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Plasma Injection Problem

MeV Photon annihilation:

e e*
n
\"”* %”v jE>1“fm>2><1()4]\4 L/7

(G |
(- 1 Levinson & Rieger 11

-‘ - Hirotani & Pu 16

" Electromagnetic cascade:  (M877, Sgr A*, isolated BHs, ...)

E B
ny Sngy; EWP Electric field Ey = B £ 0

RO e e’ Large o (>> 1)
i \\(Q\%{/ZZ _fi Non-ideal MHD condition
*Non-neutral charge
- Particle acceleration

* Pair creation
Difficult in MHD simulation




TeV Flare from Radio Galaxy
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Time [MJD]
Flux doubling timescale < 4.8 min at 95% C.L.
corresponds to ~20% of the timescale r,/c.

- Particle acceleration at sub-horizon scale?




Steady state?

Steady-state model Dynamical model
(Assuming the gap position)
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Acceleration region Acceleration region
# Plasma injection region = Plasma injection region

e.g., pulsar outer gap e.g., pulsar polar cap
black hole gap



Levinson & Cerutti 18
1D PIC MOdEl See also Chen & Yuan 19
1-dimensional structure: the gap extends along a poloidal

magnetic surface as a function of ©.
— lgnoring any MHD waves, considering only plasma oscillations.

The gap constitutes a small disturbance.
— The activity does not significantly affect the global structure

(the B-field geometry and the angular velocity).

*Isotropic radiation field (from accretion disk) for seed photons.

Is(xua €s, Qs) — ]0(€s/€s,min)_p7 €s,min <€ < €s,max

)
j “No external plasma source.
P “The global current is a free parameter.
T~ “ A split monopole geometry for the global B-field.

*The angular velocity of magnetic surface 2 = 0.5w.
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domain

b



BaSic Equations Levinson & Cerutti 18

Gauss’s law

Ou(v/—gF™) = (v/—gi")
> %(W E) ArAX(j' — par)

6 [T T T e . 9
- Contour of pg, _ Bu vAn [Sln 9(0)_ Q)]

\ Null charge
surface




BaSic Equations Levinson & Cerutti 18

Gauss’s law
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Particle-in-Cell Simulation

Solve EoM (e=, v)

Photon production
(Xe:|:7 pe:l:) — (X’ya p’y)

v

Pair production
(X'ya p'y) — (Xe:|:7 pe:l:)

Fp, = (Xp, Pp)
At
Weighting
(Ei, Bl) — Fp

Z

Weighting
(Xe+; Pex) = (pi,Ji)

Solve Maxwell egs.
(pi,Ji) = (Ei, Bi)




Parameters

Fiducial optical depth 10 = 4nrgorly/he
Global current density 70 (normalized by pg, +c)
BH mass Mgy = 10° M
Dimensionless spin parameter a, = 0.9
B-field on the horizon By = 27 x 10°G
Inclination angle of magnetic surface ¢ = 30°
Minimum energy of seed photon €min = 1077 (normalized by m.c?)
Slope of seed photon spectrum p=2
Curvature radius Rewr = 1
Number of cell N = 32768
<~ Tg 103\//{,M9BH73
~ 1y < vg >

We neglect the scattering of particles with v < 10°.



Pair Multiplicity in Gap
Scattered photon
ESC(N min{WQEmina 7})
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Seed photon Seed photon

€1 (= €min) €o(~ max{esc , €Emin })

Accelerated

Required multiplicity in the gap
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Pair Multiplicity in Gap

> 0 T0
0~ Tsc Tryry 10 = 4nrgorly/he

e* quickly accelerate to the terminal Lorentz factor.
BE“ = Prad/c —> Y ~ Ymax ~ 101

€ =102 mmp Y€min > 1 (Klein-Nishina regime)
ing opt /70~ (vemin)
Scattering optical depth Tsc/T0 ™~ \Y€min

—1
Pair creation optical depth Ty /To ~ (Y€min)

Required optical depth

. T0 z Y€min
to screen E-field



Insufficient Pair Creation

To =10, V,.0x€min =~ 100, different initial condition

Initial condition: e* beams Initial condition: a photon beam

5 | time step=0(=0.0 | | time step=0¢=0.0 |
104 _— ) & R e MMM NMMAAAAMAMAAAAAAA A
8l

= 0.6} ";..

a4l

0.2} st

°95 2.0 25 3.0 35 2.0 4.5 : 20 25 3.0 35 2.0

n* 77: /T.

All photons and particles finally escape
from the simulation box if T, < V,,.,&min.



Electric Currents

Polar region 1 jo <O
Equatorial region: j, >0

. Blandford & Znajek 77
Jo = —1.0,1.0 (normalized by Py HC)




Parameters

Fiducial optical depth o = 30,100, 300 > Wma,xéninlo
Global current density Jo = —1.0, 1.0 (normalized by pg; uc)
BH mass Mgy = 10° M
Dimensionless spin parameter a, = 0.9
B-field on the horizon By = 27 x 10°G
Inclination angle of magnetic surface ¢ = 30°
Minimum energy of seed photon €min = 1077 (hormalized by m.c?)
Slope of seed photon spectrum p =2
Curvature radius Rewr =7y
Number of cell N = 32768
Ty 103\//{,M9BH73
~ 1y < vg >

We neglect the scattering of particles with v < 10°.



Summary
We perform 1D GRPIC simulation for pair cascade
in a starved magnetosphere of a Kerr black hole.



