
Shota	Kisaka
(Aoyama	Gakuin Univ.)

Amir	Levinson (Tel	Aviv	Univ.)
Benoît Cerutti (Univ.	Grenoble	Alpes)
Kenji	Toma (Tohoku	Univ.)



Relativistic	jet

ŕEnergy	source?
ŕAcceleration?
ŕCollimation?
ŕMass	supply?

Relativistic	jet
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Black	holeAccretion	disk
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Theoretical	issues



Blandford-Znajek process

Blandford &	Znajek 77
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Assumption
ŕAxisymmetry

ŕRotating	BH	(a	<<	1)

ŕSplit	monopole	B-field

ŕForce-free	condition

ŁĩŖĴŁŐŖÓģ�ĆĀċè�7ÑģºmĂğĆę,	,%ďvđ
ŃŏĵňùłŏĸĮņŖő®�<!ĐÙ¹¦Đ�¸ÿĠğcÅùôğ.



Plasma	injection
ŕMeV
�đ�JøĝèJåèJQ�h (e.g.,	Levinson	&	Rieger 11)

ŕļōŖĺŐľøĝèJåèJQ�h (e.g.,	Zalamea &	Beloborodov 11)

ŕ�eJđńŖķVD (e.g.,	Eichler &	Wiita	78,	Toma &	Takahara 12)

ŕ"§đ�Þđ�Îģ¨p�� (e.g.,	Levinson	06)
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Goldreich-Julian	number	denisty

nGJ =
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Plasma	injection	rate	=	outflow	rate
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MeV	photon	annihilation
Photon	number	density
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(M87, Sgr A*,	isolated	BH,	merging	BH-NS binary,	…)

Levinson & Rieger 11
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Electromagnetic	cascade

Disk

B-field
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Jet

e.g.,	Beskin+ 92

E-field E||



→	Particle	acceleration	at	sub-horizon	scale?

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

Aleksić+	14

IC310

Observational	evidence?
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ŕInverse	Compton	scattering

ŕCurvature	radiation
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(Klein-Nishina regime)
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Set	up
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Assumptions
ŕ1-dimensional	structure:	the	gap	extends	along	a	poloidal
magnetic	surface	as	a	function	of	θ.
→	Ignoring	any	MHD	waves,	considering	only	longitudinal	plasma	

oscillations.

ŕNo	external	plasma	source.

ŕIsotropic	radiation	field	(from	accretion	disk)	for	seed	photons.

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

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

ŕThe	global	current	is	a	free	parameter.

ŕA	split	monopole	geometry for	the	global	B-field.

ŕThe	angular	velocity	of	magnetic	surface																			.	

ŕIgnoring	the	curvature	photons	as	a	source	of	pair	creation.

Is(x
µ
, ✏s,⌦s) = I

0

(✏s/✏s,min

)�p
, ✏s,min

< ✏s < ✏s,max
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Particle-in-Cell	simulation

Fp ! (xp,pp)

(⇢i, ji) ! (Ei,Bi)

Solve	EoM (eñ,	γ)

�t

(xe±,pe±) ! (x� ,p�)
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Pair	production
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Photon	production

Solve	Maxwell	eqs.

(Ei,Bi) ! Fp

Weighting Weighting
(xe±,pe±) ! (⇢i, ji)
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Background	spacetime
Kerr	metric	given	in	BL	coordinates

Tortoise	coordinate



Basic	equations
Gauss’s	law
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Contour	of	ρGJ
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Basic	equations
Gauss’s	law

@µ(
p
�gF tµ) = (

p
�gjt)

<latexit sha1_base64="N1X74V0f0MWF/Az8RZpSqX3EkYM="></latexit><latexit sha1_base64="N1X74V0f0MWF/Az8RZpSqX3EkYM="></latexit><latexit sha1_base64="N1X74V0f0MWF/Az8RZpSqX3EkYM="></latexit><latexit sha1_base64="N1X74V0f0MWF/Az8RZpSqX3EkYM="></latexit>

@µ(
p
�gF rµ) = (

p
�gjr)

<latexit sha1_base64="AgJ6bwpTR7oX5FG8RnxI1mj62zI="></latexit><latexit sha1_base64="AgJ6bwpTR7oX5FG8RnxI1mj62zI="></latexit><latexit sha1_base64="AgJ6bwpTR7oX5FG8RnxI1mj62zI="></latexit><latexit sha1_base64="AgJ6bwpTR7oX5FG8RnxI1mj62zI="></latexit>

Ampère’s	law
(radial	component)

Levinson	&	Cerutti 18

→

→



Basic	equations
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Equation	of	motion	for	i-th particle Curvature	
loss	term
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Basic	equations
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Equation	of	motion	for	i-th photon	



Parameters
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Fiducial optical depth

Global	current	density

BH	mass

Dimensionless	spin	parameter

B-field	on	the	horizon

Inclination	angle	of	magnetic	surface

Minimum	energy	of	seed	photon

Slope	of	seed	photon	spectrum

Curvature	radius

Number	of	cell

j0 = 1.0
<latexit sha1_base64="dRplEZi2J+bB7UGygc7q7vc/h6g="></latexit><latexit sha1_base64="dRplEZi2J+bB7UGygc7q7vc/h6g="></latexit><latexit sha1_base64="dRplEZi2J+bB7UGygc7q7vc/h6g="></latexit><latexit sha1_base64="dRplEZi2J+bB7UGygc7q7vc/h6g="></latexit>

✏s,min = 10�8mec
2

<latexit sha1_base64="gLp3/weJz/rQDBt66QrOP0nQ4fQ="></latexit><latexit sha1_base64="gLp3/weJz/rQDBt66QrOP0nQ4fQ="></latexit><latexit sha1_base64="gLp3/weJz/rQDBt66QrOP0nQ4fQ="></latexit><latexit sha1_base64="gLp3/weJz/rQDBt66QrOP0nQ4fQ="></latexit>

⌧0 = 4⇡rg�TI0/hc = 2.5
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Example	(τ0=10,	j0=1)
Number
density

Current
density

E-field Energy	
spectrum
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Example	(τ0=10,	j0=1)
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E-field	is
screened

Steady-
state



Parameter	dependence

Pair	multiplicity

Pair	Lorentz	factor

Photon	energy
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Energy	conversion
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Quasi-steady	state
(Lkin + Lrad)/LBZ ~	10-6



Light	Curve
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Summary
ŕ�ãª�đBHøĝđĳħĸĺČĒ,	BH®�<Čđ
è®ĪĴİŖĻĐĜĞµJù��ÿĠċõğćġö.

ŕ�Ã°ĒNXŋĹőćù,	�Î¦ĐĒéNX.

ŕµJĲŉōŒŖĲŎŔĐĜğ°ùIėĉĆ (Levinson	&	Cerutti 18).

·�čĀċ,	è@ùÜÂÿĠĆ�fù�NXĐ¹ü
č�]ÿĠċõğ.

ŕè@ÜÂĒ,	}�tRÏ�đ�JøĝđµJ�h,	
ĚĀüĒ optical	depth	ù,%Gúõ@3ĐO�ÿĠ
ąöćù,	�6¦ďoğÀõù�bÿĠğ.	


