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TURBULENT RECONNECYION ACCELERATION @ Magnetically
dominated regions of BH relativistic jets and accretion flows (to solve
current puzzles related CR acceleration and VHE emission):

» Overview of turbulent fast magnetie reconnectlon acceleratlon in .
MHD flowss -

> Rétonnectlon acceleration of parti.cles'up' uItra-hiéh-e’nergies'
(UHECRSs) from 3D relativistic MHD jet'simulations + test particles
(first time) - '

» Reconnection acceleration can explain observed em|SS|on in Blazar
jets: variability, gamma- rays and'neutrlnos

..
> Reconnection acceleration in the accretion disks of BM sources

. .
.
»



Particles are accelerated in reconnection sites

mainly by Fermi process
Shock Acceleration Reconnection Acceleration
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As in shocks: 1st-order Fermi
(de Gouveia Dal Pino & Lazarian 2005)

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

<AE/E> ~vl/c <AE/E> ~ v, c
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As in shocks: 1st-order Fermi
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Particles are accelerated in reconnection sites

mainly by Fermi process
Exponential energy growth in time Reconnection Acceleration
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: (de Gouveia Dal Pino & Lazarian 2005;
del Valle, de Gouveia Dal Pino, Kowal 2016)

Kowal, de Gouveia Dal Pino & Lazarian, ApJ 2011

<AE/E> ~ v, c



Turbulence drives Fast Reconnection

in MHD flows

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

Magnetic lines wandering and Tested in 3D MHD numerical
slippage: many simultaneous simulations (Kowal et al. 2009,

reconnection events 2012; 2015; 2019; 2020; Takamoto et
FAST
<:S Viec 5 :> al. 2015)

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




Particle Acceleration by Magnetic Reconnection

probed with Numerical Simulations

> 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/w,
acceleration up to ~ few 1000 mc2

> 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,

)
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Equivalence of particle acceleration in current sheets and

merging plasmoids in 2D: Fermi
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(e.g. Sironi & Spitkovsky 2014)

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

2D PIC
simulations

of plasmoids and
X points (driven by
tearing mode)

But plasmoids: just cross sections of 3D flux tubes reconnecting, and particle

acceleration is actually 3D !



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

Turbulent model
(Lazarian & Vishniac 1999)
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Fermi Reconnection Acceleration: successful numerical testing

in 3D MHD turbulent Current Sheets

. Reconnection 3D
| 7=107, P=10, k=8, B,=0.1 28
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Relativistic MHD (RMHD) simuté ons + test particles:
can probe particle acceleration to hi u s’r energies without doing
extrapolations (to macroscopic cai g5/as it is required in PIC

simulations)
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3D RMHD Simulations of Magnetically Dominated

Relativistic Jets subject to Kink Instability

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

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

.
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3D RMHD Simulations of Magnetically Dominated

Relativistic Jets subject to Kink Instability

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

 Precession perturbation -> current-driven kink instability (CDKI) -> turbulence ->
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Identification of Fast Reconnection driven by

Kink in Relativistic Jets

» Algorithm (as in Zhdankin et al. 2013) extended to 3D relativistic analysis
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Fast Reconnection Rate driven by Kink

instability in Relativistic Jets

var | J | Density map
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Identification of Fast Reconnection Rate

driven by Kink furbulence in Relativistic Jets

MaXimum Vrec ~0-4 VA var: 1 J 1 ; Density map
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> <V.> = 0.05V, | -> Fast reconnection: key for efficient particle acceleration

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



Fast Reconnection Rate driven by Kink

instability turbulence in Relativistic Jets

> Distribution of <V,..> follows log-normal:
> Magnetic field follows power law spectrum: » TURBULENCE
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Symmetric profiles (t = 50 - 66)
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In situ acceleration of test particles by Magnetic

Reconnection in Relativistic MHD Jets

Injected 1000 test particles
accelerated in reconnection
sheets from:

25 MeV=0.03 mc?

o = B?/~?ph ~1
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In situ acceleration of test particles by Magnetic
Reconnection in Relativistic MHD Jets -> UHECRS

Particles accelerated over:
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In situ acceleration of test particles by Magnetic
Reconnection in Relativistic MHD Jets -> UHECRS

Particles accelerated over:

40
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Time =50 (L/c) UHECRSs: accelerated to 108 - 102° eV (B~ 0.1 -10 G)
L= 3.6 105 pc -> more than enough to produce

TeV Gamma-Rays and Neutrinos !
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Accelerated Particles Spectrum in the

RMHD Jet
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» Similar particle spectrum to PIC simulations, but flatter than observations due to
absence of losses or feedback
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Early Particle Acceleration using

RMHD-PIC Simulations: 6B/5t effects

« RMHD-PIC PLUTO code Godunov Based (HLLD) (Mignone et al. 2018)

« Particles evolve with flow (Boris particle pusher method)
« 2563 resolution

Lfactor - 1
- 5000

- 3752
-250.5
-1258

1.000
| Max: 403.0
Min: 1.608

o = B?/v?ph ~1

-,

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



Early Particle Acceleration using

RMHD-PIC Simulations: 6B/5t effects

« 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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Early Particle Acceleration using

RMHD-PIC Simulations: 6B/5t effects

« 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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Early Particle Acceleration using

PIC-RMHD Simulations: 8B/5t effects
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Early Particle Acceleration using

PIC-RMHD Simulations: 8B/5t effects
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Applications N Jets VHE
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Reconnection Particle Acceleration: best candidate able to
explain observed VHE gamma-ray flares in AGN BLAZAR Jets

in magne’rlcally dommaTed mner' regnons
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First simul’fanéous observation of gamma-ray flare and
AGN blazar TXS 0506+056:
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Leptonic-Hadronic Reconnection Acceleration

for Relativistic Jets - VHE Losses

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

Accretion disk @ Accelerated e'/e”

Rela ivisticjet Doppler factor 10-15 ® Accelerated protons

. rmmmu .............. s

‘ Neu
trino Observer at Earth

Em|SS|on region
Supermassive black hole

v" Jet background described by striped reconnection model (Giannios & Uzdenzky 2019) = g
v Photon Field: due to internal dissipation E

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




Lepto-Hadronic Model based on Reconnection
Acceleration for Relativistic Jet
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CR Reconnection Acceleration
also possible in the core region of BHs

General Relativistic MHD + fes"r 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

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

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



Fast Reconnection in GRMHD simulations of accretion flows
around BHs driven by

magneto-rotational instability turbulence

Torus (GRMHD)

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

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

PeVatron!

., [ S A . 1
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H.E.S.S. Nature 2016
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Rodriguez-Ramirez, de Gouveia Dal Pino, Alves-Batista, ApJ 2019




.. Summary " -

v In magnetized ﬂows particles can be accelerated by turubndriven fast magnetic
reconnection via stochastic Fermi by € = v x B, and produce N(E,)~E!2

v" Magnetic reconnection rates in MHD, RMHD and GRMHD simulations ‘of turbulent systems .
<V;e>~0.05 and peak values >0.1 V, (compatible with Lazarian & Vishniac 1999) .

v Reconnection acceleration of protens GLOBAL RMHD simulations .of magnetically dominated
Blazar jets can produce UHECRS up to ~ 1018-102° gV (for'B ~ 0.1 — 10 G) -> may explaln
flare gamma-rays and&trmos (ex.TXS0506+056)

-
v' - RMHD-PIC S|mulat|o-ns ~ RMHD-test partlcle S|mﬁlat|ons no.important effects due to SB/ t-
~
. .
v" Reconnection acceleration may be also |mportant to axpl’ VHEgemission in core of BH
sources: €x. SgrA* PeVatron, NGC1068? pu
. .

- To Dos

. Tran5|t|on from PIC (resistive electric field) to MHD (|dearelectr|c field) acc%leratlon

. 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

Muraseetal v, + 7, [l IceCube v, + 7, }  Archival data The absence of 7Y rays
111011(' et &l Vg + Vy + 11"(;14-1)“2 .\IA(;I(‘ |nd|cotes

auto-absorption due to

a dense photon field

g
Y T E
=, E
H
o
3.
/ \ c
A
e
0
6—1- e =
1% 10-% 100 108 .
Energy (GeV)| . . Ihe emission may
(lceCube Collaboration, 2022, Science) come from the core of

the AGN (reconnecrtion
acceleration?)



