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Where is the black hole power Hadaetal (2011)
transported to?

Relativistic Jet : Its origin 1s still unknown.
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Right Ascension Offsets (mas)
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(Hada et al. 2013, ApJ)
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BH MAGNETOSPHERE: JETS
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Direction across jet axis (mas)
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CONDEREREAIE ?

- BRBEIDHIGBE? (HENGHEEAK)
Light surface LLUZ I : conical — paraboloidal
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GRMHD

BaSiC Equations General Relativistic Magneto-hydrodynamic

‘The ideal MHD condition w0
The particle conservation law (nu ., =0

%Maxwell equations Fov — _dApgb | B ol
Polytropic relation (Zooper 1965) i —l/4€ pg

«

The equation of motion T%ﬁ — 0

Field-aligned "“conserved quantities"  flow’s parameters

Number flux per unit magnetic flux
Angular velocity of the field lines
Total energy of the magnetized flow
Total angular momentum

Entropy




EGeneraI Relativistic Magneto-hydrodynamic Flows

GRMHD Flows

EgriEXe=R/aL 7T -
1. Relativistic Bernoulli equation

gtavitational Lorentz factor poloidal magnetic field

/
[(E — QFLEQ = p’a+ M?(aB; + B) - PLOT Solution
- !

M

_ enthalpy Alfven Mach number 2 toroidal magnetic field
(rest mass energy +internal energy) = u2p Q
- AW

2. total Energy of MHD Flow RIS %=ESL T

energy conversion
KE <--> ME

energy in corotation frame

the fluid part of energy Poynting flux per the particle number flux




Bernoulli equation (Newtonian)

* From equation of motion,

gravitational Poynting flux

potential
1 1 ke B, B,
E=|zv:+ -vj A - W (r) <o
2 2 I' -1 P 477/07]7“
Kinetic energy internal energy
OR
1 1 .
(E—QpL) = 52}? - §v92b | Fas_wl FWU(r) — rveQp
SOLAR
WIND i
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3. Trans-field equation

The force-balance equation is derived by Nitta et al.(1991) GRMHD

O 0, U + 0% 0y W e _ M2

e B
A2 py, o7

+ —5 M+ o5 (906 (BP0°) + 2016(BL*) + gu(L°n°)'] (7.47)
47”72,0%0 47 A

S M4 (M2G¢ 5% 6Mu¢)Q%’ == W [G¢(E7])’ + Gy (Ln)/] (En)f — 0

where the prime (') = —(1/33)[(8“11)& L (0%T)0s]. B, = pu By and =i

The ideal MHD plasmas stream along
magnetic field lines.

The configuration of field lines is

determined by the force—balance
between the field.




Inflow & Outflow
GRMHD



Inflow and Outflow
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MHD Accretion onto Black Holes
20D7IVoxzrE - ESBN/ FENESE

EBH: slowly rotating BH: slowly rotating BH: rapidly rotating

(a) (a) (a)
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hydro-like magheto-like magheto-like

gweak-magnetic field limit strong-magnetic field limit
=> Hydro Dynamical Flow => Force-free magnetosphere

§Some critical points make regularity conditions.

_ Plasma source => Slow Point => Alfven P. => Fast P. => Event Horizon
: (boundary conditions)




HRRTNE : BHESEN SOBSH (RAELB3)

A "X .
Hard X-ray * .. MHD Accretion

| Plasma Source .
(accretion disk / cOrona) i prasma @Y

! 5
Slow magnefosomc boint < Y4 st ™ o .
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Fast magnetosonlc POlﬂt L MHD Shock

shocked flow l

shock-free flow l

Event Horizon « 2nd Fast magnetosonic point




MHD ACCRETION ONTO BH

HOT PLASMA REGION
FOR HIGH ENERGY RADIATION
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SHOCK
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BLACK HOLE
MHD SHOCK

B FAST MAGNETOSONIC
SHOCK IN
ERGOSPHERE
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Hot Spot powered by Rotating BH
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MHD Shock: g o S
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Black Hole Magnetosphere
GRMHD =ES#
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BiS MR :  ring-current, disk-current

- REHTHE

No current in the magnetosphere

> Force-free #5HE

Magnetically-dominated magnetosphere
S OIRICR > TARN2 =171 0L

- MHD¥ESE
Magnetohydrodynamical Plasma
BOIRZ @Y 2EBRNFE= T F7ANIE




Mo SR EloRBRED T8I

o ISR TH DDIRBEEIRE

° BEIIRICIE D AEIDEH LI

° TIMRICEEARRDIDEID FLDI

PFS7H R O
BULIRRRE@TSAVIREERL T,

LERZEUL B THELS




MHDESKE =u=

o BB ENHEID/INT Ty RAER

o IBRERIBEE KRB AR ZAY L —FT 1 JICEE<
—fizIC. B<DIZEH !
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Mach line (Vp=Vgp) Mach line (Vp =Vfp)
MR SR
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slow mode cusp Mach line 21,2 @& Sakurai 1990
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BZ Flux

BLANDFORD & ZNAJEK (1977)
(1) Poynting-flux (r-compornant):

FEo B
\Van')
where v/—¢ = ¥sinf , ¥ =r? 4+ a?cos? 0 and Ey = Qs = A

gr(’)", (9) = TTt = €0

(2) The boundary condition at the horizon : toroidal compornent of magnetic fields

(r% + a*)sin 6
2H

B, [¥(0)] = (wr — Qp) (Ag0)m

(3) Blandford-Znajek Power (Poynting-flux at the horizon):

ELIY(9)] = el (wrr — ) H




BZ PROCESS

BLANDFORD & ZNAJEK (1977)

MAGNETIC TRQUE ’
1 — () A
Tgb = —Bquﬁ ~ (w F) ( gb,@)
477\/?9 \/i

Tl

ANGULAR MOMENTUM / ENERGY FLUX (WHEN By <0 -->0UTWARD )
el — — v Yoo T¢ C— QF,CT

- MAGNETIC

/ & TRQUE
MAGNETIC TRQUE

/ The energy is transoported
outward.




When the Alfven point locates inside the

Energy Extraction from Rotating BH
by MHD Inflows is possible.

fluid part EM part
Qp
47

Energy Flux
E(¥) = puy

By

S _|_/_ —

Negative gas accretion BZ process Accretion
energy Disk
inflow

Magnetic
Field
Lines

This situation would be possible
in the BH magnetosphere

( magnetically dominated off-equatorial region ). (see M. Takahashi, et al. 1990)




' GRMHD Simulation

BH+ACC.Disk+Magnetosphere

F E, Average

Maeda+ 2014
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Angular Distribution of EM-Flux
We can see the Max. in equatorial region !

BZ-Power => Effect on Disk activity !



vacuum Maxwell sol. — iR AB X FRAV IR A T
Tomimatsu & MT 2000 Fishbone 1977
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No. 2, 2004
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Information of the black hole spacetime

Accretion Disk --- Image of the Black Hole Shadow

a ‘ and Accretion Plasma
| | ( sub-mm VLBI)

BH - Aurora --- HE-emission from very close to
: the Event Horizon
( X-ray, ¥-ray)

BH - Van Allen radiation belt --- The plasma can be

trapped 1n this zone, which may be
related to a COSMIC ray .




MHD wave propagation

in BH magnetosphere

Eikonal ¥T{!
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