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Blandford-Znajek process as engine

Blandford-Znajek (1977)
A process to extract BH Rot. energy by EM fields

BZ Power

Kerr BH(Mass M, Spin a) P, = Bz(a/ M )ZI'H °C Comparison
ic f Pyne = B*(By) oC
+ Magnetic field B ~10%erg /5(M9)2(|34)2 wne = B (By) o7

There have been so many works including MHD numerical
simulations, ....But, there still remain problems.

‘BZ’ refers to a process in Mag. dominated case (B* >> oc?) in
BH spacetime in this talk .

-->> Theoretical/observational puzzles will be
solved in a decade.
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BH In a center of M87
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Physical condition for jet-disk

Naive picture is wrong

ﬁ Super Eddington

“High mass accretion leads to jet launch” ‘@

Observation (? An exceptional source of AGN)
« Very small accretion rate (Prieto et al arXiv:1508.02302)
very RIAF(Radiative Inefficient Accretion Flow) model

Jet dominated L, /L., =5%x10"

« Magnetic energy dominated (Kino et al 2015 ApJ 803,30)

U, (+U ) <<Uq

BZ process may work

-> Magnetically driven jet

-> A challenge of relativistic MHD for low A(=Py./F)




Pulsar(NS) vs SMBH
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Analogy Is not so SEIFQP|6
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Theoretical problem P /‘
Origin of E.M.F. surface | &
. - R R *horizon
(electromotive force)

Event horizon is passive BC, determined by the
exterior (behavior outside BH) r > I,

-> A fundamental problem in BZ process
Origin of VHE flare in M87?

Central BH or Knot
(e.g., Rieger &Aharonian 2012; S de Jong et al 2015)

-> Observational problem solved by CTA
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Mathematics of EM dynamics
EM fields in 3+1 formalism

Axi-symmetric and stationary fields  poloidal

= L i ¥
B=>(VGxE)) ._alw S€E, (r‘-)')_¢
E=—2 (VO -wVG) toroidal

E.M.F

G Magnetic function : poloidal mag.
S Current function  : poloidal current flow
¥ Electric potential : poloidal electric field

Effects of curved spacetime of BH




cont. E, Pey
* Energy conservation law v
B

(\/_ thﬂ),ﬂ /\/ — g = 0

-> EM Energy flux in +r direction = (E xB),
AP = —jdéd;b(ScDﬁ) - —j(Q—a))QG,gzdéw

* ldeal MHD condition

E-B=0=VDO=QVG
* Znajek condition (ingoing wave cond)
B, =—E, =S = (VO-aVG)a@/ p

P ~BX(a/M)*M’

Outgoing power if 0<Q <, | | ~10%rg/s(M,)}(B,)"




How realized?
0<Q<w,
Zero or finite?, a big problem

How are EM fields determined near horizon?
EM POWEr 47Z|:)r — _Idm¢(sq),9)horizon

B,(ji,)” HE,
Origin of electromotive force, E potential
difference near horizon, V@ = QV G

and polodial current / toroidal mag. S
B,(<>G)=B,(¢<>9S),E, (¢ D)
->Consistent EM+plasma flows (this work)




Description of EM fields

(Microscopic) two fluids treatment! |o.=e(n, —n_)

J=e(n,v, —n_v_)

v" It never needs ideal MHD condition, which may be
broken elsewhere,E* > B? under a certain condition.

—_

E-B=0= ®(G),VD = QVG

ldeal MHD
v'It differs from force-free approximation,
which may be invalid near horizon. FF approx.
= S(G)

Approximations simplify the problem,

but are questioned.

P=-1{do(s®,) o [dO(ExB),




Model

Radial magnetic field,

split-monopole

In spherically symmetric case,

radial accretion even for
charged fluids

W) E£-0,j=0,, =0

O=5S=0
everywhere

Taking into account B.H.
spin (a) up to the first order

B,(¢>G) = B,(«>S)
E (& D)
Pole  Radial inflow

Magnetic field

/%1;:5:0

# DO~0-«S

P=—1[do(S®,) o [dO(ExB),




Straightforward calculation

MNRAS,454(2015),3902

Stationary axially symmetric EM and flows
determined by four functions G,®,F ,F

& Spherical case as background
-> Radial flow with no charge and current
& Linear pert. w.r.t. spin parameter a*

€ Mode decomposition w.r.t. sym. & =0
->a coupled ord. diff. egs for &b, O (= o —oF )
& Large/small number %, X involved
-> WKB approximation oc exp (1 W (r))
Many solutions, e.g. Locally oscillating plasma
€ Single out radiating mode relevant to BZ
Results in next page




Results

Electric potential & current function, toroidal
magnetic field
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Poynting flux

Outgoing EM Power  EM power through radius r
P (1) Py (1) =—1 [dO(S®D,,)

Maximumat /M =~25

EM power originates outside
+ [ horizon, ( ergo-region?)
Horizon ﬁ
Zero by BC

Sharp shape does not depend
on other parameter oca)gl

Four models shown by colored lines



Comparison

Power P, =2(1-(Qc/0,))(Q:/w,)Bxr’

parameter
Maximum — 1(3,B GM)’c 1/6~0.16

Present work ~0.08(a.B GM)%¢3
Power Is the same order, although EM fields

depend on microscopic parameter.
53¢ o KA., XD oc kA,

k=w,(GM /c®) >>1, coﬁ =47e°n/m

Location .
Horizon (Ergo-sphere) * r
FE +MHD non-ideal (this work)




Final Question?

Does a central BH play a key role on the jet?

*Correct answer Is difficult at present, but we
expect to have it by CTA, ALMA, ...+theory

Good Luck




