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The formation of standing magnetohydrodynamical (MHD) shocks by 
accreting plasma in a black hole magnetosphere is studied. The black hole 
magnetosphere would be formed around a black hole with an accretion disk. 
The global magnetic field lines would be originated by currents in the 
accretion disk and its corona, and then some part of magnetic field lines 
would lead to the event horizon. Along such magnetic field lines magnetized 
plasma streams from the disk surface to the horizon, and on the way to the 
horizon MHD shock can be generated. Although the postshock plasma 
becomes very hot, the MHD shock can be expected as a source of high-
energy radiation, which is generated very close to the horizon and then 
carry to us a lot of information of the black hole spacetime. We also discuss 
the huge energy release at the MHD shock front, where the plasma's kinetic 
energy and the black hole's rotational energy can convert to radiative energy 
by considering negative energy postshock MHD flows (Takahahi & Takahashi 
2010). This means that the Blandford-Znajek (1977) power can convert to 
radiative energy at the MHD shock generated very close to the horizon.



Where is the black hole power 
transported to?

（TopLeft）Sloan Digital Sky Suvey, (TopRight) NASA and the Hubble Heritage Team.

Relativistic Jet :  Its origin is still unknown.

Hada et al. (2011) 

Figure of image (NAOJ)
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Does this reflect a magnetic field shape？
BH

Jet convergence profile

radial ?

paraboloidal

image
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How about in M87 ?

MHD Jet Model
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 Collimation (Radial → Paraboloidal)  
came to be observed !?

Tomimatsu & MT 2003
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What are Relativistic Effects?



MHD FLOWS IN A BLACK 
HOLE MAGNETOSPHERE
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第4章 Trans-Magnetosonic MHD flows

in BH Magnetosphere

“mhd-trans.tex”

ブラックホール磁気圏は、Inflow と Outflow の領域が共存するシステムである。定常・軸対象
の磁気圏において理想プラズマは磁力線に沿って流れる。図??中の α = 0 面は inner/outer light
surfaces であり、α = M2 面は inner/outer Alfvén surfaces である。ブラックホールの強重力のた
め（重力赤方偏移のため）、ブラックホール近傍に inner light surface と inner Alfvén surface が
ブラックホール近傍に生じる。関数 α は、重力赤方偏移と角速度 ΩF で回転する系（磁力線）の
ローレンツファクターを含む関数である。M は Alfvén Mach number である。以下では、ブラッ
クホール磁気圏における light surfaces と Alfvén surface について紹介する。

図 4.1: 磁力線に沿ったプラズマ流。 ブラックホール磁気圏は、Inflow と Outflow の領域が共存
するシステムである。(図中の k0 は αのこと)

4.1 Light Surfaces

理想プラズマで満たされた磁気圏において磁力線は剛体回転すると見なせるが、遠方ほど磁力線
の回転速度は速くなり、ついには光速度超えることになる。さらに外側では、磁力線の回転速度は
光速度を超えることになる。ここで、磁力線の回転速度が光速度を超えることが相対論に矛盾する
のでは、という疑問が生じるかもしれないが、磁力線の “パターン”が光速度を超えているように
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図 4.2: Outside (inside) the outer (inner) light surface, the plasma must stream outward (inward)
along the bending magnetic field lines. 左図のように磁力線がたわんでいない場合、影領域を回
転するプラズマは光速度を越えてしまう (禁止される：磁力線はプラズマの慣性効果でたわむ、ま
たは ideal MHD 近似が破綻する)。右図のように磁力線がたわみ、その磁力線に沿ってプラズマ
が流れ出すことで、プラズマの速度は光速以下となる。

particles must move outward along the rotating magnetic field lines; within the the inner light
surface, particle must fall into the event horizon.

The locations of the light surfaces are determined by α ≡ gtt + 2gtφΩF + gφφΩ2
F = 0.

• They depend on parameters ΩF (ψ) and a.

• A function ΩF = ΩF (ψ) should be given by the boundary condition at the plasma source.

• To obtain the spatial shapes of the two light surfaces, we must treat the force-balance
equation with the poloidal equation. (It is very hard probrem.)

• Maximum/Minimum ΩF — (Ωmax, Ωmin)

When we solve a configuration of magnetic field lines, ψ(r, θ), by solving the force-balance
equation with the poloidal equation, and obtain a function ΩF = ΩF (ψ) as the boundary con-
dition at the plasma source, we can determine the spatial shapes of the two light surface. The
plasma sources, which might be the surface of an accretion disk and the particle-production gap
described in Blandford and Znajek [2], must locate between a zone between the two light surface.

The locations of the light surfaces depend on parameters ΩF and a. To exist the corotating
region sandwiched by two light surfaces, there are maximum and minimum values of ΩF ; ΩF

equals to the maximum or minimum value when rin
L = rout

L . When ΩF = ωH for a magnetic field
line, the inner light surface reaches the event horizon. When ΩF = 0, the inner light surface
locates on the static limit surface, while the outer light surface goes to infinity. If the black hole
drags the magnetosphere (0 < ΩF < ωH),the inner light surface locates inside the ergosphere.

★ どのような場合に、inner-light surface が生じているのか？
Light surface の場所は α = gtt + 2gtφΩF + gφφΩ2

F = 0 により与えられるが、

α = α2
Z

[
1 − (vφ̂)2

]
= 0 (4.1)

inner/outer Light surfaces

Alfven points

Magnetosonic points



Basic Equations

The ideal MHD condition u�F�� = 0
The particle conservation law (nu�);� = 0
Maxwell equations Fµ�

;� = �4�jµ , F[µ�;�] = 0
Polytropic relation (Tooper 1965) P = K��

0

The equation of motion T��
;� = 0

1. Number flux per unit magnetic flux �(�) = nup

Bp

2. Angular velocity of the field lines �F (�) = � Ftr
F�r

= � Ft�
F��

3. Total energy of the magnetized flow E(�) = µut� �F
4�� B�

4. Total angular momentum L(�) = �µu� � 1
4�� B�

5. Entropy S(�)

Field-aligned ``conserved quantities'' flow’s parameters

GRMHD 
General	Relativistic	Magneto-hydrodynamic	Flows



1.	Relativistic	Bernoulli	equation	

!

!

2.	total	Energy	of	MHD	Flow

E(�) = µut �
�F

4��
B�

energy in corotation frame gtavitational Lorentz factor

Alfven Mach number

poloidal magnetic field

toroidal magnetic field               enthalpy!
（rest mass energy＋internal energy）

Poynting flux per the particle number fluxthe fluid part of energy

(E � �F L)2 = µ2� + M2(�B2
p + B2

�)

M2 �
u2

p

u2
AW

�

→  PLOT Solution

energy conversion 
KE <--> ME

GRMHD Flows
General	Relativistic	Magneto-hydrodynamic	Flows

運動方程式を積分して…

時間成分を積分して…



hydro-like magneto-like

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

magneto-like
weak-magnetic field limit  
  => Hydro Dynamical Flow

strong-magnetic field limit  
  => Force-free magnetosphere

Plasma source  =>  Slow Point  =>  Alfven P.  =>  Fast P. =>  Event Horizon  

MHD ACCRETION ONTO A 
BLACK HOLE

Some	critical	points	make	regularity	conditions.

(boundary conditions)



NEGATIVE ENERGY MHD 
INFLOWS

E =
�

gtt + gt��F

�

�

A

e

� � gtt + 2gt��F + g���2
F

4.3. Magnetosonic Points 59

図 4.5: The spatial position of the Alfven point generated a negative energy or a negative angular
momentum accretion.

4.3 Magnetosonic Points

磁気圏中のプラズマは降着円盤表面あるいはコロナから磁気圏中に放出され、ブラックホールへ
と降着する。プラズマは、ブラックホールの強重力に引かれて加速し落下していくが、FIDO から
見るとプラズマの落下速度は horizon 上で光速となる（遠方にいる我々から見るとプラズマの速
度はゼロに漸近する）。ここで考えている磁気流体プラズマ中の擾乱は磁気音波およびアルフェン
波（もちろん FIDO で光速度以下）によって周囲に伝えられるのだが、少なくとも horizon 近く
に、プラズマ流速が擾乱の速度を越える領域が必ず生じることになる。すなわち、event horizon は
super-magnetosonic region （super-Alfvénic region でもある）で取り囲まれる事になる。Bondi
accretion （非相対論の流体降着流解）の場合と同様に、流速が音速（今の場合磁気音速）と等し
くなる地点で、ベルヌーイ方程式（Bernoulli equation）の微分形は発散してしまう。プラズマ源
とブラックホールを繋ぐ物理的な流速解を得るためには、流れに特別な条件（臨界条件）を課し、
方程式中の発散構造を打ち消す必要がある。以下では、このようなブラックホール磁気流体降着流
の解の性質を調べる。
一般相対論的ベルヌーイ方程式の微分形は、以下のように表される：

(lnup)′ = −
(

u2
p

M2

)3
N

(
u2

p − u2
AW

)2 (
u2

p − u2
FM

) (
u2

p − u2
SM

) , (4.11)

ここで、uAW はアルフェン波の速さ、uFM と uSM はそれぞれ、速い磁気音波と遅い磁気音波の

Total-Energy of MHD flow 

Angular Momentum of MHD flow

Total-energy in rotational frame

Gravitational-Lorentz factor

e � E � �F L > 0

L =
�
�g��

�

�

A

(�F � ⇥A) e

(gtt + gt��F )A < 0 E < 0

Takahashi et al. 1990



Energy	Extraction	from	a	Rotating	BH	
			by	MHD	Inflows																												

When the Alfven point locates inside the Ergosphere,  

E(�) = µut �
�F

4��
B�

fluid part EM part

is  possible. 

+/�� �
BZ processgas	accretionNegative		

energy		
inflow

This	situation	would	be	possible	in	the	
magnetically-dominated	BH	magnetosphere	.

Takahashi + 1990

Energy Flux 

Magnetic
Field
Lines

�  F

� H

0 < �   <  � HF

BH

Accretion 
Disk

is possible！



particle number flux 

normal comp. of the magnetic field  

energy-momentum flux

Rankine-Hugoniot conditions

U � nu���

B� � B���

W � µ

n
U2 + P +

B2

8� B2 � �B2
p +

B2
�

�2
w

four-velocitynumber density

the unit vector  
perpendicular to a shock front

magnetic field 

pressure

relativistic enthalpy

gravitational 
Lorentz factor

 　              are conserved across the shock front.U, B�, W

When an up-stream is specified　→　down-stream is determined

General	Relativistic	Magneto-hydrodynamic	Flows

the relationship between the states on both sides of a shock wave front



Plasma Source	
(accretion disk / corona)	

↓	
Slow magnetosonic point	

↓	
Alfven point	

↓	
Fast magnetosonic point	

↓	
Event Horizon

→      MHD Shock 	
　	
↓	

2nd Fast magnetosonic point	

shock-free flow

←

shocked flow

Shock Heating：High-energy emission from  
the vicinity of BH（observable）

Shock Front

MHD Accretion

Magnetosonic  Point
Hot Plasma

B.H.

sub

super

sub

super

Hard X-ray

Hard X-ray

Magnetosonic 
 Point

Black hole



Fast magnetosonic 
Shock 

Hydro-like 

Magneto-like 

Slow magnetosonoc 
Shock
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General	Relativistic	Magneto-hydrodynamic	Flows

MHD Accretion onto BH
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Black Hole 
MHD Shock



MHD Shock  
 Adiabatic cases 

Takahashi et al. (2006)	
Fukumura et al. (2007)

for example , , , , 

Acceptable shock locations

energy
E

L�F

ang. mom.
�F = 0.1

�F = 0.14

�F = 0.2

E

L�F

✓ -dependence



AF
FBH

Inflow

Radiation

Energy flux

Negative Energy Inflow

AF
FBH

Inflow
Energy flux

Radiation

Negative Energy Inflow

Possitive Energy Inflow

bag

outflow
inflow

light
surface

Black
Hole thin disk

ergosphere rin

light
surface

bag

outflow
inflow

light
surface

Black
Hole thin disk

ergosphere rin

light
surface

Hot Spot

Hot Spot

Hot Spot

Hot Spot  powered by Rotating BH
High-energy radiation including 	
the information of  space-time. 

The extracted energy from BH 	
can radiate at Shock front.



 SOURCE - REFRECTOR

Source :　MHD Shock 
      Hot plasma region = 

Theoretical Toy-Model

Haba2013

Near the BH Horizon…

BH Aurora

Black Hole Accretion Disk

cloud

Fe-line

continuum

Seyfert 1 (NLS1) : Arc 120 

Refrector :　 
Equatorial thin disk 

Fukumura, MT + 
 2016

Soft X-ray Excess !?

Fe-line



Thin disk near a Black Hole 

Gravitational red-shift ／ Dopplar effect ／ Beaming effect  
／ Gravitational lens effect
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Information of the black hole spacetime

Accretion	Disk    ---  Image of the Black Hole Shadow	
                                      and Accretion Plasma                                      	

!
!

BH	-	Aurora   ---  HE-emission from very close to 	
                                the Event Horizon	
!
!

BH	-	Van	Allen	radiation	belt　---   The plasma can be	
                                   trapped in this zone,  which may be 	
                                   related to a cosmic ray . 	

( sub-mm VLBI)

( X-ray, γ-ray)
MT & R.Takahashi 2010

MT & H.Koyama 2009


