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Major puzzle for particle acceleration and

radiation around Black Hole sources & Jets

Particle accelerators and Very High Energy
(VHE) emitters

In regions that are magnetically dominated
-> shocks weaker

Standard particle Fermi acceleration in shocks

-> may fail to explain relativistic particles origin and associated very high
energy emission (up to TeV) occurring in very compact regions

Alternative mechanism  -> Magnetic reconnection



WHAT'IS MAGNETIC RECON :FION"? :

Approach of magnetic flux tubes of opposite polarity  with finite
resistivity ( R-1/conduction): RECONNECT S
Earth magnetotalil
J~ 2Bc
D

: .
.Solar corona

Reconnection is  FAST In these enwron
-> V.~ V, =Bl(4 pp 12
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: ‘Thistalk ¥
MAGNETIC RECONNECTION an altefnative:

- Powerful relativistic particle acce_leration :

.

- .
. Bfficient conversion of magnetlc energy >
into kinetic energy M

- May explain very-high energy & neutrino

" emission in BH.sources and relativistie jets,
at magnetically dominated regions, solving
current puzzles - '
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Magnetic Reconnection Models

ASweet -Parker (1957) reconnection:
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From mass flux conservation:

B Viee ~ Va (DL)
But Dl<<1

Viege << Vo A SLOW reconnection



Magnetic Reconnection Models

Petschek (1964): X -point configuration ->

Then reconnection rate is FAST:

L VreC ~ pVA/4 In S

Where S=L v,/ h >> 1

BUT: unstable and evolves to Sweet -Parker ( Bi s k a mnpess9 6 )

palr plasma at kinetic scales  with localized resistivity h



Fast Reconnection in MHD flows

Turbulence drives FAST RECONNECTION
(Lazarian & Vishniac 1999; Eyink et al. 2011)

Magnetic lines wandering:
many simultaneous
reconnection events

Turbulent model

INY2 72
Viee = Va | — o
= E(L) (VA)

(Alternative~descriptions: Shibata & Tanuma01;

Tested in 3D MHD numerical
simulations (Kowal et al. 2009,
2012; 2015; Takamoto et al. 2015)
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Fast Reconnection in MHD flows

Turbulence drives FAST RECONNECTION
(Lazarian & Vishniac 1999; Eyink et al. 2011)

Magnetic lines wandering:
many simultaneous
reconnection events

Tested in 3D MHD numerical
simulations (Kowal et al. 2009,
2012; 2015; Takamoto et al. 2015)
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Particle Acceleration by Reconnection

U Released magnetic energy by reconnectio n ->
Into heating and particle motion (kinetic energy)

U 30% 1 40% of magnetic energy converted into particle
kinetic energy (PIC simulations, e.g. Werner et al. 2017)

U Laboratory plasmas: ~50% goes into kinetic particle
acceleration (Yamada+ 2015)



Particles are accelerated In

reconnection sites in 1  st- order Fermi
Shock Acceleration Reconnection Acceleration

Ao . — i
g rec
B :
l As in shocks: 1st-order Fermi
(de Gouveia Dal Pino & Lazarian,
1st-order Fermi (Bell 1978; A&A 2005).
Begelman & Eichler 1997) particles bounce back and forth

between 2 converging magnetic flows

<DE/E> ~ v/cC <DE/E> ~ v, _/C

rec



Particles are accelerated In

reconnection sitesin 1 st- order Fermi
Reconnection Acceleration

(03]
TT

Energy
= N W o m N

gkin/ g\'ni

| . 1st-order Fermi (de Gouveia Dal
o4 -0z 00 o0z o4 Pino & Lazarian, A&A 2005):
particles bounce back and forth
between 2 converging magnetic flows

(Kowal, de Gouveia Dal Pino &
Lazarian ApJ 2011) <DE/E> ~ Vrec/C



Particle Acceleration by Reconnection probed

with numerical simulations

U Most simulations of particle acceleration by magnetic reconnection:
2D kinetic plasmas ( PIC) (e.g. Drake+ 06; Zenitani & Hoshino 01;
07; 08; Cerutti, Uzdensky+ 13; Li+ 15) and 3D (Sironi & Spitkovsky
2014; Guo+2015; 16; 18; Werner+ 17; Sironi+18)

@ scales:few plasma inertial length ~ 100 -1000 c/ F"Qp

U Larger -scale astrophysical systems (BHBs, AGNs, GRBS):

A MHD description A collisional reconnection
(Kowal, de Gouveia DalPino & Lazarian2011, 2012,
de Gouveia DalPinot 2014, 2015; 2016; del Valle et al. 2016;
Beresnyak& Li 2016; de Gouveia Dal Pino+2017, 2018)
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Particle Acceleration by Reconnection

using MHD Simulations with test particles

U Isothermal MHD equations to build reconnection domain:
second-order Godunov scheme and HLLD Riemann solver Kowal

et al. 2009)
dp B
dpv 5 B? 1 B ,
Eﬂ—? [;:TU'U—{— ({1 P+ ﬁ)j_EBB} =f, (6)
A
— + E=0, (7
ot TE=0. (D

Kowal, de Gouveia Dal Pino,Lazarian ApJ2011; PRL 2012



Particle Acceleration by Reconnection
using MHD Simulations with test particles

Kowal, de Gouveia Dal Pino, Lazarian ApJ 2011; PRL 2012




1st order Fermi Reconnection Acceleration:

successful numerical testing in 3D MHD

. Reconnection 3D ~
o 72107 P=1.0, k=8, B,=0.1 2

................ - 10’000 test part|C|eS

ISR AN | (100

Injected in turbulent
current sheet

0.0 e

Normalized Kinetic Energy [m_]

-4
—0.5 Y O S i i 10

Cfmrmim NI o 0 A
(SRR N Time [tusyen)
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del Valle, de Gouveia DalPino, Kowal MNRAS 2016



1st order Fermi Reconnection Acceleration:

successful numerical testing in 3D MHD

. Reconnection 3D
[ =107, P=1.0, k=8, B,=0.1
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3D MHD Reconnection Acceleration tested for

different values of reconnection velocity

Kowal, de Gouveia Dal Pino,Lazarian
PRL2012
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“Blazar”

Viewing down the jet !

“Quasar | Seyfert 1"

\ Viewing at an angle lo the jet é
N
“
- /
“Radio Galaxy / Seyfert 2"

Viewing at 907 from the jet

the jet basis and is magnetically
dominated, then reconnection

Accretion Disk — acceleration may prevalil



VHE emission much more common in Blazars

High Luminous AGNs

V

Jet ~ along our line of
sight

VHE Emission (poor
resolution): attributed to
particle acceleration
along the relativistic jet

with apparent high flux
due to strong Doppler
boosting (g~5-10)

shock acceleration in
kinetic-dominated flux

)

" "Blazar"

\',',..l' ”':; :"‘n‘ l ‘,-. ".A.L
.‘I “

)

“Quasar | Seyfert 1"

'« A , In
VIEWING al df aNQie 10 |

F"

&

‘Radio Galaxy | Seyfert 2

wing al 907 from the et



Very - rapid TeV Flares in Blazar Jets hard

to explain with standard acceleration

AVariation timescale: PKS2155304 (Aharonianet al. 2007)
See also Mrk501, PKS1222+21, PKS18311

t,~200s < r/c ~3M,hour

ol
(%) I -
TTT[TTTT
|

—
- 1N W
|IIII[

AFor TeV emission to avoid pair
creation G,,~50 (Begelman,
Fabian & Rees 2008)

1(>200 GeV) [ 10° cm?s™]
N

ABut bulk jet G~5-10

AEmitter: compact T IS S [ i "
and/or extremely fast PN Time - M4D33943.0 [min]
AOnly acceleration model able to
explain: <=
Reconnection T
inside the jet (Giannioset al. 2009)

(Kushwahaet al., MNRAS 2017)



GRB jet prompt gamma - ray emission may

require reconnection acceleration too

Internal collision-induced magnetic reconnection turbulent
model (ICMART) (Zhang & Yan 2011):

GRB . \
/ e PRAE \ :
0 \gr -
0 | —
¥ 1SS . At most mos e .:
U GRB prompt emission: s i JWUL] J£ |
turbUIence’ magnetlc energy released energy release .

energy released

reconnection, and particle
acceleration via internal

collisions of multiple launched
parcels

(See also Giannios 2008; McKinney & Uzdensky2012)



Gammaray flare and neutrinos in bla zar

TXS 0506+056

V Neutrinos and gamma -rays are produced by high energy CRs
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Are these Gamma ray flare and neutrinos In
blazars produced by accelerated CRs In
magnetically dominant regions by reconnection ?

o

V Observed by
IceCube, Fermi -
LAT, MAGIC, HAWC,
H.E.S.S, VLA, etc
(Science, 11 july,
2018)

Declination

7
6
5
4 B
3
2
1
0

Fermi-LAT Counts/Pixel
MAGIC significance [o

o = N W A OO O N O © =

78.4° 78.0° 77.6° 77.2° 76.8° 4° ' 78.4° 78.0° 77.6° 77:2° 76.8° 76.4°
Right Ascension Right Ascension




Inner Regions of AGN & GRB Jets:

Magnetically dominated

Most accepted mechanisms for jet formation - Blandford -Payne and
Blandford -Znajeck -> jets are born magnetically dominated

~107 102°°05 rs
Modified from D. Meier &
Y. Mizuno (courtesy)

Modified
Alfven Point Fast Point

V MV OnI=7 A 4 ‘/‘/4’."

M iicallv D inated Collimation
agnetica yA ominate Shock Kinetic Energy Flux Dominated
( \

Current Driven Kink Instability
(Mizuno et al. 2012)



Instability for Qg .S 2

CD Kink Instability

A Well-known instability in laboratory I-'I-:l'.f.~l--ﬂﬁ:: '''' .
plasma (TOKAMAK) and astrophysical
plasmas (Sun, jets, pulsars)

A In configurations with strong toroidal I Nsrammmy
magnetic fields, current-driven (CD) LINEAR KINK NONLINEARRINE
kink mode (m=1) is unstable Schematic picture of CD kink instabili
QTTRJ' Bp
lkink = B
@

A This instability excites large-scale
helical motions that can strongly
distort or even disrupt the system

A Distorted magnetic field structure may
trigger magnetic reconnection

Kink instability in lab plasmaMoser &
Bellan2012)



MHD Simulations of Reconnection driven by Kink in
Magnetically Dominated Relativistic Jets (AGNs & GRBs)

z

=

| 8
Time=17.5

Singh, Mizuno, de Gouveia Dal  Pino, ApJ 2016
(also Torrejon, de Gouveia Dal Pino, Kowal, Mizuno, Kadowaki, Singh, in prep.)



MHD Simulations of Reconnectiondriven by Kink in

Magnetically Dominated Relativistic Jets

APrecession
perturbatiorallows
growth of CD kink
instability with helical
density distortion

AHelical kink
advectedwvith the flow
with continuous
growth of kink
amplitude in non
linear phase.

AHelical structure is
disrupted

AMagnetic energy
converted into kinetic

oooat H

Kinetic energy
density

= s ]

I 1 1
40 &0 &
E_EM

1 1 1
100 120 140

oo |5
oooEs bo:

1
ooos - §
oooes |-

oo -

Magnetic energy 1
density

1
o 0

Singh, Mizuno, de Gouveia Dal

1 1 1 1
40 &0 a0 100

Bme

Pino, ApJ 2016



Identification of Fast Reconnection driven by

Kink In Relativistic Jets

Contour
DB: bin_ol ,
Cycle: 70 Tim
Var. density
.:0‘4542
L 0.2539
Relativistic Jet Mox: 06515
Q20 T
0.15 _
><E
~ 0.10
(&)
o
0.05
ool |l

20 30 40 30 60

Time (L/c) z

time S
—
Time=17.5

Kadowaki, de Gouveia Dal Pino, Medina-Torrejon, Mizuno, in prep



|dentification of Fast Reconnection

Kinetic energy
'r- :
‘I:—EEH

| / density

1
120

ooomes \\_ .

Magnetlc energy-
density

driven by
Kink In Relativistic Jets
0.15- <V, > @.035

The peak value of

ItS maximum

V.. ~0.1 occurs

when the kink instability attains

Singh, Mizuno, de Gouveia DalPino, ApJ 2016

Kadowaki, de Gouveia Dal Pino, Medina-Torrejon, Mizuno, in prep



Reconnection driven by Kink in Magnetically

Dominated Relativistic Jets (AGNs & GRBS)

curl B = max

l

Sites for fast
magnetic
reconnection

Singh, Mizuno, de Gouveia DalPino, ApJ 2016
Kadowaki, de Gouveia Dal Pino, Medina-Torrejon, in prep



Reconnection driven by Kink in Magnetically
Dominated Relativistic Jets (A

curl B = max

Sites for
magnetic
reconnection,
dissipation,
particle
acceleration
(and gamma-
rays and
neutrinos)!

Singh, Mizuno, de Gouveia DalPino, ApJ 2016
Medina-Torrejon, de Gouveia Dal Pino, Kowal, Mizuno, Kadowaki, Singh, in prep



1012

Test Particle Acceleration by Magnetic

CR energy distribution evolution

1011 b
1010 |
107 |
108 |
107 |
106 |
10° |
10 |

10°% |

Kinetic Energy [MeV]

10% |

10! e

10°

10|

102 F

10 3L

104

10°

1 1 L
10! 102 10°
Time [h] b

Reconnection in Relativistic Jets

Injected 1000
test particles
accelerated in
reconnection
sheets:

104 MeV ->
1017 - 1019 eV
very fast at
sub-pc
distances
(B=0.13 -13 G)

=

These CRs -> have energy enough to produce Gamma -Rays and]

Neutrinos !!

(Medina-Torrejon, de Gouveia Dal Pino, Kowal, Mizuno, Kadowaki, Singh, in prep.)




“Blazar”

Viewing down the jet !

“Quasar | Seyfert 1"
\ Viewing at an angle lo the jet é
»
.
3 | ' -7 “Radio Galaxy / Seyfert 2"

Viewing at 90° from the et

Biack Hole

Accretion Disk =



Few Low. Luminqus AGNs: gamma -ray emitters

-
- .
»

Ex CenA PerA IC310, M87, PKSO62535 3C 264 (TeVy
(e g. Torresi 2018) «

\_ /s emission from core or jet ?

V Rapid variability emission:

size~ct ,,~100 rq

— . .
= -> compact emission: core?

-42°30

V [fcore: magnetized

%
€ 43" 0
2
®
=
2 -
Q

-> [Reconnection aceeleration?

13"30™ 13"25™ 13"20"
Right ascension (J2000)




Radio and GammaRay Power versus Mass

10”* lurbul F
- urbulence (P, 1
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1 Ll II Ll

1 L II L L1 I|| 1 |I| I Ll I L IIII II|| 1 IIII i I|I| L Ll
10" 102 10° 10* 10° 10% 107 10%® 10% 10™ 10"
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Kadowaki, de Gouveia Dal Pino, Singh, ApJ 2015
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Proposed Magnetic Reconnection acceleration model

In the surrounds of BHs to explain VHE

Accretion disk/jet systems (AGNs & galactic BHS)

X - Region / AGNsand BHBs

de Gouveia DalPino & Lazarian 2005; de Gouveia Dal Pino+2010

Kadowaki, de Gouveia Dal Pino, Singh, ApJ 2015
Singh, de Gouveia DalPino, Singh, ApJ Lett. 2015
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Evidence of F ast Reconnection

Simulations of accretion disk/corona around

Pseud |

ocolor
Var curlb_magnitude

4,000 —

01591 —

0.006325
0.0002515

1.000e-05
Man: 0.03494
Min: 0.000

Pseudocolor
Var: Bfield_magnitud

0.01000
L

0.007503—

DDDSDDE«”

0.002508—

1.000e-05
Max: 0.003370
in: 0.000

Time=0

2)

S0

z (GM/c

in GR MHD
BHS

Kadowaki, de Gouveia Dal Pino, Stone, ApJ (2018a)

DB: Strat_pmri.0004.vtk
Cycle: 4 Time:4

Streamline

High resolution shearing box

x (GM/c"2)

Kadowaki, de Gouveia Dal Pino, Stone (in prep.2018b)

3D MHD simulations
(ATHENA)
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Reconnection Velocities In the

accretion disk around BHs

"

0 200 400 600 800 1000
Time (GM/c?)

U Average reconnection velocities Viee ~005V ,

(Kadowaki, de Gouveia Dal Pino, Stone, 2018Db, in prep.)



Calculating Reconnection Power In the
surrounds of BHs

Magnetic Power released by fast reconnection

. _3
Wg ~ 1.66 x 105721, ¥ [ % lyq2mim erg/s

Kadowaki, de GouveiaDal Pino, Singh, ApJ 2015
Singh, de Gouveia Dal Pino, Singh, ApJ Lett. 2015




Proposed Magnetic Reconnection Model

around BHs for Gamma-Ray emission

o o o O
T T BT
Co o ra -

o O O
B B B
o N B

nnection Power (erg/s)
o
A

108}

/
(]
L7
A

Magnetic R
o o o o
] ] [ [
(o] o (=] 8]

Turbulence (P,
m Turbulence (P

Non-Blazars

GBH (Green) CORE

+ Radio emission
BXBs ® Gamma emission

| Upper Limits

Ll bl LT

10" 10% 10* 10* 10° 10® 10”7 10® 107 10" 10"
Source Mass (Solar Masses)

Kadowaki , de Gouveia Dal Pino, Singh, ApJ 2015
Singh, de Gouveia Dal Pino, Singh, ApJ Lett. 2015
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~ Can Re_cdnn'ection explain obsarv’e'd SEDs”
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Reconnection Acceleration & Radiative Losses

10 A

12 4

14 4

V Cooling of the accelerated particles

t.cc = tioss (Synchrotron

Ex.: Galactic Black Hole

-> emission :

) SSC’ pp’ pg)

o

Cyg X3

Synchrotron-e
SS8C
Bremsstrahlung
Synchrotron-p
p-p
P-Gamma 0
1
® absen‘e'ﬂ data —— Acceleration (Reconnection)
— odel o — Acceleration (Shock)
v Upper limits —— Synchrotron
8 —— P- Gamma l
1 —epp t -
- 6 1
@
=
[s]
— 4 A
2 4
T
10 5 0 5 10 15 0 . . r T
12 13 14 15 16
Log(Energy /eV)
Log(Ep /eV)

Spectral Energy Distribution (SED)

Khiali , de Gouveia

Dal Pino, del Valle, MNRAS 2015




Reconnection Acceleration & Radiative Losses

V Cooling of the accelerated particles

toce = tioss (Synchrotron

Ex.. Radio

-> emission:

’ EE;ES(::’ F)F)’ F)!JD

-galaxy Cen A

-10 4

-12 -

Log(vF,) [erg s cm™]

=14

Synchrotron-e
SscC

PP

Py

Observed data
Total

Acceleration (Reconnection)
Acceleration (Shock)

Log(t 1sT)

Log (Energy /eV)

Spectral Energy Distribution

Khiali , de Gouveia Dal

13 14 15 16 17
Logﬁafsw

Pino, Sol 2016 ( arXiv:1504.07592 )



Reconnection Acceleration & Radiative Losses

V Cooling of the accelerated particles -> emission:

t.cc = tioss(Synchrotron , SSC, pp, pg

Ex. Radio -galaxy C%Q\O‘\ ’

, of .
::: ggéchmrmn-e ve ' ‘o
O K\ § ° B
= 1 o g;lsewad data a\
-E Total Q 4 . s
% . \&‘\ | B
8,
&
o -12 -
; [\
) e®
60 -5 0 5 10 15
tog (Eneray /6¥) 13 14 15 16 17
Spectral Energy Distribution Log(Ep /eV)

Khiali , de Gouveia Dal Pino, Sol 2016 ( arXiv:1504.07592 )



VHE emission due to CR acceleration by

reconnection In the surrounds of BHs

We combine 3 techniques (to deal with full emission and also gamma -
ray absorption by pair production)

o Propagation of CR
GRMHD: Radiative Transfer: Accelerated by
Reconnection :

Axi-symmetric GRMONTY code
HARM code Dolence et al. (2009) CRPropa3 code
Gammie et al. (2003)

Alves Batista
et al. (2016)

.

R

Gas density and Background To probe hadronic
magnetic field Photon field: Emission/absorption
leptonic (TeVs)

synchrotron & IC
(Rodriguez-Ramirez, de Gouveia DalPino, Alves-Batista 2018, in prep.)



VHE emission due to CR acceleration by

reconnection In the surrounds of BHs

log(n; / cm=3) log(|B| / G)

BH mass: 3.4 x 10® Mg
Spin parameter: 0.95
Tp/Te=120

Numerical GRMHD
ADAFsimulations of
the core region of
LLAGNI

Ex.: Cen A

CRs injection

-

Detection
boundary

—-40 -30 -20 -10

YIRg  t=3600Rg/c YRa  HARM code
GRMHD simulations  -> provide background matter and magnetic fields

distributions  for 3D simulations of CRs interactions with photons, matter and magnetic
fields (alsoRodriguezRa mi r ez 6s t al k)



VHE emission due to CR acceleration by

reconnection In the surrounds of BHs

Spin parameter: 0.95
Tp/Te=120

Radiative Transfer
simulations of the
core region of
LLAGNI

Ex.: Cen A

CRs injection

Detection
boundary

Radiative Transfer simulations

.

18.50
18.25

=20

YRg YRRg GRMONTY code

Dolence et al. (2003’

-> provide background photon field distribution

(Synch+IC ) for simulations of CRs interactions with photons, matter and magnetic fields
(Rodriguez-Ramirez, de Gouveia DalPino, Alves-Batista 2018, in prep.)



Reconnection acceleration and Hadronic -

Leptonic Emission of CenA core

This comes from the jet not treated here
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(Rodriguez-Ramirez, de Gouveia Dal Pino, Alves-Batista 2018, in prep.)
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Reconnection acceleration and Hadronic -

Leptonic Emission of Cen A
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(Rodriguez-Ramirez, de Gouveia Dal Pino, Alves-Batista 2018, in prep.)



Production of Ice - cube neutrino emission In cores of low
luminous AGNSs (z ~ 0 85.2) due to particles accelerated by

reconnection
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(Khiali & de Gouveia Dal Pino, MNRAS 2016)



Production of IceCube neutrino emission In cores of low

luminous AGNSs due to particles accelerated by reconnection 0
Cen A contribution alone
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(RodriguezRamirez, de Gouveia DalPino, Alves-Batista 2018, in prep.)



Galactic center region oSgrA * ?

5 sigma contours




Galactic center 0 SgrA* ->in gamma ray

PeVatron source detected !




Reconnection acceleration and Hadronic -

Leptonic Emission of SgrA*
GRMHD + Radiative Transfer + CR cascading
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(Rodriguez-Ramirez, de Gouveia Dal Pino, Alves-Batista 2018, in prep.)



Production of neutrinos in the galactic center SgrA*

versus IceCube data
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-~ Summary ’ P
ast magnetic

In magnetizedsplasmas particles can-be accelerated
reconnection (e.g. driven by turQulence) in a 1 order Fermi: N(E) ~ E=*

Reconnectionacceleration important in Blazar jets  (produces CRs with
~1017 eV or more) ->*thus may explain flare gamma -ray emission and
neutrinos (in magnetically dominated regions) (e:g. In TXS 0506+056 ?) -

"Magnetic reconne.!n power can explaingamma-rayof BH binaries and Iow
Iumlnous AGNSs @on blazars) as comlng from near the core of these sogrces

Reconnectlon power matches well with the obser#ed cqrrelatlon of gamma—
ray lumihosity versus BH massof BHXbinaries andslow-luminous (non-
blazar) AGNs over10 erders of magnitude in mass .

Reconnecitonaccelerated CRs in the sugrounds of LLAGNS BHBs: produce
TeV gamma-rays that are not.entirely absorbedkby pair produ€tion ( and also
neutrinos)

Reconnection: important in accretion/jet systems for Particle  » :
acceleration, d|SS|pat|on of magnetic energy and conversion into ->
kinetic energy ’ . . - .






