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High-energy astro sources are our best “laboratories” of relativistic plasma physics




Relativistic reconnection

reconnecting B field

reconnecting B field

 Reconnection electric field (out-of-plane): IS EINV1

e “Guide” (out-of-plane) uniform magnetic field Bqg



The physics of particle acceleration
in relativistic reconnection

LS 2022, PRL, 128, 145102
Zhang, LS & Giannios 2021, ApJ, 922, 261




The PIC method

Particle-in-Cell (PIC) method: Move particles under

Lorentz force

It is the most fundamental way of PRsitiont
capturing the interplay of charged
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Solve for EM fields on the
grid

The computational challenge:
The microscopic scales resolved by PIC simulations are much smaller than astronomical scales.

Typical length (c/wp) and time (1/wyp) scales are:
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PIC simulation of 0=10 (relativistic) reconnection

L/2

The reconnection layer breaks into a chain of magnetic islands / plasmoids




The three stages of any accelerator

(Caprioli &
Spitkovsky 14)

* Injection

e Power-Law Formation

* Maximum Energy (cutoff)



* Injection



Particle injection

How can the inflowing cold particles B
O

> 1
be promoted to y~o/2 and above? 47 pc?

‘They need to be in the right place at the right time!‘

where they interact with non-ideal fields E # Y «B
/ C

E > B for By/By < Trec

E“ for BQ/BO Z Tlrec

E; = E-B/B

(S NINIY cconnection rate

@ guide field (along electric current)
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The injection stage gives hard spectra

2D and 3D B
electron- 0 = 47T,OC2
positron

(LS & Spitkovsky 14,
see also Melzani+14,
Guo+14,15,
Werner+16,17)

The injection stage produces power laws at|y < 307, dn
with slope as hard as p=17 for high magnetizations. d”y

This holds in electron-positron, electron-proton and electron-positron-proton plasmas.



e |njection

* Maximum Energy (cutoff)



The highest energy particles in 3D

Density

e In 3D, lucky particles escape from plasmoids
(Dahlin+15) and wiggle “free” around the layer.



The highest energy particles in 3D

e In 3D, lucky particles escape from plasmoids
(Dahlin+15) and wiggle “free” around the layer.

e They get accelerated linearly in time, y « t, by the
large-scale (ideal) electric field in the upstream.

e The energy gain rate approaches ~ eF,o.c

~ oo

* AGN jets are able to accelerate UHECRSs.

(Zhang, LS, Giannios 21)



e |njection

e Power-Law Formation

* Maximum Energy (cutoff)



Theory of power-law formation

 In steady state,

assuming injection at

o If tacc and tesc depend linearly on vy, the solution is

f X /y_tacc/tesc

 What is the acceleration time tacc = /% ?

 What is the escape time tesc ?




A new 3D theory of power-law formation

Density




A new 3D theory of power-law formation

Density

Ez +— 7 — TrecWc — E

e Active acceleration only in the “free” state while particles are in the upstream.

e Acceleration ceases when particles are captured by plasmoids (escape term).



Acceleration and escape times
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Free vs trapped vs all

ct/L = 3.02 red:free

blue:trapped
black:all



Free vs trapped vs all

ct/L = 3.02 red:free
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In steady state:

rate of free particles getting trapped = rate of trapped particles being advected out
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At v 2 30 3D reconnection leads to a universal (o-independent) slope of p=2.



The outcome: a broken power law
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Accretion
Disk

Black

Hole

Accretion
Disk

10 Ry

(1) Blazars and AGN jets.

e Can reconnection explain the
multi-wavelength and multi-
timescale blazar emission?

(2) Magnetized coronae of highly
accreting BHs in X-ray binaries.

e Can radiative reconnection explain
the hard-state X-ray emission?



1. Relativisti "
in blazar jets

with D. Hosking

with L. Comisso, E. Sobacchi and J. Nattila




Blazar jets

Blazars: jets from Active Galactic Nuclei pointing along our line of sight

e broadband spectrum, from radio to
v-rays (and even TeV energies)

e l[ow-energy synchrotron +
high-energy inverse Compton (IC)

Log vL, [erg s!]

e high degree of radio and optical
polarization

10

(Ghisellini+ 17)




The ABCID] of blazar emission

(A) power-law spectra of the emitting
particles, often with hard slope
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tAt v < 30 injection in
{ reconnection leads to o-dependent
{ slopes, as hard as p=1.

At v 2 30 3D reconnection leads
to a o-independent slope of p=2.



The ABCID)] of blazar emission

(A) power-law spectra of the emitting
particles, often with hard slope
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(B) optical polarization rotations
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Large-angle polarization rotations
during optical day-long flares.



The ABC|D] of blazar emission

(C) “orphan” gamma-ray flares 3 (D) ultra-fast time variability
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Gamma-ray flares with no optical }
counterpart. : credit: Interstellar



(B) optical polarization rotations
with D. Hosking

x (degrees)
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Hosking & LS 2020, ApJL, 900, L23
(Marscher+2010)

Large-angle polarization angle (PA)
rotations during day-long flares.



(LS, Giannios & Petropoulou 16)
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A cartoonish model for PA rotations
P ol

Magnetic energy

¥ ONNO.
Weak quide field
By=0.25 Bo

— Bsky and PA
rotate by 1800




Synchrotron coeling in blazar jets

We parameterize synchrotron cooling via a critical Lorentz factor Yycr
(balancing acceleration with synchrotron losses):

In blazar jets { Inour simulations

1. Yo ~ 0 ~10°=10° § 1.4, ~ 0 =10

]

2. Yer > Vo 2. Yor = 40

3. ool ~ 0.01 — 017, | 3. Yeoot ~ 0.17

— cooling time at ys is ~ 0.1 of the dynamical time L/c
— cooling time at v, is ~ light crossing time of large plasmoids (size ~ 0.1 L)



Plasmoid mergers induce PA rotations

svnchrotron emissivit

t=6.362L/C |

L=box length

y-integrated synchrotron emissivity (Hosking & LS 20)



Reconnection can explain PA rotations

» Particles are accelerated at the interface of merging plasmoids — flare

* They stream through the post-merger plasmoid while cooling
— large-amplitude synchrotron PA rotations
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(C) “orphan”™ gamma-ray flares
with L. Comisso, E. Sobacchi and J. Nattila
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Comisso & LS 2018, PRL, 121, 255101

Comisso & LS 2019, ApJ, 886, 122 ™ days from orphan flare peak
Sobacchi, Nattila & LS 2021, MNRAS, (MacDonald+2017)
503, 688 Gamma-ray flares with no optical

counterpart.



Reconnection within turbulence

Reconnection is a natural by-product of magnetically-dominated turbulence

0.0 2.0 4.0 6.0
x/1

[=turbulence outer scale

(Comisso & LS 18,19)



A representative high-energy particle

Two stages of acceleration

2D

no cooling

(Comisso & Sironi 18)



Particle acceleration: a two-stage process

no cooling

(Comisso &
LS 19)

* Particle injection occurs quickly (¢;y,; ~ 10/w,), at reconnection layers.

* This is followed by further acceleration (but slower, tscatt ~ [/c) by
scattering off the turbulent fluctuations.




IC coeling in blazar jets

We parameterize |C cooling losses via a critical Lorentz factor ycr
(balancing acceleration with IC losses):

4
6Erec BUT/ycrUlad Frec = NrecBo (nrec ~ 0. 1)

In blazar jets In our simulations
1 Yy ~ 0 ~10° —10° {1 Yo ~ 0 = 160

v

2. Yor > Yo 2. Yer X Vo

3. Yeool ~ 0.01 = 0.195 3. Yool ~ 0.017,

— injection up to Y, is unaffected by cooling since tinj < tcool
— acceleration to » vy is prohibited by cooling since tscatt > tcool



Reconnection drives anisotropy

with cooling

(Comisso & LS 19)

* Lower energy particles (near injection) are mostly aligned with B field.
* Higher energy particles lie mostly in a plane perp to B.



Synchrotron and IC emission

* Small pitch angles suppress the synchrotron emission, Fsypc sin®

(Sobacchi + 21)

e Even though Ug/Urad~1, we find that Lsync/Lic~10-3.

— a first-principles explanation for orphan gamma-ray flares!



M87 VLBA 43 GHz

Average of 23 Images

Dec Offset (mas)

In blazar jets, reconnection can produce:
* non-thermal particles with hard power-law slopes.
* optical flares accompanied by polarization angle rotations.

* “orphan” gamma-ray flares (due to strong pitch angle anisotropy).



in black hole X-ray coronae

with N. Sridhar and A. Beloborodov
Vo o[ I,
- X

Sridhar, LS et al. 2022, arXiv:2203.02856
Sridhar, LS et al. 2021, MNRAS, 507, 5625
LS & Beloborodov 2020, ApJ, 899, 52



The hard state of X-ray binaries

(Parfrey+15) (Ripperda+20)

Cygnus X-1

Hard state: interpreted as thermal |
Comptonization by “coronal” plasma 100 1000 10
with electron temperature ~100 keV.

E [keV] (McConnell+2002)

But: how can the electrons stay hot?




Radiative reconnection

We parameterize |C cooling via a critical Lorentz factor ycr (balancing
acceleration with IC losses):

Total~Bulk |

upstream upstream:
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e Strong IC cooling suppresses particle acceleration. see also Werner+19)

e For strong cooling, the particle spectrum is dominated by plasmoid bulk motions.
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The total IC power is dominated by the IC power resulting from trans-rel bulk motions.




-2 -1 0
10 10 10 (LS & Beloborodov 20;
Vo 1 Sridhar, LS &
€ Beloborodov 21, 22)

e The bulk energy spectrum resembles a Maxwellian with T~100 keV

— Bulk Comptonization in the plasmoid chain mimics thermal Comptonization



A reconnection model for hard X-rays

trans-relativistic
hard X-rays via f outflow (412)
bulk Comptonization

[C-cooled e*
in plasmoids



X-ray photon spectrum
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(Sridhar, LS & Beloborodov 21, 22)




Summary: reconnection in BiH coronae

trans-relativistic
f outflow (£+2)

hard X-rays via
bulk Comptonization

IC-cooled e*
in plasmoids

Radiative reconnection in BH coronae:
— cold plasmoids moving at trans-relativistic speeds
— plasmoid chain Comptonization with effective temperature ~ 100 keV

— hard state spectra of X-ray binaries and AGNs



Radiaive ekiiiai
reconnection in BH coronae

Rakaiiviaiie 1ae .
blazar jets

M87 VLBA 43 GHz

Average of 23 Images
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IC-cooled e*
in plasmoids

 cold plasmoids moving at trans-
relativistic speeds

» plasmoid chain Comptonization with
effective temperature ~ 100 keV
 hard state spectra of X-ray binaries
and AGNs

e non-thermal particles with hard
power-law slopes.

e optical flares accompanied by
polarization angle rotations.

« “orphan” gamma-ray flares (due to
strong pitch angle anisotropy).




Some open guestions

What about fast variability in blazars?

How does reconnection interplay with shocks and turbulence?
How does it interplay with basic fluid-type large-scale instabilities?

Is reconnection the dominant particle accelerator in all magnetized
environments?

|s reconnection the source of UHECRSs?
What about the good old relativistic shocks?

How is the reconnection physics modified by radiative effects?
(cooling, pair production)

What can we learn from non-relativistic reconnection in lab or solar wind?






