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Plan of the talk

® The Non-Thermal Universe: Outstanding Examples

® Turbulence in Highly Magnetized Plasmas

e Relativistic Turbulence - high-o regime
» Pulsar Wind Nebulae

» Gamma-Ray Bursts

® Non-Relativistic Turbulence - low-f regime
» Solar Corona

o A few key takeaways
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Energy spectrum of cosmic rays

Pierre Auger Observatory

The observatory is a detector of high-energy
cosmic rays that uses two different techniques
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Sources

of hon-thermal radiation
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Magnetized environments (nonrelativistic vs relativistic regimes)
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Large scale separation

Credit: D. Seaton 2018 Sep 08 01:35 Credit: A. Chael

“”‘~~.,.Log-scaled Renormalize_d*"" Simulated M3/ jet at radio frequency of 86GHz

e Upper Solar Corona ( ~ 10° m above e M87* (close to event horizon, with large
photosphere): uncertainties):
Amtpp ~ 10°m Amtpp ~ 107 m
xin ~ Pp ~ 10m Cxin ~ Pp ~ 5% 10°m
(R ~ 7 X 10° m) (Rg ~ 2 x 10 m)
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Turbulent energy cascade in large magnetized systems

injection of energy flux of energy dissipation of energy

[=27/ky La=21lkq

enerey-containin . . dissipation
gy & inertial range P
range range
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Turbulent energy cascade in large magnetized systems

Particle-in-Cell
Comisso and Sironi 2022

MHD
Dong+ 2022
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Relativistic turbulence in pulsar wind nebulae

RADIO INFRARED VISIBLE LIGHT ULTRAVIOLET X-RAYS GAMMA RAYS

Zanin 2017, Lyutikov et al 2019

* Spectrum of radio emitting electrons with 1 OV peak
: 0.4 - 0.1 130 keV break (?)
vF, « 1" is a common feature of most PWNe 10° /1\ .'//COMPTEL"“‘“N‘-’)
A e M synchrotron
. 10° T —h ~h100 MeV
* An isotropic distribution of electrons would imply o i
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Relativistic turbulence in gamma ray bursts

P : £ G R B . Long gamma-ray burst Short gamma-ray burst
rope rties o dmMma-nay bu I'Sts: (>2 seconds’ duration) (<2 seconds’ duration)
108 g —— | A red-giant
F v star collapses
[ it GRB 990123 j -
_; 102 | e - , < ontoits core... Stars* ir\
> i — a compact
S o) - | Sieri s .
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@ 100k % Cooess K ik WiLExscH inward...
| C »
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@ - \  BATSE SDO \ . 2 ‘ , dense that it
S 102F = BATSE SD1 it In AstrophySICS \ T / expelsitsouter »
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S ol ° oAt Shd RN . _ supernova ..eventually
X o ggmggt Telescape ' ‘ * xplosion. colliding. \l {
— . urst Mode ’4 :
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.

The resulting torus
has at its center

a powerful
black hole.

vF, (erg - cm=2. s7)

Photon Energy (MeV)

Steep spectrum: typically s ~ 0.5 — 1.3

Gamma rays

*Possibly neutron stars.  Credit: NASA

Theoretical limit for fast cooling electrons s < 0.5
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Nonrelativistic turbulence in the solar corona

Cohen et al. 2020
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Working toward a solution of the problem: Timeline

Test-Particle Simulations Fully-Kinetic Simulations
. with prescribed fields relativistic regime
Fermi Toy Model
Brinca 1984 Zhdankin+ 2017
Fermi 1949 Decker & Viahos 1986 Comisso+ 2018

....... . Nattila+ 202 |

= 2 - o ) . - = 2 - o = » 2 0 B - = = 46 o 0 . 0 = = - = » o . - g - =
~ - - \ ~ - - A . - - < - Y . A\ N - . =
- - Pt - e - . - P

2000

1940

AT SR

1960 / 1980 /
Test-Particle Simulations Fully-Kinetic Simulations
with MHD fields " nonrelativistic regime
Quasilinear Theory Arbrosianat 1988 Hybrid Simulations Comicco & Sirani 2079
Kennel & Engelmann 1966 Gray & Matthaeus 1992 Servidio+ 2012
Hall & Sturrock 1967 Dmitruk+ 2003 Kunz+ 2016
lerche 1968 . Arzamasskiy+ 2019
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Fully kinetic treatment of the plasma

Evolution of the particle distribution function (for each species):

Can include other forces

of(X,p,1) dx OJf(X,p,) dp OJf(X,p,1) _
| ' | ' = (e.g. radiation-reaction)

ot dt 0x dt op

e.g., Lorentz force:

Evolution of the electromagnetic field: '

V-B=0 v-E=4np=4n2qs[]g(x,p,z)d3p
1 0B 1 oE 47 47 p

= - VXE =V xB J=VxB — f(x, p, d’
c Ot c Ot C C ;CISJ' ymsfs( P.0dp
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Particle-in-cell approach on supercomputers

Solve Particle
Equations of Motion:

< B) + Frr

Interpolate to Particles: Extrapolate to Grid:

PIC code: TRISTAN-MP
(Spitkovsky 2005)

(E,B), — F, (z,p), = J;

Solve Maxwell’s Equations

a—E:cV><B—47TJ

ot

0B

E:—CVXE

Radiation-Reaction (reduced Landau-Lifshitz form):

Frr=570|(E+Bx B) x B+ (8- E)E| - §7~372,3[(E +BxB)* - (8- B)’|

+ Stampede2 (NSF), Ginsburg,...
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Turbulence on supercomputers: simulations features [relativistic regime]

e 2460° cells; ~2x10!! particles

® Turbulence seeded by initializing a
spectrum of magnetic fluctuations

; e Strong turbulence: 0By/By, = 1
Z

e electron-positron plasma: m,/m, = 1

e Physical size: L’ = (82Ode)3

® High plasma magnetization:
OB
- 47Th()

=5 — 40

o

More details in Comisso and Sironi 2018/19 Comisso | CDY Seminar 2023 15



Relativistic turbulence [fly-through along the B,z direction]

OB/By=1, 6 =10, L’ = (820d,)°, m;/m, =1
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Development of nhonthermal power-law tails in relativistic turbulence

AN/dIn(y-1)

_ 4l \ ]
10 _>2103;_E__E,--a——5‘ \
_ s 100 . \
10 3 10 30 70 |
10° 90 l RN
10 10° 10" 10°
v-1
. o I 6B; O 6B;
e Particle Heating with Ay ~ = — 0y =
2 8angm,c? 4 drpc?

e Non-thermal Particle Acceleration with Ay > ¢,/4 up to 7.« ~ (eBy/m,c?) I

and converged power law index p = —dlog N/dlogy Comisso+ 2018,°19, 20

(see also Zhdankin+ 2018 for o, ~ 1; Nattila & Beloborodov 2021 for oy > 1) 17



Particle energization as a two-stage process

Particle energization occurs via a
two-stage acceleration process:

|. Particle Injection (via magnetic
reconnection)

2. Stochastic Acceleration (via

scatterings off larger scale

turbulent fluctuations)
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| st acceleration stage (particle “injection™)
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| st acceleration stage (“injection” via magnetic reconnection)
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100 f

e The injection stage gives Ay;,; ~ 30, (Comisso and Sironi 2018,2019)

e v-E, energization is critical initially (low Ay-range) ——

v - K, energization is responsible for further acceleration
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| st acceleration stage (“injection” via magnetic reconnection)

100
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| st acceleration stage (“injection” via magnetic reconnection)
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€
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What if we artificially remove the magnetic-field-aligned electric fields?

dN/dIn(y-1)
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® The normalization drops by 2 orders of magnitude (only

~ 0.2 % of the particles in the nonthermal tail)
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2nd acceleration stage (stochastic Fermi acceleration)

o ' ' ' L 'O ] 100_ T
104_ O Goi40 6’0,0/0 O _; E (@) (50240 )
ZO:?E ocyzega’ /,»‘ Goiig /,o"
10° O_ ,o’e, ,»’/ ,," _ I O0= ,0/’
O 60—5 @ﬂ ,/, ,,’ a0 O S @) 6025 X
3 0 et o7 O ‘ ST a5 ©
- 2 o @° A | ~. 107 L0 E
10 — o o (@) O // ,/ OD’ — Q B 0/ -
) O ,/, /,’ "~} Y
_ ’ /,/ @/OD, _ I /,O
1L o0 o ] : g - - - 0.092
107 o’ é ¥
[ o 9° ]
10°h 00,06, Stochastic acceleration for y > ¥, 107 e e
0.3 1 3 10 30 0.1 1.0 10.0
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e of(y. 1) 0 0”
e Fokker-Planck equation in energy space: = A, f(y,1) )4 D, f(y,1)
ot oy \ 7 dy2 \ 7

1
® Mean rate of change of y due to stochastic accelerations: A = dfzy> = — ; (ysz)
! V- oy

d
* PIC simulations give D, ~ O.la(%)yz — fl}? ~ O.4a<%>y

Comisso | CDY Seminar 2023 24



Two-stage acceleration produces an energy-dependent pitch-angle anisotropy

f(cosa, Y)

0.0 1.0 2.0 3.0
O 7 - S - TS
_ 300: B 0000
60_— 250 - -
200 F :
S 40t | E
~ 40 > 150 b
Y A A turbulence acceleration - 100 _ _
20 | group 1 P— y : :
| - - - injection phase 501 _
O - ! ! ! I ! ! ! I ! ! ! I ! ! . - O - . ! : | : ! ! ! | ! ! ! ! | ! ! ! -
0 2 4 6 Q -1.0 -0.5 0.0 0.5 1.0
ct/l cosa = v B
[v||B|
L o dy e _ .
v injection phase: Pl m—cﬂrecéBrmS @ low-y, v strongly anti/aligned with B
e
d(y)

V' stochastic acceleration:

el 0.46(%)}/ @ high-y, v mostly perpendicular to B
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Synchrotron radiation from the accelerated electrons

Radiation emitted from

any part of trajectory

(
(3
(R
RS
s

Electron

S
| >

~y~lrad

Polarisation

foe

Synchrotron
To observer

~

radiation

Synchrotron power radiated by one electron:
Py, = 20,c(B*/87m)y* sin” a

Typical frequency of synchrotron photons:

v~ yiy sina (v, = eB/2mm )

Log,, F, (arbitrary units)

AN
N\
SUPe rPOSition George B. Rybicki WILEY-VCH

Alan P. Lightman
Radiative Processes
in Astrophysics

individual

electron

spectra

2 4 6 8 10 12 14 16 18 20
Log;o v (arbitrary units)

Particles distributed as
dN/dy < y™F

lead to synchrotron energy flux
vF, o y37P)2

(Hp: sin @ doesn’t depend on y)




Synchrotron spectrum accounting for energy-dependent pitch-angle anisotropy

| BT For ultra-relativistic particles (y > 1):
Y0040 B0 120
= 1—
> e N, ~ y(dNldy) <y ™"
T 00l S i \ " — 2 2 qin2 2+2q
I - \ Psyn — 2GTC(B /871')7/ SIN X X Y
1078 10100 100 107 100 10° \
oot o P L VU F ~ NP 3—p42g
10" 10° 10' 10° 10° 10° vy ~ Ny gyy XY
v-1
v ~ vy, sina (v; = eB/l2am,c)
(B3—p+29)/(2+q) o 2
~ vk, v for vpin < U < Vgie ~ Vil
3
5
Z (3—p)/2 ~ 2
vk, x v for v < U<V ~ YaxVs
0L L Comisso et al. 2020
10" 10° 10' 10 10° 10°
v-1
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Synchrotron spectrum accounting for energy-dependent pitch-angle anisotropy
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o Comisso et al. 2020
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Synchrotron spectrum accounting for energy-dependent pitch-angle anisotropy
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Tackling turbulence in the fast synchrotron cooling regime

Fop = —72|(E+fxB)x B+ (§-E)E| - =12

PIC simulations with 3072° cells
(L/d, = 1024)

(E+pxBP - (- E)

10?
10° F
107+

vE,

10+
10°F

108

10—10 I

— Yrad:7 5
e N=125

— ‘Yrad:2 00

Yrad: 0

107

Comisso and Sironi 2021
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v/iv,

10° 108
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Extreme particle acceleration and abrupt cooling

2000 [
1500 |

> 1000}

500 |

00 02 04 06 08 10 02 04 06 08 1.0

500
lcos al lcos al
400 ¢
300} e Particles with y > v, ; thanks to [cosa| ~ 0
200 |
100; * Energy radiate away in fraction of gyroperiod:

Toool ¥ = Viad) K Vrad/ (@ E/B) when sina ~ 1

(see Nattila & Beloborodov 2021 for IC) Comisso | CDY Seminar 2023 31



Radiative turbulence produces hard synchrotron spectra

10° | ! | ' e | 2.5 . .. .
| = | I |. Energy carried away by radiation within a
;& - 2.0 .
. few eddy turnover times [/c
| Eq15
| T 2. Excess of synchrotron radiation above v,
- 110
(as high as 35 %)
Ios
0.0 3. Hard synchrotron spectrum vF, & v°
10.0 « e
| . (exceeds the limit s = 1/2)
7 » 2 & 3 are due to acceleration with
- = | cos a| ~ 0 thanks to reconnection
5.0
10 V' Radiative relativistic turbulence can
I25 potentially explain hard vF ), spectra

viv,

Comisso and Sironi 2021 Comisso | CDY Seminar 2023 32



Nonrelativistic turbulence in highly magnetized (low /) plasmas

SB/By=1, f=0.08, L°> = (60d)>, m/m, = 50
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Nonrelativistic turbulence in highly magnetized (low /) plasmas

Magnetic power spectrum of Solar Wind
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Power spectra from low-f PIC simulation
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Alexandrova et al. 2013
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Comisso and Sironi 2022
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Magnetic reconnection occurring within the turbulent cascade

601"
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Energization of ions and electrons

\ Y
g
1 1

e/m c’

O N DA N X O N

o [wo-stage acceleration process:
(1) particle injection

(2) stochastic Fermi acceleration

[

W10 = QJ E, @) v()dr
0

101S olectrorns

|

JiedlWior W/ W) from tracked particles

® |ons gain energy almost entirely via £

o Electrons acceleration is initiated by £,
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Self-consistent development of nonthermal power-law tails
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A few key takeaways

® Fully Kinetic Simultaneous Treatment of Turbulence,
Reconnection, and Particle Acceleration

® High-Energy Particles are Generated Self-Consistently as
a By-Product of Turbulence + Reconnection

® Particle Acceleration Follows a Two-Stage Process

> |st stage - particle injection by magnetic reconnection

> 2nd stage - nonresonant Fermi-like stochastic
acceleration

® Turbulence + Reconnection Generate Anisotropic Pitch
Angle Distributions

® Anisotropic Pitch Angle Distributions affect the
Synchrotron Spectrum produced by the Energetic Particles
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