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|�M�~Q>�u>+�&�$~Æ.��<}_ [3,4] �
Kerr }�>�
 kh%�
�~��}��^"m}�_�v~r 2 NBN�Kerr}��h|~dI>6<8BHv"9��D (X9) P0 �NWE��1!j�N�� Kerr}�~WEape
~W�A}��_W~ 29%�
i Kerr}�>�Nbn~Ws [5] �Kerr}��sj�2rv%_~�B�	��� (frame daggling) J��>ske�=�1~�fh6~�sknX�fJe
 Kerr }��sj�+�%_~krW�>[�kh.wH-JW:&ve$~�f J~W+�℄�nX�fJ�}�.w~=�1e$~H-&uRuyd9h|~���~ 20 ;) 70 ℄r�~�kh%�n+�e\"fnX�fJ�}�.w~eW�℄�sa� r7b~>� 1) Blandford-Znajek �℄ (2P BZ �℄) �^sknX��i2
fJe
}�~krW��;Fkh%�A4r� [6] � 2) Blandford-Payne �℄ (2P BP �℄) �^sknX��i2
fJe
+�`%_~krW��;Fkh%�A4r� [7] � 3) Punsly-Coroniti �℄ (2P PC �℄) �^sknX� “i2” fJj}�WE����}h8 [8] � 4) Magnetic Coupling �℄ (2P MC �℄) �^sknX�-yfJ6}�&+�` (�) P0r�W� [9−12] �^�nX�fJP��IX�fJ6}�+�`a}uy15h|~���sa�{\~��>IX�fJx[~fkr<��b (MRI) Fg�+�`�1a�#5}<`_I#<��r�=��~Tg [13−15] �b[}�.w�	�Æ�X.tv�Xh~aU}�_�Æ 106 ∼ 109M⊙ �#�X!}�.w�	�}�RX~}�_�Æ 10M⊙ �!�u℄7J��f<vX�~}�.w~e$H- w=V~%��Yv%�kU�aU%���>}�+�`��|InnX�fJ�e$QauR��#}�_�<v#x[�f}�.w~e$X�v24 bn~G9 [16] �+�?�1�J$��fnX�fJe
}�krW�~�℄�� BZ�℄v MC�℄�
J$� BZ �℄v MC �℄WkK[ (�22P BZMC K[) 6kh%�a~���

2 BZ M℄4L
1969℄ Penrose [17] D4e\j}�WEe
krW�~A)�)A�NW�Æ Ein ~�}�"�-Q�}��|1�m9�}~g{�7sbkX9�����}5�Q�?5��?5Q�AWg{;4�}��sW�Æ Edown < 0 �!�?5,�y"�-�sW�Æ

Eout �W�E�|� Ein = Eout + Edown ��x[ Eout > Ein �Ej�#}�/Æ��LXX_�#x["�-a W�~\;�v\aAW�}*}�=�2�^ W�jkr}�a*e
\~�G^> PenrosekU� Penrose kU�:�jkr}�ae
W�~pWb�
 hn~�1
��u>ikU;<
 h|~kh%�
��Bardeen �� [18] MJWEa�}m�Q�?5~q8>�N�}~=�X�Z#|mydX~�!��TAHkh%�kUW7�}H-�ibn~=�X��
1977 ℄ Blandford v Znajek [6] e\� Penrose kUp�sk}�+�`.wa~nX�fJ~46�G�W��℄2P BZ kU�BZ kU�[>A�tM~e�=�1~7K~��~ Macdonald v Thorne [19] ��kh%�n+,?I-~�J� 3 �r0 +1 �20
~



� 3 r ��d�~�lsX���gf��t7li&�b��� 195�w/~GK BZ kU�6 BZ kUa�nX�fJ�+�`!~�$H-�;�E6�Ax�~+���}ha�6+�kUafJ*��}hq�}�BHD�;�+�`~fJskfsk��W��| 1 \:�

} 1 ���~��g�,�a [19]

Thorne�� [5]�GNl
dS~}�fE�1PÆ}�~N-	 (Membrane Paradigm)�s|	>�sL
�2~ 4 ���2r)Wa~}�k�> 3 ���r0ax�~�^N�Gf�N-	
6Nn!&)~~4u}��1���J�#|s%�|ER`�d9?�#b1}�kh%�a~ g�6}�~�N-	
a����� =��`FF (ZAMOs) �Æ�u`DF� ZAMOs Zw Kerr }���sj�~2r#��F2�� ZAMOs ~=X�>�
4 r v θ ~nN [5,19] �
(dφ/dt) = ω(r, θ) . (1)�#}�~����J��℄ 20 dτ &Kh20 dt ~^.Æ

(dτ/dt) = α. (2)6�N-	
a α =
√−g00 Æ��
}�^�Æ℄ 20 dτ &Kh20 dt ~r�
}\6����r0~)}��*�#| 1 \:~ 2 ��D A � A ~0H: ∂A 6+�`~Z{kD!�;|-�}���D A F!v+��v�ÆCgE6}�P!� A v ∂A =�#

ZAMOs XX��Z}�kr��)}��*|y
dΦA/dt = −

∫

∂A

αE · dl. (3)8 (3) a ΦA >bk�D A ~fs��fJ��E
q8� E + ν ×B = 0 �8 (3) pGQÆ
dΦA/dt = −

∫

∂A

ανB · dl . (4)8 (4) a ν >`a��}h=�# ZAMOs ~X��8 (4)  J�~%�
��bk�D A~fs� ΦA ~1�+
g#��}hPqf�:FU�F�t00H ∂A ~X+�8 (4) 
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j^.�uG;<
�f�:
*~��2�fs�E�%Mf�:<Wa	�+�`U�~fs7|GL&��}h��
j^.~f�:FyFU~"s�;*nbk}��6��vk�Pq82�}�fEa~�fJ
 2�b_�
1) L<b�6}�BHP�� |E ·B| << |B2 − E2| �
ip�Æ E ·B = 0 Q
���fJ>L<~�
2) �F�JÆ ��#fs�my��2� ∂A !�F�J ET ~�'�5Æ �
#�F�JÆ ��JY �F5� E = EP(G�24 T, P 59r7�Fv�F) �
3) �FfJ&�FfJ~�
b��#fJ~k�Pb ∇ · BT = 0 ��fJ~JU��� ∇ · B = 0, |y

∇ · BT = ∇ · BP = 0. (5)8 (5) 7J��FfJ BT v�FfJ BP p�59�"z"�~f�:7:�
4) f�:~Wrb����bvk�Pb<TMJ��Ff�:9�Wr�*�

BP · ∇ΩF = 0. (6)8 (6) 7J=X� ΩF xf�:<1�9:f�:~e�

+��b|���!5)�p�\f�:!�	=�# ZAMOs ~WrX�Æ
νF = α−1(ΩF − ω)m, (7)sa m Æx�F~ Killing 6��s0F&f�:!P	��}�kr~*g{={�snI�#E*g{![ R = |m| �!�0D��F�J7:Æ

EP = −ν × B = − (ΩF − ω)

2πα
∇ΦA, (8)sa ΦA Æsk�D A ~fs��

ΦA =

∫

A

B · dΣ . (9)�fJ~JU��� ΦA &�D A ~m9"^�u&jH�: ∂A ~![ ^�69���b�k�Pb�2;b~q82��J~�F5��8 (8) 7:�fJ~�Fv�F5�597:Æ
BT = − 2I

αR2c
m, (10)

BP = −m ×∇ΦA

2πR2
. (11)8 (10) a I Æsk�D A ~�$z��xw}�kr�Pk
F2sk�D A ÆL�

I = −
∫

A

αj · dΣ . (12)



� 3 r ��d�~�lsX���gf��t7li&�b��� 197�66m)�N&}�=<~�^fsa��| 2\:���~x2fsa~=X� ΩF &}�~BHD~=X� ΩH <=�� ΩF < ΩH �L>�#f�:&}�BHk6=X�Gx[}��fsa0-�N\�`�snIÆ
−(d∆LH/dt) = −(jH × n∆Ψ) · m =

ΩH − ΩF

4π
R2BH∆Ψ . (13)�#G�\�`~���}�;�skrW�skWr~fsaF�
�R-�}�~�}�: �

∆P = −ΩF (d∆LH/dt) =
ΩF (ΩH − ΩF)

4π
R2BH∆Ψ , (14)

∆P Æsk&}�BHD=<~�^fsa
�~U+�!Kfsa��&}�BH=��!���A�}~-X��}��=��
�Rq��}�)-X��}~=��~;�Æ
∆LA, : �

d∆LA/dt =

∫

αj × B · mdV = −d∆LH/dt. (15)�8 (14) 7:~U+G\&fsa~Wr=X� ΩF  �{^.�# ΩF "
g#-�}�~�}~
b��j-X��}~
b�n�:�}~
b7| ΩF << ΩH �
#
�~U+�I��j-X��}~
b�I��# Kerr }�~��J��7| ΩF ≈ ΩH ��8
(14) pO� ∆P ���I�
iq��}pW&aU}�mQPfOv�7| ΩF ≈ ΩH/2 Q
�:U+
�;my�nS [19] �

(∆P )max =
1

16π
(ΩH)

2
R2BH∆Ψ . (16);2�^.8� Ψtotal ≈ BHπr2

H,
〈

R2
〉

≈ r2
H

/

2 � ΩH =
a

2MrH
r�8 (16) �;�\ ~fsa~G\U+ ∆P �v�p| BZ kU~G\�U+Æ

P ≈ 1

128
a2
∗B

2
Hr2

H ≈
(

1045erg · s−1
)

a2
∗M

2
9 B2

4 . (17)8 (17) a M9 v B4 59>� 109M⊙ v 104 G Æt�~}�_�vBHD~fH�z��
a∗ ≡ J

/

M2 Æ"�I~}�~rBN��#�Xh�p�ÆsaU}�~_� M ≈ 109M⊙ � BH ≈ 104 G � a∗ ≡ a/M , :�8
(17) p|

P ≈ 1045a2
∗ erg · s−1 . (18)�8 (18) pO� BZ kU\e
~�U+&aU}�~~r>�{=^~�

BZ kU��~W�>sk Poynting W$
�\Æ~�
i
 �2#0D~�=� 1)nX�fJp��e$QauR� 2) �fe$15�}D
�<k6\�~�h}!�
 g�
ip�F�50y
}Jm Γ ≈ 300 ~=�1�$� 3) �fe$>�JJ
~�; J�sk�$<��br �#|�fW�~r kU+,^>0Mb~����F��6'~uXd1�L> GL�	�BZkU*e/�~F�Æ�X.t��Xhv	�Xh~e$�;�Æ>���6'~aU%�� [16,20−22] �



� 198 �������l���o�R�>������� 25 f

} 2 ��g
;_R�lsgE�P?�hF`S	`hub�hubV�F�hu�6:� Ψ x Ψ + ∆Ψ(���8 [19])

3 BZMC M℄4LU℄~�LnFp
y}�&+�`P0~f
ykU (�22P MC kU) ~h|b [9−12] � MC kUp�k�>!�f^8~ BZ kU� MC kUsk-yf�:�Akr}�&+�`��#ur}��fJ�W�v=���}�r�y+�`�#�#:r}��fJ�W�v=���+�`r�y}��
Wang �� [12,23] e\�f BZ v MC �℄WkK[ (�22P BZMC K[) �sfJ�^�| 3 \:�

} 3 BZMC XlL\��GgK�_6| 3 aBHD!~5H= θM ;fs5Æ�?5�sa 0 < θ < θM Æ BZ kU\��~ifs�(� θM < θ < π/2 Æ MC kU\��~-yfs�(� rin v rout 59>`!f



� 3 r ��d�~�lsX���gf��t7li&�b��� 199�
y�~U�0H� BZMC K[~fJ�^:
6�2.)~�`!�
1) }�+�`.wa#�N��~k�P~f�Pa� BZ v MC kUh?�#}�fE�1�6}�v+�`���>"���
2) +�`>�`~v
 �x�b�|f�:>�E6`!~�+�`>io�$`�|�#}�Z{D!�
3) }�BHD~fJ>��~�`!~fJZ`~[F
4�A+1�� BD ∝ r−n �
4) �A}�~fs��>�49�+�`���A}�v`~f�:�4#�A}�&z-kh%�A4~f�:�sa� 4 q.)>:
6�2<4�`!~�
(1) }�BHD~fJ�+�`~�F�$H-�;�+�`~fs�W�
(2) +�`,kh%�A4�}�TU�
Wang �� [12] sk�Nw�~�J�'K[�x BZ v MC kU~U+v�`~7m8�.� BZ kUa~z-kh%�A4v MC kUa~`A4w���l ZL v=X� ΩL~GQ��#�q=�~fDYQ�Nfsa�=Nfsa�p�k��N�J~}�'�\�| 3 a~�FfJ�^p��| 4 \:~�J�'~GK�

} 4 �x�HR BZ w MC lV��K�(�| 4 \:�6� i N�'a (�2.ÆQ�~24 “i”) �:� PS(��#fs� Ψ) v:� QR(��#fs� Ψ + ∆Ψ) r7�N=�~fD�:� PQ v RS 59r7!K�N=�fDP0~}�BHDvA4��}�kr\x[~��=Æ ∆εH = (∆Ψ/2π)ΩH ��A4kr\x[~��=Æ ∆εL = − (∆Ψ/2π) ΩL ��#fs�~0F�#}�BHDvA4>=+~�
i6 ∆εL 7m8a\6~As�| 4 a ∆ZH v ∆ZL ��#}�BHD&A4~���Sa!K�J�'|y�2^.8�
I =

∆εH + ∆εL

∆ZH + ∆ZL
= (∆Ψ/2π)

ΩH − ΩF

∆ZH
, (19)sa ∆εH + ∆εL =

∫ Q

P

αE · dl +

∫ S

R

α(E + νL × B) · dl = I(∆ZH + ∆ZL) �8 (19) 7:~}�'�$x P → Q 0F$��=v#6}�BHDxV:0F�J��F���0F$��Gyx[}�BHDFy&}�r�0F=+~�d�`~���
∆T = ̟BHI∆l = (∆Ψ/2π)

2
(ΩH − ΩF)/∆ZH . (20)



� 200 �������l���o�R�>������� 25 f��~U+G\Æ
∆P = ΩF∆T = (∆Ψ/2π)

2
ΩF (ΩH − ΩF)/∆ZH . (21)�8 (20) v (21) �5:p�|y BZ kUv MC kU~�`vU+~7m8�

PBZ/P0 = 2a2
∗

∫ θM

0

k (1 − k) sin3 θdθ

2 − (1 − q) sin2 θ
, (22)

TBZ/T0 = 4a∗ (1 + q)

∫ θM

0

(1 − k) sin3 θdθ

2 − (1 − q) sin2 θ
, (23)

PMC/P0 = 2a2
∗

∫ π/2

θM

β (1 − β) sin3 θdθ

2 − (1 − q) sin2 θ
, (24)

TMC/T0 = 4a∗ (1 + q)

∫ π/2

θM

(1 − β) sin3 θdθ

2 − (1 − q) sin2 θ
. (25)sa�BN k v β 59>i�-f�:=X�&}�BHD=X�P,�P0 v T0 59��Æ

{

P0 =
〈

B2
H

〉

M2 ≈ B2
4M2

8 × 6.59 × 1044erg · s−1

T0 =
〈

B2
H

〉

M3 ≈ B2
4M3

8 × 3.26 × 1047g · cm2 · s−2
. (26)6 BZMC K[a�}��j�2r�%_~��J��H- PoyntingW$v=��$uy4L^7~���Sa�7 [19] �=�# ZAMOs ~�f=��s� SP
L vW�s� SP

E 597:Æ
SP

L = (I/2πα)BP , (27)

SP
E = Ω

FSP
L . (28)Ey8 (19) pO�v ΩH −ΩF > 0 ��}�BHD=X�n#f�:=X�2� I > 0 � SP

Lv SP
E ~0F&�FfJ BP ~0F=v�6| 3 \:~fJ�^a SP

L v SP
E ~0F�i}��UFA4 (m+�`) ��#:r}��6 MC kUapW\6 ΩH −ΩD < 0 �:x[

SP
L v SP

E �+�`UF}��Ey8 (19) ��k\� SP
L v SP

E ~0FP& ΩH −ΩF ~<s ^�#& BP 0F"^ [23] �
Wang �� [23] Q�>MJ�| 3 a}�BHDi�-f�:~5H= θM 
g#}�~r a∗ vfJZ+�`![1�~A*UN n �Y v a∗ v n n#PN�HS�
\6

θM > 0 ��\6 BZ �℄ MC �℄Wk~~x�
4 BZMC M℄8LYnj'�
���
4.1 �(�VM$^%�EV����4bD

Wilms �� [24] � XMM-Newton k��X� Seyfert 1 X. MCG–6-30-15 ~`DNaQa�a��℄>�ab1� 6 keV CU~ Fe Kα :�^Æ~+&�jp�6m)X(+Cv
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MCG–6-30-15 ~,~+C�A*p~eL��%66 3∼7 keV \6\"�GN\" pW>��v~r:Æm�uG;n~v�<pW<"z`~+&�\�6ZyGN\"2�r:��+&�jp~=�1=v�m)6U�sa �NGK+&s�[F5=~B� β ��%&+UN�Wilms ��.�+&s�~[F5=Æ r−β ���QaNaZy�Ej%6||yq~Zy� β ~
S|��J�6 4.3 ∼ 5 P0��D4u`K[�`~_?:&s�6/ 1.6rgamy7S���Z![l9Q5����# r−3 ��j.�+&z�~nIL,#`~:&s��S;4u`K[H-~ β -�#Zy~|��p6J%&+UNTJ:&s�4L�a#`U��76Æ�J~%&+UN�i��6}�RX XTE J1650–500v GX 339–4a}`Dy4L�~%&+UN [25,26] ��# MC kUsknX�fJ;}�~W�v=��r�y+�`U��sk
C}�~rvfJZ`![1�~A*UNp�ZyGLkh~J%&+UN�#4u+�`~%&+UNnn�#`D|� [27−29] �ZyEj�| 5 \:�

} 5 �&',VO[ lg(r/M) �2��;Æ��s8� XMM-Newton o��Z}℄� Seyfert 1 Z0 MCG-6-30-15 �'(-WP��T.
�CP*\�
ξout = 2.5; n = 6, 7, 8 6:!�%
<�g<x
g<
6q� SAD ��<!�%6vb�'(-WP

4.2 %� X �PEV��; QPO ^:3�Q!W
Rossi X-Ray Timing Explorer �|~�{. X &:+~n�`DNa�n�����}�RX~`Dvu℄ [30,31] �k�n+%6 #N}�RX~JiujqHw (QPO) ~i+T6\#�y�~KN, 3:2 �sa"z GRO J1655-40 (450 Hz, 300 Hz), GRS 1915+105

(168 Hz, 113 Hz ), XTE J1550-564 (276 Hz, 184 Hz) v H1743-322 (240 Hz, 160 Hz) � 
~>�6�{.aU~b[}� SgrA*a}`Dy QPO~KN, 3:2 (1.445 mHz, 0.886 mHz)�<ki+>p|y�!~ [32,33] �k�n+e\QfK[~F�G�6H�sa� r7b~>WHK[ [34] �WHK[:
6e�=�1~w/a���+�%_~io�g{i+&jri+P0~WHF�}�RXJi QPO ~KN, 3:2 �}�RX76\�s�3~p`� Belloni [35] U\�GLf�*"~p`nhp�5Æ������`
v��`
�̀ D7J�}�RX~e$�>\66��`
a��U�Fender�� [36] 6 X &:~�� — z�| (HID) GQ}�RX~p`�|y�N15 
~%6�}�RX~��`
v��`
�>* HID a~e$:5i�
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van der Klis [37] U\�}�RX~ kHz QPO �pWu+#+�`U�%_~io�2��In#4k�PfJ�^~ BZMC K[p�Zy}�RX~ kHz QPO [38] �Q�>m)4k�PfJ~3k<��b (kink instability) [39] p�F�}�RX QPO ~ 3:2 i+,&=�1e$~QN [40,41] �G> BZMC K[,WHK[�0~�0�IO�k�n+��_�nNp���RXa~}�_�~
S-���#}�RX~Ji QPOi+>sk`%_~io�i+Zy|y~�6�O}�_�
S-�~q82�sk BZMC K[Zy}�RX~Ji QPO ~KN, 3:2 p���GL X &:RXa~}�~~r-� [41] �

4.3 �g6Æ�81�A�[*^�UV�S
BZMC K[!�0D~��>F��6'~W��24��M'& Ib/c [NSX~QN�nX�fJe
}�.w~krW�� Poynting W$~^8
�\Æ~4�W��;|
 �J~50y
}�
id9?yF��6'� BZMC K[6F��6'0D
 �2#N0D~d	�
1) BZ �℄& MC �℄~Wk
g#}�~r a∗ &fJZ+�`![1�~A*UN

n �Zw}�krW�~e
� a∗ 5Iy�HS�2�| 3a~ θM ;5Iy 0 ��}�BHD��#if�:~!i=;^-�G
�w���6'~ BZ kUeX��#R�~}�~r[S�a∗ (0) = 0.9��6'~W�v24
g#}�BHD~fJz� BH vBN n [42] �
2) sk MC kUr�y+�`U�~�?5W�p���NSX�j#~�F��M'& Ib/c [NSX~QN [42−44] �
3)�� BZMCK[anX�fJ~3k<��bp�F��6'd1�:apI�!~8�dI [44] �

5 �
��2u℄nX�fJe
}�.w~W��℄�#�F<vX�}�.w~e$H-&:&dI
 h|
��2D2tJ$!��fnX�fJ~eW�℄�� BP �℄v PC �℄�
BP �℄.)nX�fJ�E6�Ax�~+�`!�;Z`�io�kr�MD6krf�:!~`Ba~q��};Fy�U�vaU}�~������jf�:&+�`~*=I# 60◦ �xf�:{:0F~�U�^
n#��~{F5�#x[q��}�U
\�^Q�U��~��}h8�6-�`Da��#nX�fJ~�F5�0~0n���^QeR#`D~��0F=+~uRe$ [7] �& BZ �℄<v� BP �℄���}h8~^8e
+�%_~W�v=����#+�`D�,}�BHDn|"�sL�Æ6F��XhvÆ�X.t0D BP �℄, BZ �℄TÆh| [45,46] �� Punsly v Coroniti e\~ PC �℄=v#� BP �℄|=yJ#+�`v}�BHDP0~+�� ( �?5+��&}�~WEhy)[8] �Fy Kerr }�z���#kr~+��~nX�fJ;nn;-��}h8~U+�& BZ �℄<v�PC�℄Y�x[+�%_Q�WEa~AWg{�u>^>&kr}�~
y>0A~� ��=W�F�JWkh~e$H-&:&dIf|"fW��℄��U Meier [47] e



� 3 r ��d�~�lsX���gf��t7li&�b��� 203�\2��5<vW��℄~4u� BP �℄?�#}�.w~�X (/ 0.1c) �$�}�WEa~ PC �℄p�F��Xhv	�Xha��#50y
}Æ 3 ∼ 10 ~e$��# BZ �℄e
}�~krW�� Poynting s�~^8
G�/C��h}!�
~ g�6��J50y
} (Γ > 50) ~e$K[F��6'0D BZ �℄
 s℄nX�fJeW�℄<p,Z~�=�6nX�fJeW�℄a�fJz�~nI"�>4Lh|~�u>Qy"�6y^#D�}�+�`fJ~&{��#}�BHDfJz�<���6 BZMC K[afJ>�Æ�NB���~�6Zy<v~JWkh2��fJz�~nI �Nn[~['�	�6�Xh~x��|�fJmy/ 104G �#6}�RX�	�Xh~x�fJz�~!9['/Æ 109G [40] �6Zy�6'~W�v242�:|�}�BHD~fJmy 1015G [21,42,44] �#�\$~>��U Donati �� [48] &{� ^)�X+�`�U�fJ~RAD���#}�BHD~fJ<pWJ5�n#+�`U�~fJ [19,46] ��jWZRAD�}�+�`U�~fJ�^p�['}�BHD~fJz�~�!�G�#GQ}�fE�1�k�`D~Zy>4Lh|~�Y�}�fE�16Zyk�`D0D
|�M�~Q=�u>�G��1+,~�F
< 6k�n+a
|W5� 30 "℄~ Z~J�<��\6�<v~�1$_�	��
Punsly [49] 6}�+�`j�k6nfK ifJq82�;��}h~+�kU&kr}�~��J�Eyu~�e\�f}�fE�15N —— }���$hfn (Black Hole Grav-

itohydromagnetics 2P GHM) � Punsly e\~�1q>� BZ �1~�L<� (	�
jbyT) �d9ph5)��}hQ�}�WE~AW�t`��kr}��j�2r~��J��Æ}�fE�1~%=�\�V7�Zwk�`D%J~r?%=�E\<�~S6HvS`DEj;<����1K[e\S~pB��<v�[~fJeW�℄&Qf+�K8~x#y��Eyu~~0)�pW>F�k�`D6H~ J~[�
T �+�|yh+~�nn�MCQzn (10573006)��.JN�
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Electromagnetic Extraction of Rotational Energy from

a Black Hole and its Application to Astrophysics

WANG Ding-xiong

(Department of Physics, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: The mechanisms of extracting rotational energy from black hole (BH) systems by

virtue of the large-scale magnetic fields are reviewed, focusing on the model of the coexistence of

the Blandford-Znajek (BZ) mechanism and the magnetic coupling (MC) mechanism (henceforth

the BZMC Model). The BZ mechanism corresponds to the ‘open’ field lines connecting the BH

horizon with remote astrophysical loads, and the energy and angular momentum are extracted

magnetically from the BH and transported to the astrophysical loads via Poynting flux. The MC

process corresponds to the ‘closed’ field lines connecting the BH with its surrounding accretion

disk, which can be regarded as a variant of the BZ process. In the MC process the energy and

angular momentum are transferred magnetically between the BH and its surrounding accretion

disk. The expressions for the power and torque of these two energy mechanisms can be derived

in a unified way by using an improved equivalent circuit based on the original work given by

MacDonald and Thorne in 1982. It turns out that the coexistence of the BZ and MC mechanisms

can be realized based on some reasonable assumptions, and this coexistence always accompanies

the screw instability (kink instability) of the large-scale magnetic fields, provided that the BH

spin and the power-law index for the variation of the magnetic field on the disk are greater

than some critical values. The application of the BZMC model to high-energy astrophysics is

reviewed in the following aspects: 1) the fitting for the very steep emissivity of XMM-Newton

observation of the nearby bright Seyfert 1 galaxy MCG-6-30-15 and for those obtained in the BH

X-ray binaries, XTE J1655-500 and GX 339-4; 2) the interpretation for the correlation of the

kHz quasi-periodic oscillations (kHz QPO) in some BH binaries with the jets from these X-ray

sources; 3) the energy and time scale of the long-duration gamma-ray bursts and their association

with Type Ib/c supernovae. Finally, the other two energy mechanisms of the large-scale magnetic

fields, the BP mechanism and the PC mechanism are outlined briefly.

Key words: astrophysics; black holes; review; accretion disks; magnetic fields; energy extraction;

jet Production; high-energy radiation


