ Confirmed  dependence on the turbulent injection power and scale

RESISTIVITY-

INDEPENDENT

&

FAST

(also Lazarian et al. 2020 for review)

S-1



Reconnection driven by Turbulence: Fast and Resistive-independent

The Lazarian & Vishniac theory numerically tested in 3D MHD simulations both in classical (Kowal et al. 2009, 2017, 2020,

Kadowaki et al. 2018, Vicentin et al. 2025) and relativistic (Takamoto et al. 2015, Kadowaki et al. 2019, 2021) regimes.

Kowal et al. (2009) Takamoto et al. (2015)

Classical Relativistic
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F igur e 15. T ime evolut ion of the reconnect ion rate for the simulat ion with S = 105 , β = 2.0, ⌘= 10− 5 and Prm = 50. The

blue dashed lines represent the average reconnect ion rates of hVr ec / VA i = 0.008 (tearing mode/ plasmoid unstable regime) and

0.05 (fully turbulent regime).

F igur e 16. Comparison of the mean current density mag-

nitude profi le along the y− axis between the turbulent case

(solid) and the one where only plasmoid instability (dashed)

enhances the reconnect ion.

the fact that for the simulat ion represented by the black696

dashed line, we do not inject any type of perturbat ion.697

Conversely, for the simulat ion represented by the solid698

line, turbulence is injected with Pinj = 0.1 and kinj = 128699

from t = 0 up to 0.1, tA . At each posit ion y, we com-700

pute the spat ial average of the current density magni-701

tudeh|J |i over the region (x, z) 2 [− 0.1, 0.1]⇥[− 0.5, 0.5].702

We determine the average thickness of the current layer703

at each t ime step of the simulat ion by fit t ing a Gaussian704

funct ion to the h|J |i profile and adopt hδi = 2
p

2ln 2σ,705

the full width at half maximum (FWHM) of the dist ri-706

but ion, where σ is the standard deviat ion of the fit ted707

Gaussian.708

We not ice from Figure 17 (left ) that the averaged709

thickness of the current sheet hδi is systemat ically larger710

for the turbulent system compared to the case where711

only the tearing mode instability takes place. This is712

consistent with one of the most significant predict ions713

of the theory of Lazarian & Vishniac (1999), which sug-714

gests that in the presence of turbulence, the width of the715

current sheet is a funct ion of turbulence intensity rather716

than the Ohmic resist ivity of plasma.717

By account ing the reconnect ion rate from Eq. (14),718

as the rat io hδi / hL i , it is evident that the turbulent719

regime at tains the highest reconnect ion rate (Fig. 17,720

right). This reaches rates three t imes higher than the721

ones generated solely by the tearing mode instability722

(black dashed line), in the absence of init ial perturba-723

t ions. We also note that these rates are smaller than724

the ones obtained from the t ime derivat ive of the mag-725

net ic flux (compare with Figs. 9 and 15), which may726

be related to the approximat ion of Eq. (14), valid for727

a 2D laminar flow. But , as a mat ter of comparison, we728

Plasmoid Reconnection x Turbulence-Driven Reconnection in MHD Flows

Vicentin, Kowal, de Gouveia Dal Pino & Lazarian, ApJ 2025

Reconnection is faster during fully turbulent regime compared to plasmoid phase

Vrec~ 0.05-0.1 VA

Vrec~0.01 VA



Cosmic Ray Acceleration by 
Reconnection



As in shocks: 1st-order Fermi:

(de Gouveia Dal Pino & Lazarian, 2005)

How particles are accelerated in reconnection sites? 

1st-order Fermi:

(Bell 1978; Begelman & Eichler 1997)

Reconnection AccelerationShock Acceleration 

B + vrec

B -



1ST-ORDER FERMI: particles bounce back and forth

between 2 converging magnetic flows: increases p∥
and p⊥

(See also Drake et al. 2006, Kowal et al. 2011; Guo et al. 2019)

Particles are Accelerated in Reconnection Sites first by FERMI and then by 
Grad-B Drift

de Gouveia Dal Pino & Lazarian, A&A 2005 Kowal, de Gouveia Dal Pino, Lazarian, PRL 2012
Lazarian et al. 2012

DRIFT: outside current sheet, at Larmor radius

>, particle interacts with magnetic field gradient

and gain energy during every gyration: increases
p⊥

(see also del Valle, de Gouveia Dal Pino, Kowal, MNRAS 2016
Zhang, Giannios & Sironi, ApJ 2021)

Acceleration time:  E-independent



Turbulent-Driven Reconnection (TDR) Acceleration 

in 3D MHD Simulations of Current Sheets with Test Particles

Fermi

vrec

N(E) ~ E-1

Kowal, de Gouveia Dal Pino, Lazarian, PRL 2012

del Valle, de Gouveia Dal Pino, Kowal MNRAS 2016

Drift 

10,000 test 

particles

rg,max = 
max ~linj

E= -v x B
(neglect:  =  J)

(~PIC simulations) 



- Probes kinetic scales ~ 100-1000 
c/ωp (microscopic: 10-10 – 10-17 

orders smaller than real systems)

- Fast reconnection driven by 
tearing instability (plasmoid 2D)

(e.g. Sironi & Spitkovsky 2014; Comisso & 
Sironi 2019; Zhang et al 2021, 2023; Sironi

2022; Chernoglazov et al 2023; Gou et al. 

2019; 2023)

Two Parallel Worlds: 
Kinetic and MHD Reconnection Acceleration

Kinetic (PIC)

- Probes macroscopic astrophysical 
scales

- Fast reconnection driven by 
turbulence (3D)

(Kowal, deGDP & Lazarian 2011; 2012; 
deGDP & Kowal 2015; del Valle, deGDP et 

al. 2016; Kadowaki, deGDP et al 2021; 

Medina-Torrejon, deGDP et al 2021, 2023; 
dGDP & Medina-Torrejon 2026)

MHD

Solves injection energy 
problem: initial acceleration of CRs 
-> caution needed to 
extrapolate to large scales

Solves saturation energy of 
CRs: final acceleration

Two Parallel Worlds: 
Kinetic and MHD Reconnection Acceleration



Implications of Turbulence Driven Reconnection (TDR)  
for CR Acceleration and VHE emission in Relativistic 

Jets and Accretion Flows

Fast magnetic reconnection in turbulent accretion disks and jets

LuísH.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 M
RI 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 thewhite circles correspond to the confirmedmagnetic

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 thespecial relativistic codeRaishin [24] in a3D
domain with 240 cells in each direc-

tion. W
e 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]). W

e have imposed

outflow
conditions in thex and y boundaries and periodic conditions in thevertical boundaries.

Thebottom
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

4

117

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

Ø
Average reconnection 

velocities <V
rec>~ 0.05 V

A

(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…)



Kink Instability Drives Turbulence and Fast Magnetic Reconnection 
in Relativistic MHD Jets

Kadowaki, de Gouveia Dal Pino, Stone, ApJ 2018; 

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

Reconnection sites form due to turbulence 

(B~ 0.1 -10 G)

Kink instability drives turbulence



Identification of Turbulence-Driven Fast Reconnection layers (CS) in 
Relativistic MHD Jets

Kadowaki, de Gouveia Dal Pino, Stone, ApJ 2018; 

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

➢ Detection algorithm of reconnection layers (as in Zhdankin et al. 2013) extended to 3D relativistic analysis 

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   

➢ Identify Jmax

➢ Measure local vin

➢ Measure local 



Identification of Fast Reconnection driven by Kink in Relativistic 

Jets

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



Fast Reconnection Rate driven by Kink Turbulence in Relativistic 

Jets

Kadowaki, de Gouveia Dal Pino +, ApJ 2021

<
V

re
c
/
V

A
 >

time



Fast Reconnection Rate driven by Kink Turbulence in Relativistic 

Jets

Kadowaki, de Gouveia Dal Pino + ApJ 2021

<
V

re
c
/
V

A
>

time

➢ <Vrec> ≈ 0.05 VA -> Fast reconnection: key for efficient particle acceleration

Maximum vrec ~0.4 VA



Early Acceleration of Particles by Turbulence-Driven Reconnection (TDR) 
with Particles Evolving with Relativistic Jet

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

(B~ 0.1 G)

L= 5 10-7 pc

Particles accelerated for: 
t= 60 L/c ~ 1 hr

(~1) 

3D RMHD-PIC Simulation

L= 5 10-7 pc

B~ 0.1 G
~1



Early Acceleration of Particles by Turbulence-Driven Reconnection (TDR) 
with Particles Evolving with Relativistic Jet

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

(B~ 0.1 G)

L= 5 10-7 pc

Particles accelerated for: 
t= 60 L/c ~ 1 hr

(~1) 

3D RMHD-PIC Simulation

L= 5 10-7 pc

B~ 0.1 G
~1



Acceleration of test particles by Turbulence-Driven Reconnection (TDR) in 
Relativistic MHD Jets continues up to VHE and UHEs 

Medina-Torrejon, de Gouveia Dal Pino, Kowal, ApJ 2023        Medina-Torrejon, de Gouveia Dal Pino+ ApJ 2021

(B~ 0.1 G)

3D RMHD-PIC scale probes initial acceleration

L= 3.6 10-5 pc

Particles accelerated over: 0.01-0.1 pc scale 
L= 5 10-7 pc

Particles accelerated for: t= 60 L/c ~ 1 hr

(~1) 



Acceleration of test particles by Turbulence-Driven Reconnection (TDR) in 
Relativistic MHD Jets continues up to VHE and UHEs 

Medina-Torrejon, de Gouveia Dal Pino, Kowal, ApJ 2023        Medina-Torrejon, de Gouveia Dal Pino+ ApJ 2021

(B~ 0.1 G)

3D RMHD-PIC scale probes initial acceleration 3D RMHD scale probes maximum acceleration

18 M edina-T or r ej on et al .

F igur e 11. Part icle energy spect rum as a funct ion of the

normalized kinet ic energy at two di↵erent early t ime steps of

the accelerat ion (in hours) for the jet snapshot t = 50L / c.

The dot ted gray line is the init ial Maxwellian dist ribut ion.

The high energy tail of each dist ribut ion is fit t ed by a power-

law.

As described in sect ion 2.2, in most of the part icle

runs, we have allowed the part icles to re-enter the sys-

tem only through the jet periodic boundaries, along the

z direct ion. Nevertheless, we have also performed a few

tests where we allowed the part icles 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 direct ions, aiming at increasing the number of accel-

erated part icles. In Table 2, these few tests are labeled

with “ p” . Figure 12 shows one of these tests performed

for the jet model j 240 in the snapshot t = 50 L/ c (model

t50p), for which 1,000 part icles were init ially injected. It

can be compared with its counterpart model shown in

the bot tom panel of Figure 5, in which 10,000 part icles

(rather than 1,000) were injected and allowed to re-enter

the system only in the z direct ion (test part icle model

t50o, Table 2). We note that both models have very

similar behaviour, except for the amount of part icles

that are being accelerated along the system evolut ion.

While in model t50o (bot tom panel of Figure 5), there

are more part icles in the beginning of the evolut ion, due

to themuch larger number of injected part icles, in model

t50p (Figure 12), we see a larger number of part icles

that are accelerated up to the maximum energy at the

exponent ial regime and beyond, due to the larger num-

ber of re-injected part icles in the periodic boundaries in

all direct ions. We also see in Figure 9 that both mod-

els have similar accelerat ion propert ies, i.e., accelerat ion

rate, power-law index ↵ , and kinet ic energy growth rate.

3.2.7. Magnetic field e↵ects

As in Figure 5 (bot tom diagram, test part icle model

t50o), Figure 13 also shows the kinet ic energy evolu-

F igur e 12. Part icle kinet ic energy evolut ion, normalized

by the rest mass energy, for part icles injected in t = 50L / c

snapshot of the jet model ( j 240, see Table 2). This test is

similar to that of the bot tom diagram of Figure 5, except

that here part icles 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 part icles. The small

plot on the upper left shows the evolut ion of the part icles

gyro-radius.

F igur e 13. K inet ic energy evolut ion for part icles injected

at snapshot t = 50L / c of the jet model j 240 with an init ial

background magnet ic field at jet axis B 0 = 9.4 G and a

background density ⇢0 = 104 cm− 3 (see Table 2). The init ial

condit ions are the same as in the test part icle model (t50o)

shown in the bot tom panel of Figure 5, except that there

B0 = 0.094 G and ⇢0 = 1 cm− 3 , leaving unaltered the Alfvén

velocity in both tests (see text for details). The color bar

indicates the number of part icles and the small plot in the

detail shows the evolut ion of the part icles gyro-radius.

Fermi

Drift

L= 3.6 10-5 pc

Particles accelerated over: 0.01-0.1 pc scale 
L= 5 10-7 pc

Particles accelerated for: t= 60 L/c ~ 1 hr

(~1) 



Acceleration of test particles by Turbulence-Driven Reconnection (TDR) in 
Relativistic MHD Jets continues up to VHE and UHEs 

Medina-Torrejon, de Gouveia Dal Pino, Kowal, ApJ 2023        Medina-Torrejon, de Gouveia Dal Pino+ ApJ 2021

3D RMHD-PIC scale probes initial acceleration 3D RMHD scale probes maximum acceleration
18 M edina-T or r ej on et al .
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law.
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y direct ions, aiming at increasing the number of accel-
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for the jet model j 240 in the snapshot t = 50 L/ c (model

t50p), for which 1,000 part icles were init ially injected. It

can be compared with its counterpart model shown in

the bot tom panel of Figure 5, in which 10,000 part icles

(rather than 1,000) were injected and allowed to re-enter
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t50o, Table 2). We note that both models have very
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that are being accelerated along the system evolut ion.
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are more part icles in the beginning of the evolut ion, due

to themuch larger number of injected part icles, in model

t50p (Figure 12), we see a larger number of part icles

that are accelerated up to the maximum energy at the

exponent ial regime and beyond, due to the larger num-

ber of re-injected part icles in the periodic boundaries in

all direct ions. We also see in Figure 9 that both mod-

els have similar accelerat ion propert ies, i.e., accelerat ion

rate, power-law index ↵ , and kinet ic energy growth rate.

3.2.7. Magnetic field e↵ects
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t50o), Figure 13 also shows the kinet ic energy evolu-

F igur e 12. Part icle kinet ic energy evolut ion, normalized

by the rest mass energy, for part icles injected in t = 50L / c

snapshot of the jet model ( j 240, see Table 2). This test is

similar to that of the bot tom diagram of Figure 5, except

that here part icles were periodically re-injected through all
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F igur e 13. K inet ic energy evolut ion for part icles injected

at snapshot t = 50L / c of the jet model j 240 with an init ial

background magnet ic field at jet axis B 0 = 9.4 G and a

background density ⇢0 = 104 cm− 3 (see Table 2). The init ial

condit ions are the same as in the test part icle model (t50o)

shown in the bot tom panel of Figure 5, except that there

B0 = 0.094 G and ⇢0 = 1 cm− 3 , leaving unaltered the Alfvén

velocity in both tests (see text for details). The color bar

indicates the number of part icles and the small plot in the

detail shows the evolut ion of the part icles gyro-radius.

Fermi

Drift

L= 3.6 10-5 pc

Particles accelerated over: 0.01-0.1 pc scale 
L= 5 10-7 pc

Particles accelerated for: t= 60 L/c ~ 1 hr

Particles undergo exponential Fermi
acceleration up to VHE within turbulent
reconnection layers whose sizes span
from the small resistive scale to the
turbulence injection scale.



Acceleration of test particles by Turbulence-Driven Magnetic Reconnection in 
Relativistic MHD Jets continues up to VHE and UHEs 
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3D RMHD-PIC scale probes initial acceleration 3D RMHD scale probes maximum acceleration
18 M edina-T or r ej on et al .
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indicates the number of part icles and the small plot in the

detail shows the evolut ion of the part icles gyro-radius.

Fermi

Drift

L= 3.6 10-5 pc

Particles accelerated over: 0.01-0.1 pc scale 

Particles undergo exponential Fermi
acceleration up to VHE within turbulent
reconnection layers whose sizes span
from the small resistive scale to the
turbulence injection scale.

Particles accelerated up to 1017 eV -> energy enough 
to produce TeV Gamma-Rays and Neutrinos !



Acceleration time in turbulence-driven reconnection a crucial parameter 

Xu & Lazarian, ApJ 2023 
;

• tacc,Fermi~ constant w/ Ep

• But depends on vin , and 

Fastest reconnection acceleration 



Medina-Torrejon, de Gouveia Dal Pino+, ApJ, (21, 23) de Gouveia Dal Pino & Medina-Torrejon, ApJ, (2026)

3D RMHD-PIC simulation: 

Kink-unstable relativistic jet

Particle Acceleration time in turbulence driven reconnection



de Gouveia Dal Pino & Medina-Torrejon, ApJ (2026)

Acceleration Time inside CS: independent of E 
(as expected from Fermi acceleration)

(Xu & Lazarian, 2023)

Particle Acceleration time in turbulence driven reconnection



de Gouveia Dal Pino & Torrejon, ApJ, (2026)

Fermi

Drift

1st-order Fermi: 
energy independent

Drift: strongly
energy dependent

Fermi acceleration within CS is dominant up to VHE: important to shape VHE emission spectrum: in contrast
to recent works based on extrapolation from microscopic PIC simulations, suggesting drift acceleration as
dominant (e.g., Zhang, Sironi, Giannios, 2021)

Medina-Torrejon, de Gouveia Dal Pino et al., ApJ, (2021; 2023)

(e.g., de Gouveia Dal Pino 
& Kowal 2015; del Valle+16)

Particle Acceleration time in turbulence driven reconnection



Blazar TXS 0506+056

First simultaneous observation of -ray 
flare and neutrino emission in AGN 
blazar jet -> evidence of VHE Protons 

Science (2018)

AGN Jets 



Turbulence-Driven Reconnection (TDR) Fermi Acceleration Model of 
Relativistic Jet to explain Very High Energy (VHE) emission

(B~ 0.1 -10 G)

~1

Background  reconnection: 

stripped jet model (Giannios & 
Usdenszki 2019) embedded in 

turbulence which makes 

reconnection fast

Medina-Torrejon, de Gouveia Dal Pino, Kowal ApJ 2023 De Gouveia Dal Pino, de Gouveia Dal Pino, Rodriguez-Ramirez, del Valle MNRAS 2025



Turbulence-Driven Reconnection (TDR) Fermi Acceleration for TXS 0506+056

Model produces:

▪ neutrinos and VHE 
(photo-pion)

▪ observed time delay 

between VHE -rays 
appearing later than 
neutrino 

tacc,FERMI

tSyn

tB-H

tphoto-pion

de Gouveia Dal Pino, Rodriguez-Ramirez, del Valle MNRAS 2025

(Xu & Lazarian, ApJ 2023) 



Turbulence-Driven Reconnection (TDR) Fermi Acceleration for TXS 0506+056

Model produces:

▪ neutrinos and VHE 
(photo-pion)

▪ observed time delay 

between VHE -rays 
appearing later than 
neutrino 

tacc,FERMI

tSyn

tB-H

tphoto-pion

de Gouveia Dal Pino, Rodriguez-Ramirez, del Valle MNRAS 2025

(Xu & Lazarian, ApJ 2023) 



TeV Spectral Spike of Mrk 501 explained by Turbulence-Driven Reconnection  (TDR) 
Fermi Acceleration

Blazar Mrk 501

Formiga-Paiva, de Gouveia Dal Pino, Rodriguez-Ramirez, Barres de Almeida, & Diaz-Cortes, JHEAp 2026

TeV spikes: explained by a
leptonic transient emission in
a compact zone, located in a
more magnetized and slower
flow compared to the region
that produced quiescent SED
component.
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F igur e 4. Three-dimensional histogram of accelerated par-

t icle posit ions (square symbols) for the snapshot t = 50L / c

of jet model j 240. It was integrated over the part icles ac-

celerat ion t ime between 100 and 5000 hours, which corre-

sponds to the exponent ial accelerat ion regime (see Figure 5,

bot tom panel). Only the posit ions of part icles accelerated

with energy increment ∆ Ep / Ep > 0.4 were included, and

energy between Ep > 10− 1mpc
2 and the saturat ion energy

Ep ⇠ 107mpc
2 . In order to improve visualizat ion, part i-

cles that accelerated to a maximum energy less than 103

MeV were also removed, and to avoid boundary e↵ects, the

counts were const rained to the domain between [− 2.5, 2.5] L

in the x and y direct ions, and [0.5, 5.5] L in the z direct ion.

T he circles correspond to the posit ions of fast magnet ic re-

connect ion sites (with velocit ies larger than or equal to the

average reconnect ion speed). The isosurfaces of the current

density intensity at half maximum |J | (yellow color) are also

depicted (Jm ax / 2⇠ 1.25).

layer s, as expect ed, t hough t he st ochast ic nat ur e

of t he whole pr ocess also al lows for t he acceler -

at ion of t he per pendicular component (see also

K owal et al. 2012) . T he slower dr i ft acceler at ion

r egimes, bot h in t he beginning and aft er t he ex-

ponent ial gr owt h r egime, ar e dominat ed by t he

acceler at ion in t he ver t ical di r ect ion. T he same

behav iour has been ident ified in t he ot her snap-

shot s.

We note that in the snapshot t = 40L/ c, which has

not developed yet full turbulence with substant ial num-

ber of very fast reconnect ion events (Figure 1 and Table

3), though part icles also undergo exponent ial accelera-

t ion, most of them do not achieve the saturat ion energy,

contrary to what happens in the more evolved snapshots

where nearly steady-state, and fully developed turbu-

lence has been already achieved.

F igur e 5. K inet ic energy evolut ion, normalized by the pro-

ton rest mass energy, for the part icles injected in the snap-

shots t = 40, 46 and 50L / c of the jet model j 240, from top

to bot tom, respect ively. The color bars indicate the number

of part icles. I n t he m iddle panel , t he color s indicat e

which veloci t y com ponent is being acceler at ed ( r ed

or blue for par al lel or p er p endicular com ponent t o

t he local m agnet ic field, r esp ect ively ) . The plots in the

upper left inset of each panel show the t ime evolut ion of the

part icles gyro-radius. The horizontal orange line corresponds

to the cell size of the simulated background jet , the grey color

corresponds to the ent ire dist ribut ion of gyro-radius values,

and the blue line gives the average value.

Fast Turbulent-Driven Reconnection (TDR) able to explain observed gamma-
ray flux & variability in Blazar Jet: ex. MRK421

Kadowaki, de Gouveia Dal Pino, Medina-Torrejon, Kowal, Mizuno & Kushwaha ApJ 2021

➢ Time variability and reconnection power compatible with observed blazar flare

➢ Simulated flux variability
• Magnetic field: 3.7 G

• Doppler: =5 
• Height of the Jet:  ≈ 0.1 pc

• High density regions: ≈ 7 102 cm-3

• Photon energy: 0.1 - 300 GeV 

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

Integrated magnetic 

reconnection power 



Turbulence-Driven Magnetic Reconnection (TDR) in 
Accretion Flows around Black Holes

Fast magnetic reconnection in turbulent accretion disks and jets

LuísH.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 M
RI 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 thewhite circles correspond to the confirmedmagnetic

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 thespecial relativistic codeRaishin [24] in a3D
domain with 240 cells in each direc-

tion. W
e 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]). W

e have imposed

outflow
conditions in thex and y boundaries and periodic conditions in thevertical boundaries.

Thebottom
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

4

117

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

Ø
Average reconnection 

velocities <V
rec>~ 0.05 V

A

(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…)



Turbulence-Driven 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;

Khiali & de Gouveia Dal Pino, MNRAS 2016

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

Kadowaki, de Gouveia Dal Pino, Stone ApJ 2018; 

de Gouveia Dal Pino et al. 2018; Kadowaki et al. 2019; 
Rodriguez-Ramirez, deGDP, Alves-Batista MNRAS 2019; Vicentin et al., in prep.



Turbulence-Driven 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

Khiali & de Gouveia Dal Pino, MNRAS 2016

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

Kadowaki, de Gouveia Dal Pino, Stone ApJ 2018; 

de Gouveia Dal Pino et al. 2018; Kadowaki et al. 2019; 
Rodriguez-Ramirez, deGDP, Alves-Batista MNRAS 2019; Vicentin et al., in prep.

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/ c3). 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 thex 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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3D GRMHD simulation of a MAD accretion flow.

3D domain (CSK): (x, y, z) ∈ [-1024M, 1024M]³, with 8 refinement levels.

Best uniform resolution in the inner magnetized subdomain (x, y, z) ∈ [-8M, 8M]³.

Vicentin, de Gouveia Dal Pino, Wong, Medeiros & Stone, in prep.

FM torus, MAD, a = 0.9375

3D GRMHD Simulation of Turbulence Driven Reconnection (TDR)  in 
Accretion Flows around BHs



MHD turbulence induced by MRI instability. Fully-developed MRI and turbulence at t > 7700 M. High-resolution (h = M/32).

Application of the detection algorithm for magnetic reconnection sites (Kadowaki et al. 2018, 2021) modified to account for GRMHD effects.

3D GRMHD Simulation of Turbulence Driven Reconnection (TDR)  in 
Accretion Flows around BHs

Vicentin, de Gouveia Dal Pino, Wong, Medeiros & Stone, in prep

17212 confirmed reconnection sites only here !

<vrec>  >> 0.01 (of the plasmoid reconnection in Ripperda et al. 2022)



Neutrino Excess and Gamma Ray Absorption in AGN NGC1068 

IceCube collaboration, Science 2022

Neutrinos: 
a clue for the acceleration of protons to VHE



Turbulence-driven Reconnection (TDR) Fermi Acceleration Model for NGC1068

Passos-Reis, de Gouveia Dal Pino, Rodriguez-Ramirez, Vicentin, JHEAp (subm)

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

, de Gouveia Dal Pino & Singh, ApJ 2015 From observations

Assumed

From Model



Turbulence-driven Reconnection Model for NGC1068

Passos-Reis, de Gouveia Dal Pino, Rodriguez-Ramirez, Vicentin, subm. JHEAp 2026

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

, de Gouveia Dal Pino & Singh, ApJ 2015

(Xu & Lazarian, ApJ 2023) 

tacc,Fermi

Turbulence-driven Reconnection (TDR) Fermi Acceleration Model for NGC1068

tacc,Fermi



Summary

Exercice of caution when making direct extrapolations from PIC simulations at kinetic scales 
to large scales without looking at MHD results

• Tearing/Plasmoid mediated reconnection at kinetic scales enables fast local reconnection; not a system-size solution

• Tearing/Plasmoid mediated reconnection in 2D MHD: resistive-dependent and slow up to Sc ~ 3 × 105 :

• Turbulence-driven reconnection (TDR) (LV99): RESISTIVE-INDEPENDENT AND FAST ; in 
Relativistic MHD: multiply by fA(σ,MA) ≤1 

• 3D MHD simulations of particle acceleration driven by turbulent reconnection (TDR): dominance of Fermi over 
drift acceleration up to large saturation energy (in contrast to 3D PIC extrapolations)

• In TDR: particle energy grows ~ exponentially in time in Fermi: tacc ~ cte w/ Ep ,  in contrast to Drift: tacc ~ Ep

(very inefficient to accelerate at large energies)

• Acceleration time within TDR reconnection layers – Fermi mechanism: 

• Signatures of turbulence-driven reconnection (TDR) Fermi acceleration in magnetically dominated 
systems at high energy (flare) emission in systems like: NGC1068, TXS 0506+056, Mrk 501, Mrk421 (coming 
CygX3…)

• More studies on transition from kinetic to MHD turbulence-driven reconnection (TDR) acceleration required
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