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' Black Hole sources are Cosmic Ray (CRﬁ
accelerators and Very High Energy (WHE) emitters

-

AGNSs (blazars, radio-galaxies, seyferts)




Particle acceleration in compact sources:

new challenges

- Some Black Hole sources & jets
- Pulsar wind nebulae

If acceleration regions are magnetically dominated
-> shocks weak

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



Observational Properties of high energy

emission of these sources

» Often non-thermal power-law spectra -> efficient
non-thermal particle acceleration yielding high energy power law-tail

» Intense rapid gamma-ray flares (e.g. 200s TeV flares in blazars)
- short time variability

||||||||||||||||||||||

S E

PKS2155-304 (Aharonian etal. 525 T4 4T E
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See also Mrk501, PKS1222+21, = '%

PKS1830-211 3
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Time - MJD53944.0 [min]

Can magnetic reconnection explain these properties?
YES !



This key talk

MAGNETIC,RECONNECTION an alternative:

- Pawerf@if relativistic particle acceleration |

S w
- May explain gamma-ray emission

= D|55|pat|on of magnetlc,energy s conver5|on
into kinetic energy |

5
» 3



PLASMA in a nutshell

» Plasma quasi-neutral gas of charged particles
(electrons+ions):

n.~2Zn;
with long range collective interactions:

ik ik

'|'.|."|""|'..|.t +-|-++-||-*

1 (binary collisions not important)

> Over 90% of visible matter in Universe: PLASMA



Tips - plasma parameters
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PLASMA @ different scales

> Intermediate - microscopic scales: | >> Ay

kinetic theory describes the collective behaviour of the many charged

particles by means of particle distribution functions (Folker-Planck
equation):

fe,i(r: vl 1.)

> Large — macroscopic scales: L >> Amfp ~ I

effectively collisional -> fluid description: size and time scales are
large enough - possible to apply AVERAGES over microscopic

quantities: over collective plasma oscillations and collective cyclotron
motions (MHD equations)

!

> Applicable to most astrophysical plasma species



PLASMA & Cosmic Rays

MHD description applicable to most astrophysical
plasma species

> BUT: cosmic ray component is collision/ess

- need kinetic description
- and is coupled through waves with rest of the plasma
p . . ] ° . .
® <W\ ®
. . ° . (]
VB o (Tchekhovskoy’s cartoon)
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Let us start ~ A
with Cosmic Ray Acceleratl
‘Magnetic Refconnec ion
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WHATTS MAGNETIC. RECONMECTION ?

Appro;ch ofsmagnetic flux tubes of opposite polarity with finite

resistivity (n ~1/conduction): RECONNECT . P
Earth magnetotail
J ~ 2Bc
A

| ‘»--"7',.7""-?_1‘:;_:},: - .Solar corona / .‘
Reconnection is FAST in these environments™

=> Viec ™ Vp = B/(4np) 1/2



Star Formation

and ISM .v

~ o

-Accretion

disk
coronae

emission

Afterglow



Magnetic Reconnection Models

- Sweet-Parker (1957) reconnection:

Va < }gj“;"‘;""‘““““" <A From mass flux conservation:
_ e : \
// L x Vrec ~ Vp (A/L)
But ANL<<1

In fact S=Lv,n >>1

Viee ¥V, S1/2<<1 - SLOW reconnection



Magnetic Reconnection Models

Then reconnection rate is FAST:

L ViecvV,/4InS

Where S=Lv,m >>1

BUT: unstable and evolves to Sweet-Parker (Biskamp'96) unless.

pair plasma at kinetic scales with localized resistivity n



Magnetic Reconnection Models

Petschek X-point configuration -> arises naturally in kinetic
(collisionless) ion-e- or ete” pair plasma with localized n

> Kinetic simulations: 2-dimensional (2D) Particle In Cell (PIC)
simulations of ete” pair plasma :

few plasma inertial length ~ 100-1000 c/w,

il 10°

10" 7

10’ 2

S e R e 107"
(Sironi & Spitkovsky 14)

X-point

Current sheet: unstable to tearing mode and break up into chain of
plasmoids (or islands)



Magnetic Reconnection Models

> Kinetic simulations: 2D PIC simulations of ion-e- pair plasma
(up to 3000 A):
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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 numerical
simulations (Kowal et al. 2009,
2012; Takamoto et al. 2015)

0.5

Turbulent model

0.0 .
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(Alternative~descriptions: Shibata & Tanuma01; Loureiro+07; Bhattacharjee+09)



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 numerical
simulations (Kowal et al. 2009,
2012; Takamoto et al. 2015)
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Particle Acceleration by Reconnection

> Released magnetic energy by reconnection ->
into heating and particle motion (kinetic energy)

» 30%0—40% of magnetic energy converted into particle
kinetic energy (PIC simulations, e.g. Werner et al. 2017)

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



How particles are accelerated in

reconnection sites?
Shock Acceleration

1st-order Fermi (e.g.Bell+1978;
Begelman & Eichler 1997)

<AE/E>~v/C <AE/E>~v,/C



How particles are accelerated in

reconnection sites?
Shock Acceleration Reconnection Acceleration

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

1st-order Fermi (e.g.Bell+1978; particles bounce back and forth
Begelman & Eichler 1997) between 2 converging magnetic flows

<AE/E>~v/C <AE/E>~v,/C



How particles are accelerated in

reconnection sites?
Shock Acceleration Reconnection Acceleration

l 1st-order Fermi (de Gouveia Dal
Pino & Lazarian, A&A 2005):.

1st-order Fermi (e.g.Bell+1978; particles bounce back and forth

Begelman & Eichler 1997) between 2 converging magnetic flows

<AE/E>~v/C <AE/E>~v,/C



Particle Acceleration by Reconnection probed

with numerical simulations

» 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; Werner+ 17)

@ scales: few plasma inertial length ~ 100-1000 c/w,

> Larger-scale astrophysical systems (BHBs, AGNs, GRBs):

- MHD description > collisional reconnection
(Kowal, de Gouveia Dal Pino & Lazarian 2011, 2012;
de Gouveia Dal Pino+ 2014, 2015; 2016; del Valle et al. 2016;
Beresnyak & Li 2016)
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Particle Acceleration by Reconnection

using MHD Simulations with test particles

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

et al 2009)
dp _
Eﬂ‘v'(PU)_U: (5)
dpv o B? 1 B .
R R GIas S EEF = E T
0A
— + E=0, (7
o TE=0 (D)

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



Particle Acceleration by Reconnection

using MHD Simulations with test particles

> Isothermal MHD equations to build reconnection domain:
second-order Godunov scheme and HLLD Riemann solver (Kowal
et al 2009) i

-0.4 -02 0.0 02 04 [j|

> Inject test particles in the MHD domain of reconnection and
follow their trajectories (6t order Runge-Kutta-Gauss):
d

d
E(’}«mu}:q(E—l—u}{B) = E{”J'mu}:'?[{”—"]?{ﬂ]

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



Particle Acceleration in 2D MHD Reconnection

2D Multiple

current sheets
to compare with
PIC simulations

Kinetic
energy increase

(I
Kowal, de Gouveia Da

| Pino, Lazarian, ApJ 2011




1st order Fermi Reconnection Acceleration:

successful numerical testing in 3D MHD

10° - T
| — . Reconnection 3D
E | Ln=10% Pi=1.0, k=8, B=0. Mu/
. ‘:‘C) 107 y 2
current sheet with 3 \
turbulence: : ¥ ! // H
- N z! 14
fast reconnection 3 . 4 i
(LV99) $ ol A e |
10 | 4 0~ 0 10° 10?7 10*
107" 10° 10' 102 10°
Time [tuen)

Kowal, de Gouveia Dal Pino, Lazarian, PRL 2012

Elnax 2 EEHL‘.{‘. B

v Acceleration more efficient in 3D
thanin 2D



1st order Fermi Reconnection Acceleration:

successful numerical testing in 3D MHD

. Reconnection 3D

10* ,_7'=10-3' Pi=1.0, k=8, B,=0.1 "‘/

P

=

Normalized Kinetic Energy [m_]

current sheet with
turbulence to 10° // 3
make fast - I I
reconnection el AN &
107 4 . 10 107, 10° 107 10t
107" 10° 10 10? 10°

Kowal, de Gouveia Dal Pino, Lazarian, PRL 2012

N(E) ~ E-1°2

z "

(~PIC simulations)

0

-1




3D MHD Reconnection Acceleration tested for

different values of reconnection velocity

. Reconnection 3D
| 7=107%, P=1.0, k=8, B,=0.1 _, 248

Kowal, de Gouveia Dal Pino,Lazarian,
PRL 2012

10?

v,/c =1/10 - 1/1000

Normalized Kinetic Energy [m,]

Ratio ¢/Vy: 102
2.0 Parallel Acceleration — 10 100 |-
=5 =&
30 — 130
— 40 — 140
1.5 50 w150 |+
3 —n —m Reconnection acceleration
',[. — () = .
S Power-law index of _ time (nearly independent .of
= turbulent parameters that drive
g fast fast reconnection):
0.5 N e ;
ROPEX - Tacc
o~ 102 ¥ 10 107 07 107 107 0" 10° (Tm/n e / @

Energy [y~ 1]

Valle, de Gouveia Dal Pino, Kowal, 2016 MNRAS



Particle Acceleration in 3D MHD Pure Turbulence

Turbulence 3D
4| P=1.0, k=2.5, B,=0.0

~

Perseus cluster - :
2"d order

scattering by approaching aﬁd :
receding magnetic irregularities

Kowal, de Gouveia Dal Pino, Lazarian, PRL 2012



. ‘Implication to’

- BHs_and relativistic jets




VHE emission much more common in Blazars

i i A
High Luminous AGNs ' Blazar
v Jet ~ along our line of \ 4
Slg ht \ “Quasa | Seyfert 1" |

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

‘Radio Galaxy | Seyfert 2

3 ARY
YISWING al Y\ Ul

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

v" shock acceleration in
kinetic-dominated flux



...Buf'-.,- e ;o
a few Non-Blazars Low Luminous AGNs

* v Also Gamma Ray emitteré T
v" Jet does not point to the line of sight | * CenA
v" no significant Doppler boosting: ! :

b
»
@
Q
.

Declination (J2000)

13"30™ 13"25™ 13"20™

Right ascension (J2000)



. BuT e "
a few Non-Blazars Low Luminous AGNs
* v Also Gamma Ra\} emitteré | )

v" Jet does not point to the line of sight ; CenA
v" no significant Doppler boosting:! 3 ?

v Does it come from core or jet ?

v" Rapid variability emission:
size vct, ,~100 r,

b
N
)
o

<« => compact emission (core)?

Declination (J2000)

Where are particles accelerated?-
Is acceleration magnetieally dominated?

dl

| | Reconnection Acceleration?
13"30™ 13"25™ 13"20" ] "
Right ascension (J2000)



Reconnhection acceleration in the surrounds of BHs ?

Accretion disk/jet systems (AGNs & galactic BHs)

AGNs and microquasars

/4
=r=r

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



Evidence of Reconnection in MHD Simulations

=

AGNs and microquasars

Kadowaki, Master thesis 2011 (also Zani & Ferreira 2013; Romanova+)

b
45




Evidence of Reconnection in MHD Simulations

=

AGNs and microquasars

Kadowaki, Master thesis 2011 (also Zani & Ferreira 2013; Romanova+)

Py
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Evidence of Reconnection in MHD Simulations

M87 ‘

AGNs and microquasars

0
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Evidence of Reconnection in MHD Simulations

M87 ‘

AGNs and microquasars

0
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Evidence of Reconnection in MHD Simulations

AGNs and microquasars

Dexter, McKinney, Tcheckovskoy et al. 2014: reconnection seen in GRMHP
simulations (also Koide & Arai 2008; Pohl et al. 2016) =



Reconnection acceleration in the surrounds of BHs

Magnetic Power released by fast reconnection

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

AGNs and microquasars

Kadowaki, de Gouveia Dal Pino, Singh, ApJ 2015
Singh, de Gouveia Dal Pino, Singh, ApJ Lett. 2015 51



Magnetic Reconnection Power around BHs

(0 Rl B B ] B ] B B B B B B B
i Turbul P d
7 10%  wTarbulence EP“""%
~— | gas
g‘ 10% |
g 10"
= qoml- - 0.0005< m< 1
S ol ] 1<1<18
§ I i I <1
E 107 |- __ Iy = 6
€ 1% Non-Blazars - M~ 1
E 1072 -
5 30 GBH (Green) + Radio emission |
= 10 ) BHBs ® Gamma emissiofm
1028 ] +T 1 1 1 1 1 ! lIUPPE‘f’I leltls |
10" 10% 10° 10* 10° 10° 107 10% 10* 10" 10"
Source Mass (Solar Masses)
Kadowaki, de Gouveia Dal Pino, Singh, ApJ 2015
Singh, de Gouveia Dal Pino, Singh, ApJ Lett. 2015 52



Magnetic Reconnection Power around BHs

S e S e P | P |
Turbulence EPW%
gas
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-
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Magnetic Reconnection Power (erg/s)

Ll bl LT

1032
10% = e CORE S

8 ¢ + Radio emission
1077 BHBs ® Gamma emission

| Upper Limits

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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Magnetic Reconnection around BHs

works for different Accretion Disk Models

Magnetic Reconnection Power (erg/s)
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Standard accretion disk
Soft -> Hard

Magnetic Reconnection Power (erg/s)
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Kadowaki, de Gouveia Dal Pino, Singh, ApJ 2015;

Singh, de Gouveia Dal Pino, Kadowaki, ApJL 2015
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Applying the reconnection acceleration model in the
core to build the full SPECTRUM of

Non-Blazars: CenA, M87, PerA, 3C110
(Khiali, de Gouveia Dal Pino, Sol, arXiv:1504.07592)

Microquasars (BH binaries): Cyg X1 and Cyg X3
(Khiali, de Gouveia Dal Pino, del Valle, MNRAS 2015)



Reconnection Acceleration & Radiative Losses

v" Cooling of the particles -> emission: Microquasar

t..c ~ t.(Synchrotron, SSC, pp, py)

Ex.: Galactic Black Hole Cyg X3

-6
Synchrotron-e
SSC
Bremsstrahlung
8 Synchrotron-p
— P-P
o P-Gamma 0
1
g L ] ab:ell‘velﬂ data i —— Acceleration (Reconnection)
= ——— odel —— Acceleration (Shock)
vty -10{ ¥  Upperiimits —— Synchrotron
— P- Gamma
o 81 —pp t -1
2
L)
mﬂ _12 . _"-" 5 N
= ®
oy E
k=]
S S 4.
14 -
& 4
'16 I T T 1 1
-10 -5 0 5 10 15 0 :
12 13 14 15 16 17

Log(Energy /eV)

Spectral Energy Distribution (SED)

Log(Ep /eV)

Khiali, de Gouveia Dal Pino, del Valle, MNRAS 2015



Neutrino emission from cores of low luminous

AGNs (z ~ 0 - 5.2) due to reconnection acceleration

-8
| f|ccla] | Parameters Model I Model 2 Model 3
m— Wodel 2 § 7 8 9
m  BH mass (M) 10 10 10

— m— Model 3 p  Injection :apegrul index 1.9 1.7 22 p + phOtonS 9 T+ p
L * |ceCube Data

m 21 ¥ lceCube UpperLimits ﬂo > vy
Tﬁ
o

E + +

G T2ouUV
2 10 -

2,

» i

=]
. El

w

gl -11 4

=

lceCube
™\
flux of
_12 T T " T T T -
12 13 14 15 16 17 Neutrinos
Log(E, [eV])

Khiali & de Gouveia Dal Pino, MNRAS 2015



g_ “Blazar’
Viewing down the jet ; ’

“Quasar | Seyfert 1"
Viewing at an angle lo the jet

4

3 , -7 “Radio Galaxy / Seyfert 2"
‘ | Viewing at 90° from the jet

f jet emission produced near the
core and jet is magnetic, then
reconnection acceleration may

Accretion Disk — prevail



Jets possibly born magnetically dominated

Magneto-centrifugal acceleration by
helical field arising from the
accretion disk (Blandford & Payne)

Or powered by BH spin (Blandford-Znajek) 2.

10

Major Problem:
Most energy in magnetic field b
=) Need rapid conversion (dissipation) to kinetic:

10 20

R ¢2/(GM)

GRMHD simulations

Requires RECONNECTION? I

o'l

30



Very-rapid TeV Flares in Blazar Jets hard

to explain with standard acceleration

- Variation timescale: PKS2155-304 (Aharonian et al. 2007)
See also Mrk501, PKS1222+21, PKS1830-211

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

d

 For TeV emission to avoid pair
creation y,.,>50 (Begelman,
Fabian & Rees 2008)

I(>200 GeV) [ 10° cm?s™]
N
- N ur W o A

1. -
* But bulk jet y ~ 5-10 3 :
0'55 o S TS _
« Emitter: compact O~ s Tor e —
and/or extremely fast P Time - MJD53944.0 [min]
JET i
« A proposed Model: <

Reconnection R
inside the jet Giannios et al. (2009)



GRB jet prompt gamma-ray emission may

require reconnection acceleration too

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

GRB %
» GRB prompt emission: ke s LT )
turbulence, magnetic energy released  energy releasg energy released "

reconnection, and particle
acceleration via internal

collisions of multiple launched
parcels

(See also Giannios 2008; McKinney & Uzdensky 2012)



Regions of AGN & GRB Jet Propagation

Modified from D. Meier &
Y. Mizuno (courtesy)

~1O _ 102.5i0.5 rS

Modified
Alfven Point _ Fast Point

Fast MS Point Rt

Collimation

Magneticallij)minated Shock Kinetic Energy Flux Dominated

r N\
Current Driven Kink Instability
(Mizuno et al. 2012)




CD Kink Instability

Well-known instability in laboratory
plasma (TOKAMAK) and astrophysical
plasmas (Sun, jets, pulsars)

In configurations with strong toroidal
magnetic fields, current-driven (CD)
kink mode (m=1) is unstable

QTTRJ' Bp
By

f;kinl{ =

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

Distorted magnetic field structure may
trigger magnetic reconnection

Instability for Qg .S 2

--------

11111

Pinch
“ — INSTABILITY
LINEAR KINK NONLINEAR KINK

Schematic picture of CD kink instability

Kink instability in lab plasma (Moser &
Bellan 2012)



MHD Simulations of Reconnection driven by Kink in

Magnetically Dominated Relativistic Jets (GRBs & AGNS)

Kinetic Enerav Flux Dominated

Magnetically Dominated

Singh, Mizuno, de Gouveia Dal Pino, ApJ 2016



MHD Simulations of Reconnection driven by Kink in

Magnetically Dominated Relativistic Jets (GRBs & AGNS)

* Precession
perturbation allows
growth of CD Kkink
instability with helical
density distortion.

oooat H

Kinetic energy

« Helical kink : I'll / density

advected with the flow
with continuous
growth of kink
amplitude in non-
linear phase.

I 1 1 1 1 I
o 20 40 &0 & 100 120 140
E_EM
[=Re e i

ooos Fi

oooEs bo:

Magnetic energy 1
» Helical structure is cmf| e density

disrupted

LA
Qo02s - p

oo -

« Magnetic energy ]
converted into kinetic - - - . . —

o 0 40 &0 a0 100 120 120
Bme

Singh, Mizuno, de Gouveia Dal Pino, ApJ 2016
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-0.72
I 1.0
-10
N 009
£
1.0

Viee™ 0.05 v,
(b) log,,(curl B)

Singh, Mizuno, de Gouveia Dal Pino, Ap] 2016

Reconnection driven by Kink in Magnetically
Dominated Relativistic Jets (GRBs & AGNSs)

curl B = max

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




In situ 1st-order Fermi Relativistic MHD
Reconnection x shock acceleration in Jets

Competing
mechanisms




-~ Summary . A 4

\/ Reconnectlon can be |mportant around BHs for particle acceleration,
d|55|pat|on of magnetlc energy and conversion Magnetic*-> Kinetic

v Particles trapped in«current sheets with fast reconnection (e.g. driven by
turbulence): exponential increase of energy in.a 1st order Fermi

_acceleration: NQ’ £

-
\

¥ Fermi particle acceleration by turbulent magnetic reconneetion -
(numerically tested): can explaln gamma-ray ofe8H b|nar|es and non-
bIazar~AGNs as coming from the core ° o

~v" The magnetic keconnection power matches well with the observed
correlation of radio/gamma-ray luminosity versus BH mass of BH blnarles
and non-blazar AGNs over 10 orders of magnitude in'BH mé#ss

v Reconnection acceleration can be also important in.magnetically
dominated redions of relativistic blazars and GRBs jets
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