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Acceleration mechanisms Shock acceleration (1" Fermi)
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Acceleration mechanisms Stochastic acceleration (2n9 Fermi)

Fermi PR 1949 & ApJ 1954

© Z. L. Zhang

MHD turbulence
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Statistically speaking

probability of “head-on” collisions

Shocked ejecta

s larger than
NS or BH

probability of “tail-on” collisions

It naturally produces a power-law specirum
of accelerated relativistic particles.

Compressinoal waves

/ MHD turbulence (scatterer)
Blast wave



. . . Katz et al. JCAP 2009
Acceleration mechanisms within GRBs Aartsen ef . Ap) 2017
Gallant & Achterberg MNRAS 1999

Lemoine & Pelletier ApJ 2003
Alves Batista et al. JCAP 2019

1. Baryon loading facftor (prompt emission)

GRB B
CRs ~10*erg Mpc 3yr! y-ray ~10%erg Mpc *yr* source evolution | s
local GRBrate ~1Gpcyr*  L,~10>ergs™ R | i

< 195 oo | £
For relativistic shock acceleration, p=a =2 - 75 E
6.0 Q
Only ~10% of total CR energy beyond ankle € >10'%°eV -
: : E...(CRs) 15
It require a baryon loading factor : n= fot ~ . . 00
=1 g ry g n E_(CRs~ 1) 1
Intension with lceCube’'s result | ~ 10 R p i
10% GRB evolution
2. Acceleration rate (afterglow) e +++|
For ultra-relativistic shock, T'? — 2 after the 1% crossing circle 5 (1%
3. Hard-spectrum problem == \L

The results of the Auger fit indicate a hard injection spectrum with p <1 s



Acceleration mechanisms within GRBs

Diffusion in energy space |
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Excitation of turbulence \ Instabilitfies and turbulence injection

Rayleigh-Taylor puffel et al. ApJ 2013) Richtmyer-Meshkov (matsumoto et al. ApJ 2013)

Kink insta bl'l'l'y (Medina-Torrejon et al. ApJ 2021)

Density map Density map




Excitation of turbulence \ Instabilitfies and turbulence injection

STOr-jeT interaction (Perucho et al. A&A 2017) Cenh’ifugC” iNnsta bl'l'l'y (Gourgouliatos et al. MNRAS, NA 2018)




Injection of turbulence

Log (Energy/ Wave number)

Instabilities and turbulence injection

Wave energy distribution: W (k) oc k™°

Slope of power spectrum o< k¢
determines energy dependence
of diffusion coefficient D(E) x E°
as s=2—uq.
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(1: Bohm
3 :
—: Kraichnan
ok 2
Ener Dissipation ¢ = <
qy 5
injection Inertial range range 3" Kolmogorov
scale
. . 2: hard sphere
kmin kmax Log (wave number k)
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Interactions between turbulence and particles

Anomalous resonance: right (left)-handed waves interact with left (right)-handed protons

—~ U, w—kH’U,u:ng (l:O, 1,::2...)

proton | 6\6»>]\ U back-up-P20 [=-1

” Q\J/\ .) Important !
(% = Uph — Uy }‘\‘{ N
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Iroshnikov-Kraichnan-like (IK-like):
W (k) o< k%7
Fast mode waves

Wave energy density:

B,
6B? (k) o< k¢

The kinetic energy and magnetic energy in fluctuation are comparable. .



Stochastic acceleration by turbulence Zhou & Matthaeus 1990
Jun Kakuwa 2016

back-up--P21,23,24,26 Petrosian & Liu 2004
Stawarz & Petfrosian 2008

Fokker-Planck equation (fast mode waves):

Cooling of waves Injection of waves

oW o oW
B ok [Dkk<’“ Yo%

s, {szk (k,t)

k ow
oLk W} + 3 (V) G5 + T (b OW + Qs (k1)

Diffusion and Convection: Cascading of waves Damping of waves

back-up--P25

Fokker-Planck equation of protons:

Cooling Source injection

E — 8E [DEE(E t) aE] OF |:< E + <E>>Ni| T tesc + Qinj (EJ t)

Diffusion Acceleration Escapin
(Convection) PIng

Energy dissipation rate of turbulent waves = Energy gain rate of protonsPoe«vP#4



Evolution of GRB ejecta in the early afterglows

Jet’'s dynamics

Y. F. Huang et al. MNRAS 1999

The expansion of GRB remnanfts

300_"'! L L 1 11] 1 I B L W S | ! [
dTr r2—1 2505— \:
5 _ _ s i In the case of i
dm Mg +em +2(1—e)lLm 220 interstellar medium
r2—1 : : 3 ! (ISM)
~ _ 8 _ + 150
M, +2T.m (adiabatic case ¢ =0) s
M.;: mass ejected from GRB central engine 3 100 -
: rest f th ’r d =
m: rest mass of the swept-up medium ey = 0.01cm
dm = 47R*ngym,dR - Ny — 1em 3
50|||I L Il v v vl 1 | R | ! |
R: radius of the blast wave 60 100 300 1000 3000 10000 30000
Comoving time |s]
_ /12
dR = fa,cL.(T + VT —1)dt Timescales tese = R?*/Drr ~ R*/(T 05 toce)

Bt bulk velocity of the material Dy Do ~ 2 E t .~ E>Dy t.,= R/Tc
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Particle spectra

case 1 Ainj = kl :%RS%
inj

6201, nISM:0.0]. CII]._3

case 11

£€=0.1, ngy=1 cm™

Adiabatic cooling soffens the
spectrum aft the cutoff regime

bace =taa OF E=FE_,

Diffusive escape only play an
important role in shaping the
spectrum around

E = F,

103: W 103: \ Unearned baryon loading factor
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Particle spectra

_SR _ R

1
b T °T
€:1, nISM:0.0]. Cm_3

case III Ainj =

case IV

=1, ngy=1cm™

If ¢= % the steady state

o X El—q’ Ee (Einj7Eeq)

E2 - X E3/27 (tesc >> tacm tad)

Stawarz & Petrosian 2008
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Particle spectra

1. A smaller ¢ leads to
L a hardening or a pile-
up spectral feature at
the high-energy end

~———

2. A higher ISM density
can converts more
Kinetic energy info the
magnetic fields

7
- —— Ny - ———————
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Results and discussions

Nism — 0.01 Cm_3

a
( )101_||;[ T T T T 1T T I U , |‘
: e
IT1
©) _
i~ )
g
0
o 107 | -
R £€=0.1 o
- - -
bo I —
5 /\ —
2 i g:]_ \_
10_1 Ll | Lol 1 | Lol 1 |
60 100 300 1000 3000 10000 30000

Comoving time [s]

N

o

~
o

[E—
-

Magnetic field [G]
S)

0

Magnetic field

Nism — 1 Cm_3

I I I IIIIII| I I_

I 1 IIIIIII | l

0
60

100

300

1000 3000 10000 30000
Comoving time |[s]

6B =~ +/8mkWy, B = /327 ;T2 nigyum, ¢ 15



Results and discussions

Magnetic field

temy — 4500s
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Results and discussions Photodisintegration of UHECRs in GRBs

Spectrum of X-rays in early afterglows: F, ~p™! 102G Z"'??}NEUTRON STARS Hilas 1984
T NG
NN B=1
Photodisintegration rate | fast cooling S NN P TR00
Ll I ‘W""TE DWARFS
4 A l" U X. Y. Wang et al. 2008 = 1O6G L P NG .
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* Including the evolution of jef's dynamics can weaken the capacity of
the acceleration of the SA mechanism;

* |t also results in a particle spectrum softer than that predicted in the test-
particle limit;

* Protons can nevertheless be accelerated up to 10*°eV with a spectrum
dN/dE « E~! for some choices of system's parameters;

* UHE nuclel can survive photodisintegration in early afterglows of GRBs
then intermediate-mass nuclei can achieve 10%°%eV in GRB jefs.

Thank you!
Comments are welcomel .






Interactions between turbulence and particles

Two types of resonant interactions:

®. 1 =0: a.lLandau (Cherenkov) damping — interact with oscillating E,

o. Transient fime damping (TTD) — moving magnetic mirrors

@. [+ 0: gyroresonance — interact with /|

Resonant condition

&((\\‘\l{//’//f'//"'é_xﬁ

w—]{?H’U/J,:ng (l:O, ZZ]., 222...)

(2, = Qy/y: gyrofrequency of relafivistic parficle

1 = vy/v: pitch angle cosine

w: wave frequency

© Wikipedia
20



MHD turbulent cascading The diffusion equation for the waves

Miller et al. ApJ 1995, 1996

1. For isofropic fast mode waves

OWrrm _ 0
ot Ok

o ,.
[k2DFM % (k 2WTFM) — Yem Wren + Qrum

Wrem: total (field + plasma motion) wave energy density per unit wavenumber k

Drum: diffusion coefficient which describes the turbulent cascading

TrMm- damping rate, due to electrons and protons

2. For Alfvén waves (propagating only parallel and antiparallel to Bo )

ot Ok

aWTA a ( aI/I/vTA

Wra: total Alfvén wave energy density per unit wavenumber k

Dy diffusion coefficient describing the cascade of energy of waves in k- space

Ya: damping rate, due to only the protons 21



Statistical description: plasmon o
Feynman-like diagram of resonant

Wave Damping / Particle Acceleration wave-particle inferaction
PlASMON; A AAAANAAN iInteraction (gyro-resonance): =======
electrons or ions: = scattering nodes: O

hk'

time
V. N. Tsytovich g
k'>k

mv © Z L ZhOﬂQ



MHD turbulent cascading ZhouiMo:h;eusi\Glj;ZTZ
un Kakuwa Ap

Fokker-Planck equation (fast mode waves):

oWl 0 |2Dwu (k1) k
~ _ W)

i Dw =~ yeue damping rate, due to protons O ) 2

QL mit contfinuous injection of waves at a mono-scale  Awj = 1/kiy

© D =C?k*v [W(k)} diffusion coefficient @T C?: Kolmogorov constant ~1

2up

w
u
/ e

The wave spectrum (initial condition):

\ ) u= B = [T w, by ak
k \ ¢ k 8T k. .

W(k,t:()> EKJOIU/B<k > eXp<_ k—> @ ‘\ ___________
A o Initial ambient magnetic field:

~ - 2ki¥13 (kmqabjc_l km?—i_l) q— %

-BO =~ \/327783 F%nISM ’mp02
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MH D ques dq m ping Brune’r’:i & Ifzsrion 28(])2

Fokker-Planck equation (fast mode waves):

oW 8 W
B Ok [Dkk<k Yo%

Energy dissipation rate of turbulent waves = Energy gain rate of protons

0 | 2Dy (k, t) k.o \OW
- Ok { k W} ™ 3 (V-v) ok + T, (k)W + Qs (K, )

/dkFW(k)W(k) — —/dEE Ok, (E)
OF
N(E
Ry (B) = B Dee () 2 | X2
Integrating by parts twice, we get
4me?B2c { /Em‘“ 2N(F) }
L, (k) =- Y2\ N (B, (k) + dE |, _eb
( ) k ( ( >) B (k) E Eres (k) o k

The turbulence at k is damped by profons with energy E > E___ (k).
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DiD; DiD;
p2J ""_Dg(éij_ 2J>

Diffusion approximation D, = D% )

Diffusion coefficient in energy space: D3: Longitudinal diffusion coefficient

. . . Di: Transverse diffusion coefficient
In numerical calculation, assuming v > v,

2 |Q | K max dk 1 . _I_ Dg > D%\ . _I_
D, (E) %WE2<UW> W [k {1_ _2}32(,{”) anisotropy > isofropy
v Ty 17, I (Tg k”) p” " Q/k;” k

_ E fzkresc/‘ k71WB (k)dk ]_ \ p mﬂ/k k,'”
g “B K min

For large pitch-angle, pu— 0
2 12 ”7
~ 2B ) (=B,

r.(F) Un The particles keep isotropy by pitch-angle
scattering on a much shorter fimescale
than the momentum diffusion.

The lower end of the integration is
more important than the upper end,

so wavenumber o — 27r, Eo— 27r’ A = 1 &R < R
k” ~ ]‘/,rg (E> — kres Ainj )\min kinj I I

Mainly contributes to Dg or Dgg. 0 <¢=<1: Dimensionless parameter
25



Turbulent wave spectra t — 400005 1
cmv T kinj —
\ >\inj /(

(a)tobs[s] 0.1001 2.263 80.35 (b)tobs[S] 0.1001 2.264 283.6 k o 6B B eB
- 102 (r\ .
= 10°F ! The larger k associated
B ygm0f | eddies have already
= ol | been damped by the
o | corresponding lower E
02| | particles.
I IV
107 ﬁ\
= | .
g 10°f | Then E transport in k-
g ol | space will cause more
= ol i remarkable deviation
R | from IK-type spectrum
o2l i INn lower k.
10~16 -16 10-14
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Hillas criterion

© . L. Zhang

Faraday's law of induction

1 BR?

— BBR

potential difference

2 Hillos 1984 _
12 i
- 107G i
= |
O A
Z i
HE‘ i
= 108G | SO\ -
n ZACTIVE GALACTIC NUCLEI?
9 », I N i
LLJ —SUNSPOTS /‘ 3 -
LQL) 16l MAGNETIC )
= I A STARS : |
LLl CRAB " RAD|O GALAXY
= -INTERPLANETARY N _JLOBES -
2 i SPACE™,  SNR% ™ g GALACTIC]
L ’ Yy - "CI;.USTER_
= GALACTIC{ ja% /‘ ST
HALD .tGMi_

tkm  108km 1pc 1kpc 1Mpc

e, ~ Ze3BR

© Dermer & Menon

SIZE

27



