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What physical processes drive particle acceleration?

shocks magnetized turbulence
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> sheared velocity flows
> magnetospheric gaps
> magnetized rotators

and others...
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Magnetized environments (nonrelativistic vs. relativistic regimes:
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Expected turbulence in large-scale (astrophysical) systems
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Turbulence is likely to play a main role mip.p

in the transfer of energy across scales Estimates from EHT Collaboration 2019
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Turbulent energy cascade in large-scale magnetized systems

injection of energy flux of energy dissipation of energy

e . .
l T Magnetic Reconnection

[=27/ky Aa=21lky

energy-containin . . dissipation
gy g inertial range P
range range

Inception of particle acceleration
(particle injection)
[Comisso & Sironi ’18,°19]
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Turbulent energy cascade in large-scale magnetized systems

injection of energy flux of energy

l — i

Stochastic acceleration 3= T
\ - N\ — U/ \\\\\W///\

[Bresci+, Comisso+, Lemoine, Nattila+, Zhdankin+, etc.] =
|

Aa=2mlky

I
[=271/ky
energy-containing inertial range dissipation
range range

dissipation of energy

Magnetic Reconnection

Inception of particle acceleration
(particle injection)
[Comisso & Sironi ’18,°19]
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Fully kinetic treatment of the plasma

» The evolution of the particle density fs(x, p, t) of species s in a » Solution via particle-in-cell method
collisionless plasma is described by the Vlasov equation
ofs  p
| - Vxfs+ F -Vpfs =0
ot Ms"s Vls + Vls /'ﬂ/vf
2 o
where 72 = 1 |g‘zandF:qs(El P XB).
m2c YsMsC ° +
» E(x,t) and B(x,t) are determined from Maxwell's equations /0 e %
OE
9t ccurlB = —4nJ, divE = 4mp, \9 o~

. AR

57 - ccurlE =0, divB =0, O

where the source terms are computed by

PIC code: TRISTAN-MP
ds p
_ § : f.dp. J = E = fs—dp. i
P s ds /R3 sdp . m, /R3 S’Ys P (Spitkovsky 2005)
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Flying through turbulence along the mean magnetic field direction
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Magnetic reconnection occurring within the turbulent cascade
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2.09
Formation of flux ropes within the turbulent domain (fully kinetic PIC turbulence)



Time evolution of the kinetic energy for some representative particles
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[Comisso & Sironi 2022]
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» Two phases of the acceleration process:
(1) particle injection

(2) stochastic acceleration Comisso | APC 2024 10



Stochastic particle acceleration: energy and magnetization dependence
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[see also Wong at al. ’20 for ¥ dependence]

d 1 o
® Mean rate of change of y due to stochastic acceleration: 7 = (yzD )
dt v Oy /
2

e PIC simulations give: D}, ~ O.latur<§>y2 — 1. = v

D,

C

Nonresonant rather than gyro-resonant interactions (see also Lemoine ’21,°22, Bresci+ ’22) 1



Localized high-energy neutrinos from the nearby active galaxy NGC 1068
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Stochastic proton acceleration with cooling in the active galaxy NGC 1068

Timescales |s|

10%

—_
-
o

—_
-
DO

—_
.

- - -
Ot @) |
TTTT] T T T TTTTIT] T T T T AT T 1

}_\
-
N

Proton energy, E, [GeV]

O = 0.3, = 0.3
- R =20r,, M =10" M.
S f
ESC&D@ O%f‘o :
% :
% :
gAccelera,tion \
| Timescales for
NGCI1068
f BH _
T I (LA (LA i

SB* £
l Otur = s, N = —
47mpmp(:2 R
)
4 . C 5
. tacc — Fy with D}, ~ O'ldtur(76>}/

> electron-proton corona: n,/n, ~ 1

> Bethe-Heitler cooling limits proton energy to

20 TeV (needs sufficiently compact corona)

See also earlier model by Murase et al. 20

Comisso | APC 2024 |3



Predicted neutrino spectrum for the active galaxy NGC 1068

See also earlier model by Murase+ 20

Fiorillo, LC, et al, 2024 T —
—6 = NGC 1068 \ v :
1() ' ! ' - . Ly=10" erg/s | R&Edey
i 10-7 E_\d=12.7Mpc Aeimale X ——-— _
............. P Otyr — 0.3, N = 0.37 F = 0.31 — ; \\
7 @ ! PR IceCube
_______ p,y R — 20T97 M — 107 M@_ C}IE 108 | \ ““‘eASTROGA'M -
—7 % i \ ':‘;MEGO
107k [ceCube, 2022 : 8 ool U \w /v :
] u | L T tawie W
LL] \ (1 Fermi LAT .
1070 | ‘\ :
l
107° and ; 1071 Lopeis . ‘ _
PY PP ] 10*10°10%10" 10° 10" 10° 10° 10* 10° 10° 10’
production E [GeV]
compete : Relying solely on an energy diffusion coefficient

might be over-simplistic [Lemoine & Rieger "24]

—_
5
Ne)

—lvA/c—().OS(l)
— vy fe=10.05(2) ]
e U fe=0.10 (1) 1
— Uy fe=10.10(2) J
e wp/c=0.20 (1) ]
— = vp/e=0.20(2) ]

va/e=0.40 (1) 7

va/e=0.40 (2) 5

100 }

p—
-
|
p—t
-

e2dn/de

All-flavor flux, E2d®, /dE, [GeV em™2 s7!]

10'3 3

pd
p—

—_
-

10710 0% 108 »
Neutrino energy, F, (GeV] ol L

Tt 108 10 107 108




Magnetized turbulence as the mechanism for UHECR acceleration?

Mass composition results of Auger Observatory:  [Slide credit: Engel, 2024 (This Conference)]
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Shock-informed cutoffs require exceptionally hard power laws

» The source energy cutoff is generally modeled

(inspired by shock acceleration theory) as:

P(E) x E7° exp

(=E/E.)|, with s> 2

[e.g., Protheroe & Stanev 1999]

> Often the spectrum is modeled (with no good

physical reason) as a broken exponential cutoff:

P(E) x E7° X

1

exp

(

—E/E

cut

)

’ E S Ecut
, > FE_,

> Fit to UHECR spectrum and composition data
return s S 1 (at odds with shocks)

Auger spectrum 2017
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Particle acceleration via magnetized turbulence: sharp energy cutoff

Relativistic Turbulence 104 T — @ 12
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2
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| dE
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Particle acceleration via magnetized turbulence: sharp energy cutoff

Relativistic Turbulence 10— ——— —
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Particle acceleration via magnetized turbulence: rigidity-dependent energy cutoff

Comisso, Farrar, Muzio 2024
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> magnetized turbulence does accelerate particles to the “Hillas limit” if one assumes [. = R .
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Particle acceleration via magnetized turbulence: particle escape timescale

» residence time within the accelerator:

5
{ ~ L_2 ~ L_2 ECU’t X E_5
= Ac lLce \E

> flux of particles escaping the accelerator

is given by
dN dN ~

P(E) = — x E° sech[(E/E
dEdt t.. dE

cut

tesc / TO

)

Comisso, Farrar, Muzio 2024

10 ]
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3 . C . .
0.04 0.10 0.40
E/Ecut

0 ~ 1/3  from PIC simulations of highly
magnetized (o > 1) turbulence

[similar scaling in test particle
simulations of large amplitude
turbulence: see Lemoine 2024]
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Particle acceleration via magnetized turbulence: fitting to UHECR data
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Particle acceleration via magnetized turbulence: back to the injection stage
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Anisotropic pitch angle distributions develop in highly magnetized turbulence
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Concurrent particle acceleration and pitch-angle anisotropy from reconnection
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Synchrotron radiation from the accelerated electrons

Radiation emitted from

any part of trajectory
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Synchrotron
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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
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Radiative Processes
in Astrophysics
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Particles distributed as
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Consequences for the Spectral Energy Distribution

A

dN ox &< For ultra-relativistic particles (y > 1):

de
1—
N, ~ y(dNldy) x y 7"

P, = 207c(B*/8n)y*sin” a  y*tm
Comisso and Jiang 2023 Syn ¢ )Y /

Comisso 2024
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(3—p)/2

2
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(standard “textbook case” when m = 0)
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Consequences for the Spectral Energy Distribution

2 . . . . . .
10 ' ' ' ' ' | Crab Nebulae SED (Zanin 2017)
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> Relativistic turbulence (6 > 1)

(v, = eB/l2mam,c) produces radio spectra with s ~ 0.7

for an extended fluctuation range
(3—p+m)/(2+m/2) 2
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> Radio spectra with s ~ 0.7 are typical
(3=p)/2

vk, v for vi,, < U< Uy ~ Yiil) of PWNe (not just the Crab Nebula)
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A few key takeaways

|. Turbulence and magnetic reconnection commonly act in tandem
2. Particle acceleration from the thermal pool is effectively a two-stage process

3. Turbulence might account for neutrino production in AGN corona

4. Turbulence acceleration gives rise to dN/dE « E~Psech[(E/ZeR.)*] with
R.~ B.,[. and s ~ [2 —2.2] for 6 > 1 (matches nicely UHECR data)

I'ms-c

5. In magnetically dominated collisionless plasmas, pitch angle anisotropy is
anticipated as the norm rather than the exception

6. Knowledge of both particle energy spectrum and pitch-angle anisotropy is
needed to understand the radiation signatures emitted by energized particles

Comisso | APC 2024 27



Transition from MHD to kinetic scales:

Power spectra from PIC simulation

k,d,
Comisso and Sironi 2022

Power spectrum in collisionless plasma turbulence

Magnetic power spectrum of solar wind
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Intermittency at MHD and kinetic scales

2.0 LERRRRRE [TT T T T 1171 [TT T T T TTTT [TT T T T TTTT [TT T T T 1171 [T 11 ] Scaling exponents from the SOIar Wind
MHD range 5 — Kiyani et al 2009
1.5 === Self-similar o] = inertial range dissipation range 4%

Log-Poisson model
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: From the measure of the scaling exponents
Su(£1) = (|AB(x,£)|")y o £

‘ the MHD range is more intermittent than
: the kinetic range (consistent with solar wind)
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