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GRMHD Numerical Simulations

Artificial mass supply Predictions of the jet emission
in the jet region. are highly uncertain.
FCT, t=2000.0 M Porth+ 17 EHT Coll. 19
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TeV flare from radio galaxy

Aleksi¢+ 14
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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?




Electromagnetic Cascade

e.g., Beskin+ 92

B-field

B-field .

Plasma injection mechanism
without external plasma inflow
and external high-energy photons.



e.g., Beskin+ 92

B-field

Electromagnetic Cascade

B-field .

Plasma injection mechanism
without external plasma inflow
and external high-energy photons.



e.g., Beskin+ 92

B-field

Electromagnetic Cascade

B-field .

emission

Plasma injection mechanism
without external plasma inflow
and external high-energy photons.



Electromagnetic Cascade

e.g., Beskin+ 92

B-field

B-field

e - .
Plasma injection mechanism ZX emission
without external plasma inflow E-field E|
and external high-energy photons.



Electromagnetic Cascade

e.g., Beskin+ 92

B-field

B-field d §l~

~» Disk
Plasma injection mechanism emission

without external plasma inflow E-field E|
and external high-energy photons.
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 1-dimensional structure: the gap extends along a poloidal
magnetic surface as a function of 0.
— 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<LE“, €s, Qs) — IO(Es/es,min)_py €s,min < €5 < €s,max

‘- J *No external plasma source.

“The global current is a free parameter.
p ,"v’ * A split monopole geometry for the global B-field.
- “The angular velocity of magnetic surface 2 = 0.5wy.
b, .
" &
Calculationt . .
Accretion disk

domain




Background spacetime

Kerr metric given in BL coordinates
ds® = — o?dr® + Gup(dp — wdt)? + g, dr? + ggpd6?

A 2ar,r 3
2:—‘ w = g . gn.:—;

A’ A’ A
A
9oo =25  Gpp = E sin® 0,

o

A=r’+a*-2r,r,X =r*+a*cos® 0, A = (r*+a*)*—a*A sin* 6

Tortoise coordinate

1 - & — —ooasr = rg=ry
£(r) = 1n(r ”*) ’
r r_

— —
L - y —r._ 6 Oasr o0



Basic equations

Gauss’s law
Ou(v/—gF™) = (v/=gi")

> 9:(VAE;) = 4nA (' - por)

Levinson & Cerutti 18

: By VA sin? 6
Contour of ; — —H ¥/ H _0

Null charge
surface

~,~
‘~




Basic equations

Gauss’s law

Levinson & Cerutti 18

Op(V—gF™) = (v/~g3")
> 0:(VAE,) = 4nA2(j' - par)

_ BH \/AH SiIl2 0 0
Ampere’s law PGI = dn~\=g | @2 (= ),9

(radial component)

Ou(v—9F"™") = (v/—gi")
S 0(VAE,) = — 4x(Zj — Jp)

Calculation 1 Asin @
domain Jo = y Fro
0

4 sin 6



Basic equations

Levinson & Cerutti 18

Equation of motion for i-th particle Curvature
J " loss term
u; -
I oY B, i T
= T guful + S Fhuf + )
(4 €

dr; i Me s
> S Vg™ [—Yi0:(@) + Lp |-
d o Me : Ui
I i Py (yi
Me MeU;
~2 o+ 2 4 ~4
d¢ 1dry, 1u; v ar(a)=%(2r2a;m A A“)
dt  Adt Au 5 2
! VZ Pcur()’) - ge ;zv



Basic equations

Equation of motion for i-th photon

Levinson & Cerutti 18

d

/rr 3(0,)
%= 1 P
dt AP,

IC scattering

r(t46t)

57—50 — / RKN/ grrdr
r(t)

Pair production

r(t+4t)
0Tpp = /( | Kppy/ Grrdr
T(t



Parameters

Fiducial optical depth T0 = 4mrgorly/he
Global current density J0
BH mass Mpy = 109M@
Dimensionless spin parameter a, = 0.9
B-field on the horizon By = 27 x 10°G
Inclination angle of magnetic surface 0 = 30°
Minimum energy of seed photon e sitm
Slope of seed photon spectrum p=2
Curvature radius Rewr = 14
Number of cell N = 32768
ST g \/ Mo B 5
=~ < yg >

We neglect the scattering of particles with v < 107



[ o o [ [
Pair multiplicity in gap
Pairs quickly accelerate to the terminal Lorentz factor in the gap.
10
eEH — Prad/c —> Ymax ™ 10

10 = 4dnrgyorly/he
Minimum energy
of soft photons

€Ermin = 1()_9771602

Scattering optical

—1
depth (KN) Tic/To ~ O(1077)

Pair creation

—1
optical depth Tyy/To ~ O(1077)
Pair multiplicity 5
in the gap 0(10 ) X T0 cf. Levinson & (_Z%rutti %8
€min = 107 "mec
2 > TO — 10
€min — 10~ me 9 T0O < 100 Muitiplicity O(103)



Electric Currents

Polar region :Jp<0
Equatorial region : J,>0




Results T, = 300
Qqag.l 7ggorlggllc oscﬂlatlon
= 1
Number 0 Current
density 10 0 density
A(n/nGJ) i Ejr/"]()l
-10 ’
1.5 r/rg 4.0 1.5 r/rg 4.0
E-field 0-001 10= Energy
VAE,/\/AuBnu omm»ww»«w . spectrum
-0.001 , 2 AN
10 u’ du
-0.002
1.5 _r/rg 4.0 106 108 1010
By VAu lsinze(w _0) Null charge u
PGI = dr~N—=g | 2 p surface (pg,=0)



Results t, = 100

Quasi-periodic oscﬂlatlon

time step=100000000 ¢ —527.85

Number | 10 - Current
density 20| density
A(n/nGJ) | : Zjr/’ﬂ]0|
0PN e
1.5 r/rg 4.0 1.5 r/rg 4.0
E-field 0-00 1= Nl Energy
VAE,/\/AgBy O """ spectrum
 ,dN
102 —
'0.0l’ ’LL du
-0.02
1.5 r/rg 4.0 106 108 1010
By VAn sin29( o) Null charge u
PGI = dr~N—=g | 2 @ p surface (pg,=0)



For simplicity, GR effects

Acceleration model -~

Considering the gap until the pair formation front.

Electric field Lorentz factor
V - E|| = —47(pe — pay) d(ymec) — eF — Pic B Peur
> E“ = 2QB&x/c dt | C C
A
! Gap width : A
T : Pair formation Xyee T XV
front
X > x

= (pcy — pe)/pcs, pay ~ QB/(2mc)
Gap width A is the minimum value of the sum of
the acceleration length x,.(v) and the mean free path x,(y).

1 1

D> Afry~9x 10737, S 3 aoSBy P Mg~ Ba=B/0C

min,
1 1 2

- B\ /B ~2aA[ry ~2x 107 T{ge;g 905 oB 3M9€3



Summary

We perform 1D GRPIC simulation for pair cascade
in the black hole magnetosphere.



