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Relativistic jet

Fj > 1

Relativistic jet

Accretion dis lack hole

Theoretical issues -Energy source?
 Acceleration?
* Collimation? I
Mass supply? T;> 1€> MJ > 1
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Blandford-Znajek process
W15 % 97T L TPoynting fluxE L CTRIEE T R IL X —% 5| = iR<HEFE

Assumption

* Axisymmetry

" Rotating BH (a << 1)

“Split monopole B-field

" Force-free condition

Blandford & Znajek 77

74+ —AR) =l Zm-LTERBBEHRTFT 610, T 773080
TIAIWNIT v IR—ILESKBERIE GG SN IRENHD.




Plasma injection
“MeVLEL EDIHEF Mo BFIEHEFXTHE K (e.g. Levinson & Rieger 11)
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(e.g., Zalamea & Beloborodov 11)

(e.g., Eichler & Wiita 78, Toma & Takahara 12)
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MeV photon annihilation

Levinson & Rieger 11

Plasma injection rate = outflow rate Photon number density
47‘(‘) Ld
2 3 2
ovynoc| — | r) =4dnringc N~y =
Yy oy < g gt Y 2
3 2Ty CceS
Goldreich-Julian number denisty m = M /Mgaq
OB _2GM

~5 x 107 2m 2 My P2 em™ T T

nGJy =
2mec

. <1 4@ m<2x107im T

(M87, Sgr A", isolated BH, merging BH-NS binary, ...)



Electromagnetic cascade

e.g., Beskin+ 92

B-field
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"~ F(>300 GeV) [cm? s

| _+_.+
&244.04

Observational evidence?

Aleksi¢c+ 14

-9
08 x10

56244.05 56244.06 56244.07
Time [MJD]

°cr— 1 T\
56243.95 56244

! | I
56244.1

Time [MJD] )
Flux doubling timescale < 4.8 min at 95% C.L.
corresponds to ~20% of the timescale rg/c.

—= Particle acceleration at sub-horizon scale?
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Steady-state model s.,50m555:
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Steady-state model s.,50m555:
RSAXVRRED RS —IVIZ, E ~ B IEEDMEBBIHHET S,

*Inverse Compton scattering  {/,.q = Lq/(2772¢)
e = E/(mec?)

2

el = opUraa?

9 —1/2 51/2
— YIC 5 X 10 TdalLdA{ BS/ Mg
€EIC O.l’ylc (Klein-Nishina regime)

* Curvature radiation

2 e?
el =
=3 7“(2:7
s Yo ~ 2 x 1007 By My
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e = 5oy~ 2 ) 100 B




Steady-state model s.,50m555:
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Particle-in-cell simulations of pair discharges in a starved
magnetosphere of a Kerr black hole
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ABSTRACT

We investigate the dynamics and emission of a starved magnetospheric region (gap) formed in the vicinity of a Kerr black hole
horizon, using a new, fully general relativistic particle-in-cell code that implements Monte Carlo methods to compute gamma-ray
emission and pair production through the interaction of pairs and gamma rays with soft photons emitted by the accretion flow. It
is found that when the Thomson length for collision with disk photons exceeds the gap width, screening of the gap occurs through
low-amplitude, rapid plasma oscillations that produce self-sustained pair cascades, with quasi-stationary pair and gamma-ray spectra,
and with a pair multiplicity that increases in proportion to the pair production opacity. The gamma-ray spectrum emitted from the
gap peaks in the TeV band, with a total luminosity that constitutes a fraction of about 107> of the corresponding Blandford—Znajek
power. This stage is preceded by a prompt discharge phase of duration ~r,/c, during which the potential energy initially stored in the
gap is released as a flare of curvature TeV photons. We speculate that the TeV emission observed in M87 may be produced by pair
discharges in a spark gap.

Key words. black hole physics — acceleration of particles — radiation mechanisms: non-thermal — methods: numerical —
galaxies: individual: M87 — gamma rays: galaxies
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ASS u m ptio n S Levinson & Cerutti 18

 1-dimensional structure: the gap extends along a poloidal

magnetic surface as a function of 6.

— lgnoring any MHD waves, considering only longitudinal plasma
oscillations.

*No external plasma source.

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

Is(x", €5, Q) = Io(€s/€smin) ¥y €s.min < €5 < €5 max

*The gap constitutes a small disturbance.

— The activity does not significantly affect the global structure
(the B-field geometry and the angular velocity).

*The global current is a free parameter.
* A split monopole geometry for the global B-field.
*The angular velocity of magnetic surface Q = 0.5wy.

"lgnoring the curvature photons as a source of pair creation.



Particle-in-Cell simulation

Photon production
(Xezlza pe:l:) — (va pv)

v

Pair production
(X’ya pv) — (Xe:|:7 pej:)

Solve EoM (e=, vy) l
F, = (xp, Pp)
At
Weighting
(Ei, Bl) — Fp

Z

Weighting
(Xezl:ape:I:) — (piaji)

Solve Maxwell eqs.
(pi,Ji) — (Ei, By)




Background spacetime

Kerr metric given in BL coordinates
ds? = — o?ds? + Gup(dp — wdf)? + g dr? + gged6?

A 2ar,r ¥
2:—‘ w = & : gn.:—;

A’ A A
A
9oo =25  Gpp = E sin 0,

(04

A=r?+a?-2r,r, X =r*+a*cos? 0, A = (r*+a*)?>—a*A sin* 0

Tortoise coordinate

1 — & — —ooasr = rg=ry
£(r) = m(” ”*) "
r r_

. - r—7r &E—>0asr —» oo



Basic equations

Levinson & Cerutti 18

Gauss’s law

Ou(V—gF™") = (vV/—gi")
S aé:(x/_ E) 4rA2(j' - par)

Contour of pg,




Basic equations

Levinson & Cerutti 18

Gauss’s law

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

By VAg [sin® 6
. par=__ _H[ . (w—m]
Ampere’s law TN L@ 8

(radial component)

au(\/iFm) (\/73 )
> 0(VAE,) = — 4n(Zj" - Jy)

I 1 Asin@F
0_47rsin6 ) 0 0




Basic equations

Levinson & Cerutti 18

Equation of motion for i-th particle Curvature
dut loss term
u; q;
1L _TH a, B R nITIe "
du;, g
= 04
dr: _Faﬂﬂu?ulg + m F,uaul + Sip
: e S
> v = \/“—-6(&)+ﬁF _ St
dt g YiOr e rt ,'
: P _
= —4/g"yi0k(@) + @ (iEr - C“r(y’))
me mevl
~) 2 -
A _1dn_ 16 _ o aw-a(NTse, o)
dt Adt Aud 7 L 2ap
cur(Y)—3 Rg



Basic equations

Equation of motion for i-th photon

Levinson & Cerutti 18

d

- g7 id: (@)
g L7,
dt /A D,

IC scattering

r(t+0t)

57—80 — / RKN/ grrdr
r(t)

Pair production

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



Parameters

Fiducial optical depth 7o = 4nrgorlo/he = 2.5
Global current density Jo=1.0
BH mass Mgy = 107 Mg
Dimensionless spin parameter a, = 0.9
B-field on the horizon By = 27 x 10°G
Inclination angle of magnetic surface 6 = 30°
Minimum energy of seed photon €s.min = 10" 8 mec?
Slope of seed photon spectrum p=2
Curvature radius Rewr =7
Number of cell N = 32768

~T9 103 kMg By 3

Y

lp < yg >



Example (t0 10, jo =1)

Levmson & Cerutti 18
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Example (t,=10, j,=1)

s ct/r,=0.0 . ct/r,=0.53 s ct/r, =5.07 s ct/r, =20.06
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(k)

(v

Parameter dependence

Levinson & Cerutti 18
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Energy conversion
Levinson & Cerutti 18

o ct/r,=20.06
= Quasi-steady state
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L/Lpy,

Light Curve

Levinson & Cerutti 18
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Summary

EEEFEEDBHMNSD I Y NTIE, BHIER B TD
BHART—RIZKYKRIFIFASINTLNSESS.

T EIIEEETILELS, KEMIZIZIEEE.

- *ﬁ?:/sl D—:/E.széiéﬁﬁ%b§§ﬁfﬁf: (Levinson & Cerutti 18).
FERELT, BEMNERSNTIIRENETEFEIZHC
EERSNTLNVD.
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£, L<IX optical depth M+ KELMGEICEHIN
ZO1=h, R IRAFELVMNEFFEIND.




