The Case for Particle Acceleration at
Ultra-Relativistic Shocks

Brian Reville
Max-Planck-Insitut fur Kernphysik
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Why care about particle acceleration at ultra-
relativistic shocks?
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Observational Constraints - PWN

Pulsars, winds and nebulae

Unique plasma laboratories

e* pair winds

Local CR e™ sources

Astrophysical foreground in DM searches

LHAASO collaboration 21
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PeV photons = electrons > PeV 109 100 I
An almost perfect accelerator!! Energy (eV)




™
N\
AR
ex ¢ m
S
N

s
v
r
a
»
Z
o
s
4
el
-
(4 &
-
-
=
[._
D
Z
v
O
Z
<
]
e
<
<
=

p v v vy R ' v v Ty ]
F GRB 190829A . "
.| H.ESS. (200 GeV-4.0 TeV) >(:.“10 > : " Cl l
107" F FermI-LAT (100 MeV - 1 GeV) 3 -
= E - Swifl-BAT (15 keV - 50 keV) T e 107 e :
in L Swift-XRT (0.3 keV - 10 keV) B E f 1 ]
T [ @ Y 1 ]
E 10?2 - o S10%
.; : Cow - £ ‘I‘ E
z i ¥ —e— 40 60 _ 80 100 |
X 1030 L 48&.\ Time since T, trigger (s) |
= 3 . E
> . e T
o P ;
- S s
& 107 F g5 =1.094/-0.05 e -
E qur = 1.07 + /= 0.09 ——
- A f -.\_‘.A ;1_.__._
1074 F——+—++++H ———+++H
25 F I
: ++
S . s
22 20F é -
15k GRB 190829A
' a i aaald " i el aaald i
5 3

HESS collab. (2020) ™

Observational Constraints - GRBs
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6 GRB afterglows detected to date in VHE domain

Afterglow shock “well defined” (Hydro solution known)

B Swift
- I Fermi-LAT

0.0 0.5

Ajello et al. 2018
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Swift-XRT Photon Index

IC collab. (2019)
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Pictor A
(Credit: Chandra)

Observational Constraints - AGN
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E? Intensity [GeV m ™2 s~ 1 sr™']
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Key Questions

* Do relativistic shocks accelerate at all?
- What determines the maximum energy?

- What determines the shape of non-thermal particle spectrum?
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Lessons from kinetic simulations

~ 102 km

Credit:
Arno Vanthieghem

Particle in Cell simulations allow us to probe the shock micro-physics
But what can we reliably extract from them for understanding astrophysical systems?
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Lessons from non-relativistic shocks

Particles accelerate by bouncing repeatedly back and forth
across a converging flow (a shock).

Confinement close to the shock due to scattering on MHD
modes. Optimal scenario, diffusion coefficient

D ~ r;‘lrgymv x &/B for relativistic particles.

Can determine an acceleration time £, .. ~ D/ Mszh x &/B

Electrons must compete with cooling tsyn x B _28_1

Equating rates, and inserting into photon energy equation

hy B 1l 2
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Ultra-relativistic (ideal MHD) shocks

Shock

Hot thermalised flow Front Cold directed flow

Z S, = 1/3 B
)
Bj2 =By, :
|
Z ~ 3B
EZ: J_ 2 3
E . (B, out of page)
>
Assume ideal MHD such that E' = —u X B’ Recall Ae = q[E - ds

Unless BL/B‘ < Fs_hl in far upstream,
In shock frame avg magnetic field is approx. in plane of shock
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- 2D unmagnetised (¢ = 0) pair plasma shock simulation

Shock
. Front .
Hot thermalised flow Cold directed flow
N
« .
=
NN/ NN/
: By~ 1/3 T L, ~ 10, 8 ~ 1
o s “a
19 s N ~
v - I ~ o
- ~
(04 > g N ~
gy o - - ~ N
TS . D S
- - [y =0 ~
E | | | | | i I | ¢ N
= 1000 - B
Z Y
. o 750 - H102
5 $ 1% £
Z > 500 |- 10 &
<
3 x©°
= 550 | H =10 =
>‘< () m
< 0 | ! | | | | | | 10
= A
1000 -5
4 o
S 750 %
- -~ -
S B
= 500

250 I

O v M
0 500 000 IS0 2000 2500 3000 3500 4000 Groselj et al 2024
.X(J)D C




N\
W

Insights from PIC simulations

2D simulations by Sironi, Spitkovsky & Arons 13
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Kinetic simulations confirm MHD conditions satisfied on large scales, but with intense
fluctuating fields due to Weibel instability for sufficiently weakly magnetised (low o) shocks.
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Trajectories at (perpendicular) relativistic shocks

Shock
Front
« i h
B, ~ 1/3 Fgw>1.p~1
_

o0y T

W/o scattering particles are limited to < 3 crossings (Begelman & Kirk '90)

We need an effective scattering/thermalisation process.
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Insights from PIC simulations

2D simulations by Sironi, Spitkovsky & Arons 13

10°
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o=107" N
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' e
o=10 ~

-100 0 100 200
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Weakly magnetised shocks are

€
0 1073 1072 107 10°

m./m, =25

Low sigma

.\Nelbel Magnetic NRG density
Filaments . o= :
- . Enthalpy density
B*/4x  B?
T n'me? 4alnmc?
E
J High sigma

—-20 0 20 40 60
X= xsh’ [ (B/C*)pi]

“turbulent”. Is it enough to allow multiple shock cycles?



Fermi acceleration in PIC simulations?
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Bulk of particles are thermalised, but for 6 < &~ 1073, non-thermal spectra emerges.
Note 7, . X \/; Spectrum dN/dy « y~¢=%%
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Insights from PIC simulations
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Focus on “weakly magnetised” shocks 0 < 0 < 1073,
What can say about maximum energy?
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Scattering on Weibel filaments

Characteristic strength €5 ~ 0.01 — 0.1
S

E
0 1078 1077 ®107! 10°

Weibel filament

Characteristic scale: 4 ~ 10 c¢/w

pp
Electron “strength” parameter: Numerically:
eoBA _ mp A
a = — }/eAH ad = (F}/GB)l/z_— > |
m,c? m, clw,),

Note, a > 1 is necessary for synchrotron approx.
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Scattering on Weibel filaments

Characteristic strength €5 ~ 0.01 — 0.1
I E I
0 1073 1077 ®107! 10°

Characteristic scale: A ~ 10 C/a)pp

<A92> a’ c
Particle diffuses in angle: D, = 2At ~ _2W
Y

/

Weibel filament

Thus isotropisation time: 7. = ys_cl ~ Dy e y2

For relativistic shocks, 7,.. X ., 1.6 [,.. X y?

7 7aACC SC’
X \/; as seen In simulations

(Dramatisation)
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Scattering on Weibel filaments

Characteristic strength €5 ~ 0.01 — 0.1
I E I
0 1073 1077 ®107! 10°

Characteristic scale: A ~ 10 C/a)pp

Note, it takes N, . =~ a*/{ Af?*) scatterings to diffuse
through an angle o

/

Weibel filament

In each scattering, an electron would radiate an amount
Ayly « a’yl)

(Dramatisation) But, it turns out something else can be EVEN more limiting

Electrons do NOT reach synchrotron burn-off limit
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Particle acceleration at Ultra-rel. shocks

UPSTREAM ct,
REST FRAME Shock

Front

X :' vSht
Y4

In astrophysical
sources, o can be

small but not zero

Any particle overtaking shock has y > [, (0 < Fs_h)
Seen from upstream frame, particle doesn’t get far.

The larger 1, the easier to scatter out of loss cone
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Particle acceleration at Ultra-rel. shocks

DOWNSTREAM
REST FRAME Shock

Front

) ﬁmm'
,"' 2 : N I Sh
2 :/., - >Rt |

In DSF: any particle
overtaken by shock

N

E
% )
R
3 b
R

MAX-PLANCK-INSTITUT FUR KERNPHYSIK

a<p,~1/3 )
If g < €24y, -> Game Over??
If v > £2,,,, -> Particle can diffuse back to shock

___Question: is it more important for scattering to dominate (v, > £ upstream or downstream?

ger)




Magnetised Limit on Maximum Energy

Scattering on Weibel filaments

2
lc XY

tgyro X7

(Measured in average field)
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Suggests a critical energy when t,. = t Weibel filaments

gYy1ro

Maximum electron energy is minimum of cooling limited and
magnetisation limited value (see Huang et al. '22 for equations)
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¥ Application: GRB 190829A Afterglow

HESS Collaboration 2020
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Standard GRB afterglow models are v
surprisingly easy, since the hydrodynamic Srem )
solution is "known” 1071 . —10
(Blandford & McKee ’76) Huang et al. (2022) =10 C

~ — =107 AN =F —
Environmental parameters: £ / — £y =10° W W,
Explosion energy, external density o
(free params) < )
Shock Parameters: PIC sims indicate
ep & €, (PIC) I Cw=10-20

Power-law index (PIC?)
Maximum electron energy




Do we have a complete picture yet?

O Are particles only accelerated at weakly magnetised shocks?
o If Yes, then we have to provide a robust alternative for other sources

o Is the maximum synchrotron energy always << burn-off limit (cooling

time= gyro time : hl//mec2 ~ af_l )

o If Yes, then why haven’t we seen the cut-offs yet?

O Are we missing some important details?
O Yes.
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Return to Bohm - the limiting cases

Let’s introduce some notation (with apologies) :

Uy = uOiy_z are upstream (+) /downstream (-) scattering rates measured locally.

L o=y, =eB_/mc
%
= Measuring all quantiiesin [ Resdence Tmes
= downstream observer’s
E . UpStream At+ —_ yzl(rshV(H_) Al’_l_ = 2\/5}//&)_ ymax,+ —_ 2\/§FShVO+/a)_
> frame:
o Downstream At_ = y*/y,_ Ar_=ylo_ Ymax,— = Yo/ 0_
-
- 10°
2 o — w_t=6x10*
\ _t=1x10°
;) 103 13 — zt:e x 10*2 Lets assume Vmax+ <7 < Vmax,~
5 Al-+ . 2\/§}/max,— 1
i 102 ~. >
X At_ Y
S 55 10!

. Fermi cycle dominated by upstream residence time,

7max X t
107+
10-7] Saturates at ¥, —
]
10 102 100 o 101

Huang et al., MNRAS 2023 V/¥max
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Return to Bohm - the limiting cases

Let’s introduge some notation (with apologies) :

Uy = ly+y ° are upstream (+) /downstream (-) scattering rates measured locally.
L o=y, =eB_/mc
Z
- Moasuring all quantiiesin [ esidence Times
> downstream observer’s
Q frame. UpStream At+ — yz/(rshl/o_l_) At+ — 2\/5}//60_ ymax,+ — 2\/§Fshy()+/a)_
= .
o Downstream At_ = y*/y,_ Ar_=ylo_ Ymax,— = Vol 0_
5
'l: 5
‘;’ n i — w_t=6x10%
-T' 4 — .
D 104 i - z-;é:ig‘:z Opposite case, ¥ax - < ¥ < Vmax.+
% 103f i —— Vs Al‘_l_ 2\/57 <1
o —
>;< 10%; i At_ Ymax,+
p= S 10 i

1

Fermi cycle dominated by downstream residence time,

Ymax & I

o Saturates at y,,.,

103.1, s T I T — e T
10~ 10 10 10 10 10

Y/Vmax -

Huang et al., MNRAS 2023
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Return to Bohm - the limiting cases

—arccos ( :
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arccos
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T

___________________ Lol

particle

W W R SN N S s e s e s

shock

If pitch angle diffusion operates upstream (which it
must in ', — oo limit) return probability is high

Kirk, BR & Huang, 23

Details of plasma physics in
Shock precursor critical

Consider the extreme case of pure
scattering upstream , no scattering ds

£ = p,/f, where recall f, =~ 1/3 is
shock velocity seen from downstream

© NI3

©
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Is there more to the high o PIC simulations?
g -
2D simulations by Sironi, Spitkovsky & Arons 13
0 1078 107® 810! 10° 0 1072 1077 EBIO'1 10°
. — | N e . —
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< | COCOON
E o:{}_2

\ /N

o
7 —xgh, [c/:opi | P < ———y JET
&_‘D

Any hope for these shocks? \\\’j 7




The impact of structured fields

P L rotation axis Bd(Z)@
X-ray nebula 3B,/B;lower
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>~ | o | AN 0 TS\
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Z "
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4 : /
ot
= - Optical
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~ R Giacinti & Kirk (2018)
Z e Cr' 7
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0 pu E.=1-10TeV __ Syn 5 Phase-averaged, L.y ——
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'~0.1-1Pe . . i :
f e S — |
¢->‘< Fermi accele - 10° - Ejzgﬁ:vev - g 10 oomax o .
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oy N N 04 b NN ]
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ST 10° LLNARSORMEN v L L Ay
(Giacinti, BR. 10° 100 0° E, [TeV]

Energy (eV)
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Shocks in current carrying jets

Angular momentum J,/ (ymepyg)

25

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

Drift speed (5q/c

Outer radius p/pg

0 0.2 0.4

0.6

0.8

Dow

Upstream

P

4

ymc

P

=VZ——=

P g.0

Consider a scatter free trajectory

Far from axis, we approximate
(JxVXB = j x1/p)

v, P, and P4 are constants of motion

const where p, o = ,

It p < p, o particles can have relativistic curvature drifts (depending on sign of qb,)
Speiser orbits (particles crossing the p = 0 axis, do not appear to be important
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Monte Carlo simulations of particle accelerated at ultra-relativistic shock.

Assumes:
« Non-resonant scattering v, y~2 (no large scale turbulence in jet) J
* Axially symmetric cylindrical jet Z
* Free escape boundary at radius p = p,,.«
OWnStl’ea é\'
3 ¢
O - 48
@ ~
- -4 6 %
/y 20 & A
V15 L *o
10 . 2
5 -
0 k - 40
-5 | 20—

Huang et al., MNRAS 2023

Confirmation by Monte-Carlo simulations

x 1/p

Field near axis is weak or quasi-
parallel

PIC simulations show such
shocks are (in principle) efficient
accelerators
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Conclusions of Monte-Carlo Simulations

Because scattering is weak (an assumption), particles close to
axis stay there.

If drift = DS, particles drift downstream once magnetised

(tsc > tgym)

If drift = US, particles accelerated to radiation
reaction / confinement (i.e. Hillas) limit

Ess. escape free (because scattering is weak), spectrum ~E£ -1

Finite Jet i Infinite Jet
10
—_— qBo_ <0 10" w-t=6x10°
S — w_l=6 x 10%°
107+

10°
Confinement
e 10!

limit
Q 10° 4

Magnetisation

10—-1 Ilmlt 10_11

10_2 10 2

103 - ; 1073 -1 N0 "l N2
107! 10° 10* 10 10 10° 10 10

Y/Ymax - ¥/Vemax -

129
Huang et al, 23 " 6
+ 20 >
10 a
.
0 N _
33
-10
=20 2
< 20
/ 10
0 1
W
,\5\\//_10 y
° 7 g —20
Uniform injection

101

10° 10? 10?

VIV nax -
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Conclusions

+ Simulations confirm that weakly magnetised shocks admit Fermi acceleration

- Scattering on Welibel filaments is the key process, but by themselves might run into problems
matching observations. Clearly environmental factors at play

+ Scattering in upstream might be more important than previously thought (plasma instabilities?)
- A deeper understanding of the precursor physics/global field structure is required

Next generation gamma-ray observatories (CTA) guarantee progress on GRB front
- Origin of UHECRSs still an open question, but relativistic shocks are still a candidate

Nature will always find ways to tap into the acceleration potential of relativistic shocks
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