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Plan of the Talk

* The Non-Thermal Universe: Outstanding Cases
* Turbulence in Magnetized Plasmas
* Mechanisms of Particle Acceleration

* Generated Particle Energy Spectra

» UHECR Acceleration via Relativistic Turbulence

* Emergent Pitch Angle Anisotropy

> Implications for Emitted Radiation (PVWNe, GRBs, etc.)

* A Few Key Takeaways
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Energy Spectrum of Cosmic Rays

Evoli 2018
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Direct Evidence: Solar Energetic Particles
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Direct measurements of non-thermal particles with power-law energy distributions
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Indirect Evidence: Sources of Non-Thermal Radiation

Pulsar Wind Nebulae (Crab; Meyer et al. 2010) Crab Nebtll
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What Physical Processes Drive the Acceleration of Particles?

THERMAL THERMAL | NONTHERMAL
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® The Maxwell distribution is the most probable distribution for a system in thermal equilibrium

O What processes produce a non-thermal distribution of particles 7
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What Physical Processes Drive the Acceleration of Particles?

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

and others...
Daughton et al.’ |4 Comisso | IAS 2025 7
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Abundant Energy Reservoirs in Magnetic Fields

Helical
magnetic

Ordered,
large-scale
magnetic field

/N\

-~

Disordered, turbulent Accretion disk
magnetic field Black hole (B >> 1)

Toroidal magnetic field?
Figure from Dobbie at al. 2009 Comisso | IAS 2025 9



Expected Turbulence in Large-Scale (Astrophysical) Systems
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injection of energy flux of energy dissipation of energy
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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

- . .
l T Magnetic Reconnection
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| | Inception of particle acceleration
[=2n/ky Ad=21/Kq (particle injection)
energy-containing inertial range dissipation [Comisso & Sironi '18,19]
range range
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Turbulent Energy Cascade in Large-Scale Magnetized Systems

injection of energy flux of energy
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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 Within the Turbulent Cascade
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Power Spectrum: Comparison with Solar Wind Data

Magnetic power spectrum of Solar Wind
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Comisso and Sironi 2022
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Higher-Order Statistics: Comparison with Solar Wind Data
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Particle Energization as a Two-Stage Process

103: |

10° ‘ - Comisso & Sironi "18,°19

0 2 4 6 8 10 12
ct/l

Particle energization occurs via a two-stage acceleration process:

|. Particle injection (via magnetic reconnection layers)

2. Stochastic acceleration (via scatterings off larger scale turbulent fluctuations) 8



| st Stage: Particle “Injection”
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> Initial particle acceleration occurs when

particles are in strong current sheets
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Particle “Injection” via Magnetic-Field-Aligned Electric Fields
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Magnetic Reconnection

> For particles that do not feel K (from reconnection layers), the normalization drops by 2

orders of magnitude (only ~ 0.2 % vs ~ 20 % of the particles in the non-thermal tail)
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2nd Stage: Stochastic Particle Acceleration up to the “Hillas” Limit
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Two-Stage Acceleration Produces an Energy-Dependent Pitch-Angle Anisotropy

f(cosa, v)
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Magnetized Turbulence as a Mechanism for UHECR Acceleration?

oD O R B B TN ORI N N R Y et o o . o s D e —a e o PR e —

| | :{ - . . =
Evoli 2018 P — oo%\& S Pierre Auger Collaboration 2020 3 1
1/Cm2/8 '4; "~ B ™ (O‘D e -1 1
"""""""""""""""""""""""""" & % ol ® e W qy”;’ G o A
< : 107 E ° VS D ;
= T — ® o S b:\\ q,Q — |
5 ¥ — [ o qo) * -1 %

X ' ! ® ‘oq/ Q)
~ P — o A —
& P o 7 o | 3
2 E 18 o ¥
8" £ ! 10 — !/
o = £ — ° < 3
" : § =% L ¢ =
¢p 1/m2/yr > £ B e 1 4
—————————————————————————— ' § B 9 i
I ‘ X 10" & +
O ' > vl

| - { n

= | ~E-31 AR
x : "‘ — | | | | | | | | | | | | | | | | Y’,
5 . P L © r:"
= : a S @
> | " i L n -‘
2 : o 2 L 2T i
QL : Q.F\’l/km /yr § |
S 0:¢) | y M ? ‘_'1;_4 B \
- % i N, t> L
v IRGB V4T S - {
| i I . ¥ : N N
10_5 B AMS02 FERMI | f | " \ ; ) 27 spectral index = O,y + Oy §
HAWC HESS I % I i 4 o 10 — =3.29 =+ 0.02 =0.10 '
AUGER | : i — ® .
. | f{ b % [ 7,=2512003 =005 \ T |
CALET KASCADE-Grande & g | 1 G _ 7,=3.05£0.05 £0.10 3
CREAM I+II | O | y
DAMPE Tibet-111 | - “ \< - 7, = 51+03 0.1 | 3
10_7 I I I I I I ] I I I I I I ’, 1 1 1 R 1 1 1 1 oo | R W

GeV TeV PeV EeV . " 10" 10%
Energy e



Detailed Statistics of UHECR Composition

Mass composition results from the Pierre Auger Observatory [Engel 2024]:
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Comisso | IAS 2025 24



Challenges Posed by Smooth Energy Cutoffs

> The source energy cutoff is generally modeled as: Auger spectrum 2017 A
P(E) «x E~5 exp :(—E/Ecut)] , with s > 2 o 12
[e.g., Protheroe & Stanev 1999] - 10
> - 8 |5
> Often the spectrum is modeled (with no good % 1010 A
physical reason) as a broken exponential cutoff: QCE 6 %

1 ’ L S Ecut
P(E) x E7° X

exp| (1 - E/E,,)| . E> E,,

> Fits to UHECR spectrum and composition data

return s S 1 (which is very difficult to achieve) Heinze et al. 2019
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lon Acceleration by Relativistic Turbulence

Relativistic Turbulence 104 T — I 12
(6B/By~ 1,0 > 1) ' ) ) '
. --- dN/dE = N,E " sech[(E/E_ )]
ion-electron plasma — - IF10
= — .
E 103 : (p=24) £l K
S 2
> L6
FS .
1]
4
. Jl2
'V x B,
>3.5 E/E._
-3
) > Magnetized turbulence accelerates
2 particles into a spectrum of the form:
1.5 dN )
1 — =Ny E™7” sech[(E/Ecut) ]
0.5 dE
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lon Acceleration by Relativistic Turbulence

Relativistic Turbulence 10— —————r —
(0B/By~ 1,0 > 1) f Comisso, Farrar, Muzio 2024
ion-electron plasma — '

BTt
= 107 :
1]
=
C:S 102 — - F7F GXP('E/Ecut) : ] ‘\.\ —
Lu ' ——e e E—P eXp[—(E /Ecut)z: \“‘\‘ \\
o= E7sech[(E/E.)Y (p =2.4) ‘-.:\‘ \
101......| ] L B
'V x B 10" 10°
> 3.5 EJE._.
— 3
55 > Magnetized turbulence accelerates
2 particles into a spectrum of the form:
1.5 dN 5
1 — = N, E7Psech (E/E )
dE 0 cut
0.5
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lon Acceleration by Relativistic Turbulence: Cutoff Shape and Hillas Limit

Comisso, Farrar, Muzio 2024

()M aa— 0]
E (6 x B?) 3 i
2 0= I :
: i |
T =128 < 107 i -
~ — f — lc/dz=213 |
Z 9 c=64 Z - |
ﬁ 107 =32 : ﬁ [ L= 133 I
| G=16 107 — 1./d=83 I :
I — o=8 - E sech[(E/E,,)"1
10" L e . \ 10" L . . ]
0.3 1.0 3.0 10 10” 10"
E/E E/E

> Cutoff sech[(E/E.,)*] scales with E_ = ZeR. = Ze(B. kl),where k =0.65 from the fits

ut ms

> Magnetized turbulence does accelerate particles to the “Hillas limit” if one assumes [. = R .
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lon Acceleration by Relativistic Turbulence: Particle Escape Timescale

» Residence time within the accelerator:

0
{ ~ L_2 ~ L_2 ECUt X E_é
= lc Lc\ E

> Flux of particles escaping the accelerator

is given by
AN dN _

HE) = — = < E™ SeCh[(E/E
dEdt 1o dE
(Hox 21

cut

tesc / TO

)

Comisso, Farrar, Muzio 2024

10

<E° 8§=1/3

0 ~ 1/3  from PIC simulations of highly
magnetized (6 > 1) turbulence

0.04

0.10 0.40

E/E

cut

(see also test particle simulations of
large amplitude turbulence, e.g.
Casset 0l, Pezzi+ 22, Lemoine 23)
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lon Acceleration by Relativistic Turbulence: Matching UHECR Observations

Yy Comisso, Farrar, Muzio 2024
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UHECR Spectrum and Composition Explained by Turbulent Acceleration Model
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Potential Hosts of Magnetically Dominated Turbulence
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Particle Acceleration by Magnetized Turbulence: back to Pitch-Angle Anisotropy

f(cosa, v)
0.0 1.0 2.0 3.0
T
)
Due to Acceleration 250;‘ ‘
1 to the B Field :
200 F -
f 1 Comisso & Sironi ’19
= 150¢ - Comisso+ 20
100 - -
Due to Acceleration 50 L -
| to the B Field ™ ' -
-0.5 0.0 0.5 1.0
p-B
o =
p||B]|

> Strongly Magnetized Turbulence Produces Anisotropic Pitch-Angle Distributions
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Pitch-Angle Anisotropy Controlled by Magnetization and Guide Field Strength

PDF
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Comisso & Sironi ’19
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Comisso+ ’20

> The pitch-angle anisotropy increases with the magnetization and stronger guide magnetic fields
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Pitch-Angle Anisotropy Imprinted by Magnetic Reconnection

Anisotropic Pitch-Angle Distributions Produced by Magnetic Reconnection:
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Pitch-Angle Anisotropy Imprinted by Magnetic Reconnection

Anisotropic Pitch-Angle Distributions Produced by Magnetic Reconnection:
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Concurrent Particle Acceleration and Pitch-Angle Anisotropy

A

T T T T T T T T T T dN x £ P<

de = ]

l(yz L il L ] il L
107! 10° 10" 10* 10°
e/m c’
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Synchrotron Radiation from the Accelerated Electrons

Radiation emitted from

any part of trajectory

(
(3
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s
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| >

~y~lrad

Polarisation

foe

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)
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SUPe rPOSition George B. Rybicki WILEY-VCH

Alan P. Lightman
Radiative Processes
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spectra
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Particles distributed as
dN/dy < y™F

lead to synchrotron energy flux
vF, o y37P)2

(Hp: sin o doesn’t depend on ¥)




Modification of the Spectral Energy Distribution

A

dN o £7P- For ultra-relativistic particles (y > 1):

de

1—
N, ~ y(dN/dy) x y 7"

Py = 20,¢(B*/8m)y* sin” a o y*t™
Comisso & Jiang 2023

- 3—p+
Comisso 2024 yFy ~ N}/PSyn X ¥ prm

: : : >
€th €0 Ecut € 24+m/2

U~ }/ZI/L SIN QA X ¥ (v; = eB/2mamc)

(3—p+m)/(2+m/2) 2

(3—p)/2

2
vk, x v for v\, < U< Uy ~ Vouils

(standard “textbook case” when m = 0)

Explanation of hard radio spectra of PWNs? (Comisso+ "20)
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Modification of the Spectral Energy Distribution
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> Resulting radio spectra with s ~ 0.7
for a signifiant energy range

> Radio spectra with s ~ 0.7 or a bit
harder are typical of PWNe
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Relaxation of Synchrotron Cooling Constraints
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Beamed Radiation and Frequency-Dependent Variability

emission region

F ,‘ weak beaming
N ‘_,1::::’«11---‘9 = P intermediate beaming
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Sobacchi, Piran, Comisso 2023
A > Other variability model associated with pitch-angle
< Tt « . . .
s anisotropy (via Landau damping) by C. Thompson (2006)
+0B S8
< > < > < > . . oo . .
—0B | fes > Alternative variability models associated with
ST S S ¥ ultrarelativistic bulk motions (Lyutikov 2006; Narayan

Qs - . ....... ' €CS ............................. > & Kumar 2009’ L azar et al. 2009’ Giannios et al. 2009)
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Modification of the Linear Polarization Degree

(3) Polarization. We evaluate the degree of linear polariza-

tion for particles following power-law distributions in both .
energy and pitch angle, as described by Equations (4) and (5). A f Cichiran WILEY:\OH
The linear polarization degree can be calculated as ot 7

Radiative Processes

[ Goyne(x) (sin ) d—Nd'y in Astrophysics
.. — dry (11)
lin AN .

f Fync(x) (sin o) Edfy

Here, we have defined Foypc(x) = x fx > Kg (£)d§ and Ggype (x) =
xK2 (x), with x = v/v, (Rybicki & Lightman 1979), where Ks

and K2 are modified Bessel functions of orders 5/3 and 2/3,
respectively. Therefore, after computing the integrals we obtain

M. — p—+1
lin = :
p+7/3+m/3

The result for an isotropic population of particles 1s recovered

(12)

for m = 0. Pitch-angle anisotropy reduces the degree of linear p+1
polarization in the m = m-, range, while it increases it in the [1= 7 (63 8)
m=m. range. pt3

Comisso & Jiang 2023 (isotropic assumption)
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A Few Key Takeaways

|. Magnetized turbulence and magnetic reconnection co-occur

2. Particle acceleration from the thermal pool is a two-stage process

3. Turbulence acceleration produces dN/dEdt « E~*sech[(E/ZeR.,)*] with
R. .~ B, /. and s ~[2 —2.2] for 6 > 1 (matches nicely UHECR data)

I'ms-cC

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

5. Understanding both particle energy spectrum and pitch-angle anisotropy is
key to interpreting radiation signatures from energized particles
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Appendix | - E, vs. kL, Energization

500 T T % 500 T T B N~ :
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ct/l Ay

> The injection stage gives Ay, ~ 30; (Comisso & Sironi '18,719)

. ° ] ot hd * ° e e
> V- E” energization is critical initially (low Ay-range) —— _dt ~ - CﬂreC5Brms
[

v - K, energization is responsible for further acceleration up to “Hillas” limit
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Appendix 2 - Broken Power Laws and Energy Partition
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Appendix 3 - Characteristic Break Energies
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Comisso 2024

> Break energies for the particle energy spectrum (separating p_ and p.)

» Break energies scale with the magnetization of each particle species ¢ .
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Appendix 3 - Characteristic Break Energies
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Comisso 2024
> Break energies for the particle energy spectrum (separating p_ and p.)

» Break energies scale with the magnetization of each particle species ¢ .
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Appendix 4 - Slopes of the Broken Power Laws
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> Below the injection break energy, p_ S 1 for any B,/B and ¢, 2 1

1.4

1.2

1/8 1/4

Comisso & Jiang 2023, Comisso 2024

1/2

> Above the injection break energy, p, 2 2, displaying high sensitivity to both B,/B, and g

» For B,/By< landgy> 1, p_. S 1landp, ~2

Comisso | IAS 2025 49



