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Abstract:

Building on recent advancements in understanding particle transport in magnetized media, we present a first-principles scaling
law for the formation of non-thermal tails in particle spectra within mildly and strongly magnetized turbulent plasmas. This
scaling is validated using results from kinetic Particle-In-Cell simulations, which show excellent agreement with our theoretical

predictions. Finally, we discuss the astrophysical implications of these findings, particularly for the proton spectra in the coronae
of supermassive black holes.
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g All about understanding Particle Acceleration

Fermi acceleration

Magnetic
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head-on collision results in tail-on collision results in

an energy gain an energy loss

head-on collisions are more likely than tail-on
collisions, so we end up with a net energy gain
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Fermi Acceleration: Particle trajectory and
Energy gain in PIC simulations
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Particle energy gain
through the Fermi process

Particle Trajectory
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Generally dealt with using a Fokker-Planck formalism
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spatial diffusion momentum diffusion

However:  The validity and appropriate form of the Fokker—
Planck equation for turbulence is not yet known (e.g.

Zhdankin et al. (2020), Isliker et al. (2020))
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2 Alternative: focus on the power law

Essence of the Fermi mechanism and Bell (1978) for general power laws:
&: average energy gain per collision
9P: probability of remaining in the accelerating region after one collision

After k collisions, N = N,P* particles with energies E = E,&*,

Eliminating k:

N( > E) 5 (E )]n.f’f’/ln?
N

If magnetized turbulent plasma, on(o) =~ yn(y) for y > 6, we get
EN( > E) = omc* Ny, 9*

dn o

— X In®
7 Y S

Need to figure out &° and &
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Some Definitions

Escaping Population

Confined
(Intrinsic)
Population

! !

AR: Larmor radius of particles
Z: coherence length of the magnetic field

m,c?
d,= . skin depth of the plasma
4riie?
o = B?/(4xnmc?)
ol =1
6
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& (Confined Population: Probability &

conf

dn _2+lngconf
— X J/ In¥%

dy

The evolution of the confined particles can be described with a Poisson process
) I
d";nf - - nconf/tA Wlth tA = fC/vA

Solution to this process

—tft
Meonf X € 2

For higher-energy particles y — ..«
ncoﬂf X e_‘acc/tf\

!@ = p lace / Ia

conf —
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#  Confined Population: Energy Gain €

dﬂ _2_ (facc/tA)

— X }/ In¥

dy

For plasma with o) = 0.1 and 6B/B 2 1,
Vega et al. (2024) pointed out:

Ayly ~ 2f, cos 0

By = +/0,/(1 + 0,) is the bulk velocity of the plasma

@ is the pitch angle of the particles

o, =40, B.:‘MB'J = 1, ct/l = 8.07, 2000x2000d>
e

14

Distribution is rather uniform
with (cos ) ~ 2/x
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Confined Population: Acceleration Time

dn 2 (facc/tA) 4
— x 7y “ " hg with f?zl+—\/0'/1+0'
a4 )/ —\/ % (1+0,)

- Energy Diffusion
t =y /D — &Y
acc — 1V /Dy Gacffirons

Definition of D},],
D},}, — (Ay)zl(ZAt)

we have
Ay ~ 2yp, cos @

and At = ¢ for this Fermi process

.

Need to figure out the scattering time 7,
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% Interlude: The scattering time

¢~ plorgpr > Coefficient r dependent on properties of system

Lemoine (2023); Kempski et al. (2023) Larmor radius

~J/K;
J'\J/B Lemoine (2023)
] g
M/é " “

R>1 R~ KR 2] T [ ]
00} — :1_:.7:, d
+  Probability of interaction depends on s Lemoine (2023)
filling factor at each scale: L
1= 0.10¢,
B e (O] o e
5C J‘{)O dx‘@k(x) & 0.02¢;
! e ]
+ The slope a sets the probability gl 5. .
distribution with &, « (&)~ for % : ke
%> 1 107 10¢ 107 10 ot w0t 1t 1?
I . ~

Probability distribution of the

i magnetic field curvature &, in the system
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3 g Slope of non-thermal confined population
oA in magnetized turbulence

Let’s go back to the Acceleration Time

1
o T + 0, Pl-rgpr Extracted
acc — 2 - G directly
p from the &,
distribution
dn -
dy
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i, Does this work with PIC?

Simulation Properties
2D driven ion-electron turbulence with mass ratio m,/m, = 5, d, = 1.5
O6B/B =1

t.. = L/4c: particles are taken out when their displacement reaches L/4

tvao/S=1.62
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Simulation Properties

2D driven ion-
electron turbulence
with mass ratio

my/m,=5,d,=1.5

OoB/B =1
.= Lidc:
particles are taken
out when their 0= L/d, = 800
displacement L/d, = 1600
reaches L/4 — L/d. = 3200
10-2 : : :
11 10° g 102
=1
14
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Summary Plot

Injection Intermediate Set by expression
Scales for s
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Summary Plot

Injection Intermediate Set by expression
Scales for s
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Summary Plot

Injection Intermediate Set by expression
Scales for s
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Implications

Astrophysical: Directly relating non-thermal emission
from Jets, coronae, magnetospheres ... to plasma
properties in the source

For Simulations:
Expected non-thermal emission in MHD simulations

Injection of non-thermal test-particle (hadrons) in
turbulent regions for hadronic cooling

18
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