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- ... But can they be accelerated there?
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In-situ part. acceleration: Cygnus A hotspots
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Jet Termination Shock Region

Blandford et al. 2019, Hardcastle & Croston 2020, Gabuzda 2021,...

Intergalactic medium

L~10-100 kpc

Magnetization: ¢ ~ 0.01 - 1.

Backflow<
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At relativistic perpendicular shocks...
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And particle-In-Cell (PIC) simulations ?

- Unmagnetized case (0=0): e
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And particle-In-Cell (PIC) simulations ?
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Even weak magnetization levels
stop particle acceleration.
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Our solution: Global B field geometry

This was for plane-parallel, homogeneous shocks...

GLOBAL GEOMETRY OF THE MAGNETIC FIELD CAN SOLVE THE PROBLEM!

See also Brian Reville’s
talk, and Huang et al.,
MNRAS (2023)
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See Giacinti & Kirk (2018) for Pulsar Wind Nebulae :
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Particle-In-Cell (PIC) setup

2D Cartesian box (xz-plane), 262,144x16,384 cells, or 6554x410 d (ion skin depth)

Electron-ion plasma with mi/m.=25

Magnetization : 0=0.1, 1 Reflecting boundary
= contact discontinuity

- Reflecting boundary = confining external medium
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Results PIC Sim.: Density evolution
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Results - PIC Simulations
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lon spectrum: Time Evolution & E
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E __ ions & Cavity size: Time Evolution

1200
YH L 2.5
1000 4+ +t T e s FRPITR N
200 Fast particle r 2.0
Max. © ?cceleratl)on %  Width
particle 3 44 Ymax~ Wi o 1.5 of the
energy £ Saturation at the ;G cavity
- confinement limit | 1 o
200 A 20t - 0.5
-== 1+ yytanh ( 5 )
T T T I D.O
0 500 1000 1500 2000 2500

wp|t

Maximum particle energy grows as the width of the cavity.
Cavity stops growing at ~ width jet => Coincides w/ a naive Hillas criterion eval.



Particle acceleration mechanism

— Not standard shock acceleration mechanism here...

- Shear-flow acceleration at the edges of the cavity instead
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Mechanism for VHE particle escape

10+
125
1074
120 O . 10-3
gls
To 104 %
= 10

_ 115 10-5 wpit =1400 b
% — Wpit =1925
10-% — {.dpit =2450

110 £ i Total

10_?- | L] L] T LENLENL L ELE | T T L] LENLERLEL IR | L] L] X LORL!
10° 10! 10°? 103
105 YiBi
r ™ . — Particles escape (downstream) in
2% pp 25 =25 080 25 =25 00 25 von Karman vortices.

X/R XIR, XIR; — They suffer almost no E losses.




Observational test / evidence ?
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Conclusions & Perspectives

Global structure of the magnetic field key to accelerating particles,

A CR cavity forms at the shock front around the B field ‘null’ point,
=> Look for cavities!

Particles are accelerated at the shear flows around the cavity,
Particles are accelerated to the Hillas Limit!

This mechanism could accelerate hadrons to UHEs at AGN jet TSs!
... and to PeV in stellar-mass BH jets, e.g. in SS433,

CRs escape in the downstream in von Karman vortices.



Particle acceleration mechanism
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Effect of a poloidal B field component

If sub-dominant (B.<B,), particle acceleration remains efficient
(as expected in the jet TS region)

Lobe
107 -
10° 5
;hosk ]
. 1071 +
AAA 5
A » == 10_2 3
s
> 10731
B E
N 107§ —— B,/Bo=0
h 10-5] — B:/Bo=0.01
3 B./By =0.1
(J 10_6-' ¥ ! I T | x LR | ¥ LG T LR | ¥
10° 10! 102 10°
L YiBi
- Jet |




Our solution: Global B field geometry

This was for plane-parallel, homogeneous shocks...

GLOBAL GEOMETRY OF THE MAGNETIC FIELD CAN SOLVE THE PROBLEM!

See Giacinti & Kirk (2018) for Pulsar Wind Nebulae :
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Particle acceleration mechanism

- Though shock acceleration if CR pressure is not too large (i.e. in test-particle limit):
Huang, Reville, Kirk, GG, MNRAS 522, 4955 (2023)
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Key point: Particles (w/ correct sign of charge) remain around the null point



Particle acceleration - relativistic shocks
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