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Relativistic jets

Iativistic jet
L > 1



Event Horizon Telesco

Spatial resolution < BH et B

Radio image - Jet formation mechanism?




GRMHD Numerical Simulations

Artificial mass supply Predictions of the emission

in the jet region. from jet are highly uncertain.
logp Porth+ 17
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*Where and how are plasmas injected?
*How does the injection mechanism probe?



Plasma Injection Problem

*MeV Photon annihilation:

N4 _ -
ol iﬁa/«% =21 4wy 22 x 1071, M
\ -1
\ l i 2 Levinson & Rieger 11

-‘ - Hirotani & Pu 16

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

E-B
n+ < nay # Electric field F) = IB‘ #+ 0

‘Wjﬁ_ e’ Large o (>>1)
NX»\ e ot B-field *Non-ideal MHD condition

*Non-neutral charge

isk gmission * Particle acceleration

i NN - Pair creation

. E-field EII Difficult in MHD simulation




Observational Evidence?

Aleksié+ 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?
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Particle-in-Cell Simulation

Solve EoM (e*, y)

Photon production
(Xeds Pext) = (Xy; Py)

v

Pair production
(X”ya p’y) — (Xezlza pe:l:)

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

Z

Weighting
(Xe:l:ape:I:) — (piaji)

Solve Maxwell eqs.
(p1,Ji) = (Ei, Bj)




1 D P' C MOdel Levinson & Cerutti 18

1-dimensional structure: the gap extends along a poloidal
magnetic surface as a function of 0.

*Emission mechanisms : IC scattering and curvature radiation
*Pair production : IC scattered photon + disk photon = pairs

Disk photon : Isotropic and uniform distribution
Is(mluv €s, Qs) — IO(es/es,min)—pa €s,min < €5 < €5 max

*No external plasma source.
) : ,
J "The global current is a free parameter.

r~! = =Asplit monopole for the global B-field.

*The angular velocity of magnetic surface.

“ Vo Q) = 0.5w
Calculation‘~ H

domain _Accretion disk




Pair Cascade in Gap

Scattered photon
GSC(N mln{7 €min ’7})

etore I\;\N/VVVVV\,\/Y\]V\A\’ 3 Created e*

Seed photon Seed photon

es(: Emin) ES(N maX{GSC 7€min}

Accelerated

Fiducial optical depth
Required multiplicity in the gap To = dmrgorlo/he

0 T0

Tsc Ty



Pair Cascade in Gap

T T Fiducial optical depth
0= 10 = 4nrgorly/he

Tsc Tyy

e* quickly accelerates to the terminal Lorentz factor.
6EH = Paa/c ™p ¥~ Ymax ~ 10"

€min = 107° =) V€min > 1 (Klein-Nishina regime)
Scattering optical depth Tse/To ~ (Y€min)

Pair creation optical depth 777/7'0 ~ (’Yémin)_l

Required optical depth

. . 70 X Y€min
for continuous injection



Pa ra m Ete rS . Levinson & Cerutti 18

Fiducial optical depth 70 = 4mrgorly/he
Global current density 70 (normalized by pg, )
Minimum energy of seed photon €s,min (normalized by m.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°
Slope of seed photon spectrum p=2
Curvature radius Rewr =Ty
Number of cell N = 32768

| . rg 107 kMg By 3

lp < Y8 >



Current Distribution

Polar region :Jjo <O
Equatorial region : j, >0

. Blandford & Znajek 77
Wesetj,=1o0r-1




Maxwell equations

Gauss’s law
0u(vV/—gF™) = (v/—gi%)
> 55(‘/— E ) ArAZ(j - par)

A A A iaidadad _ )
Contour of pGj _ Bu vAn [Sm 9(w _ Q)]

\ Null charge
surface (p¢, = 0)

0

Sign of pg, changes along a B-field line.




Maxwell equations

: Levinson & Cerutti 18
Gauss’s law

Op(V=9gF™) = (vV~g3")
> O(VAE,) =4rnA3(j" - pay)

0 BH \/AH [sm 7,
Gl =
Ampeére’s law Ay -
(radial component)

Ou(vV—=9gF™) = (V/—g5")
> 0(VAE,) = — 4n(Zj — Jo)

1 Asind
Jo = F
°" 4rsing ( 2 rg)ﬁ

o)

0




Comparison

B-field Soft photon Optical
min. energy depth
-~ eBr
B = g €min
Ml
M87 ~ 5 X 1013 ~10° <103
(EHT Col. 19) (Abdo+ 09) (Levinson & Rieger 11)
ISTIONR ~5X10%  ~10%-10°  10-300
(Levinson & Cerutti 18)
Chen & Yuan 19 ~107-10° ~10%-10° 3 -1000
Crinquand+19 (2D) | ~5 X 10° ~5 X 103 5-30
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Insufficient Pair Creation
=10, vmax Hin ~ 100, dlfferent mltlal condltlon

time step=0{ - time step=0'-0.0
|

i 4
2
i
0
35 4.0

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

All photons and particles finally escape from the box.



Sufficient Pair Creation

tO = 100 (> Vmaxsmin~10)

time step=100000000 ¢ - 527.85
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time step=7 0000 ¢ —402.22

Number

density 10
A(n/nay)
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High Energy Emission

Inverse Compton scattering
€+

@ > AW

<

Characteristic energy

Fic ~ ’yQEd (Thomson)
~ vmec2 (Klein-Nishina)
Radiation power
4 2
Fry = gUTC’Y Uy (Thomson)

Curvature radiation

Particle
trajectory

\ .
Curvature radius

Characteristic energy

3 €
Ecr = 5’73}1—
Pc

Radiation power

2e? ¢\’
Pcr = 3—’74 <—)
¢\ pc

High Lorentz factor - Curvature radiation dominant

(Other works do not calculate the curvature radiation.)



Pairs from Curvature Photons?
Pair injection rate N. = (L.,/e,)7,
Inverse Compton scattering
L. ~ 10_5LBZ Eic N 1 PeV ns(ei_cl) — Tmin

Curvature radiation

Lcur ~ 10_2LBZ Ecur ™ 1 TeV nS(ec_ulr) — 10_6nmin

Ns = Mmin | ——
N::cur ~ N::lc S

-9
Es.min = 10

Curvature photons would significantly contribute
to pair creation for t, <30 and p < 2.



Number .,
density

A(n/nagy)

E-field
VAE,/\/AnBy
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L The gap appears at the outer boundary.
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Coherent EM emission?

Propagating pair burst - coherent electromagnetic wave

0.2 104
0.0 0
-0.2 =30
0.01 0.01 10-4
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wA°  Philippov+ 20



Recent 2D PIC simulation

Multi-dimensional simulations of ergospheric pair discharges around black holes

Benjamin Crinquand,' * Benoit Cerutti,' Alexander Philippov,? Kyle Parfrey,’ and Guillaume Dubus'

LUniv. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France
2Center for Computational Astrophysics, Flatiron Institute, 162 Fifth Avenue, New York, NY 10010, USA
3Department of Astrophysical Sciences, Peyton Hall, Princeton University, Princeton, NJ 08544, USA

(Dated: March 10, 2020) arXiv:2003.03548
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Gap = inner light surface?

Pair creation rate (arb. unit
. : ¢ ate (¢ ) i _ t =154.27,/c
: 10° , ' 0.020
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ﬂ i . .
Null charge B Strong electric field generates

/ SHifgce ""at the inner light curface, not
the null charge surface. Why?
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light surface
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Summary
We perform 1D GRPIC simulation for pair cascade
in a starved magnetosphere of a Kerr black hole.

T, ~ 30-300 J /5 I (~1TeV)
YmaxEmin 10 / e L~10° LBZ

Null charge surface




