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Introduction
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Massの最大33%

  

Black hole 磁気圏
磁場を用いてBHの回転エネルギーを取り出す

unipolar generator
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BH時空でのエネルギー引き抜き



保存則とenergy gain
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エネルギーがBHから引き抜かれる条件



エネルギー条件とエネルギー引き抜き
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null energy condition
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エネルギー引き抜きがある場合は

) �J < 0

回転エネルギーが取り出される

` D ⇠.t/ C ˝H ⇠.�/

0 > �EH � ˝H�J

angular velocity of horizon
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第１法則：

第２法則：

�M D 

2⇡

�AH

4⇡
C ˝H �J

TH �S



AH

：表面重力
：horizon面積

�AH � 0 (under weak energy condition)

BHのparameterの変化に対して

�M � ˝H �J

�M < 0 �J < 0ならば 回転エネルギーが取り出される
最大全質量エネルギーの 33%



Penrose process
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エルゴ領域内では正となりうる
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Superradiance
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�J

�M
D m

!

波をBHに落とす
m
!

: azimuthal number
: angular frequency

エネルギー引き抜きの条件

�M < 0

�AH � 0

第１法則
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superradianceの条件



Superradiance



Kerr時空における波
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波の振る舞い
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保存則：Wronskian一定

波のエネルギー ⇠ jRj2 !

! � m˝H < 0 jRj2 > 1 波の振幅が増幅される
superradiance
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! � m˝H > 0 ! � m˝H < 0

! � m˝H < 0 正負両方のエネルギー領域で運動が可能

level crossingsuperradianceの条件
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波によるエネルギー引き抜き
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˚ D ˚0.r; ✓/e�i!tCim�

! � m˝H < 0 �EH < 0

エネルギー引き抜きの条件成立

horizon

H

�EH

Energy flux on horizon

�EH D ˚2
0 ! .! � m˝H/
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Superradianceが起きる



BH磁気圏とBZ process



Force-free approximation
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Kerr時空での電磁場とプラズマ

電磁場が支配的なら

rŒaFbcç D 0

rbF ab D 4⇡j a

rb

⇣
T ab

(EM) C T ab
(plasma)

⌘
D 0

rbT ab
(EM) D �F abjb

rbT ab
(EM) ⇡ 0 F abjb ⇡ 0

電磁場の配位は次の方程式で決まる

rŒaFbcç D 0 FabrcF bc D 0 rbF ab ¤ 0

force-free solution

force-free region

acceleration region
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Force-free 磁気圏の構造

Force-free Grad-Shafranov equation

定常軸対称
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Blandford-Znajek Process
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磁場を用いたBH回転エネルギー引き抜きのメカニズム

BC at horizon (Znajek condition)

Energy flux across horizon
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�EH / ˝F.˝F � ˝H/

˝F > ˝H エネルギー引き抜きなし ˝F < ˝H エネルギー引き抜きあり

PBZ ⇡ 1045 erg=s
⇣ a

M

⌘2
✓

B0

104 G

◆2 ✓
M

109 Mˇ

◆2
BZ power

BZ efficiency

⌘BZ D PBZ

PM
PM : accretion rate 

field lines field lines
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! > m˝H ! D m˝H ! < m˝H

˝WF ⌘ !

m

angular velocity of wave front

condition of superradiance
˝WF < ˝H

˝F < ˝HBZ

Is BZ process superradiance?

wave front
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m
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Wave front of ˚ / e�i.!�m˝H/reim�



Penrose process, superradiance and BZ
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Penrose process superradiance BZ

�EH < 0 �EH < 0 �EH < 0

条件
�
u⇤ � ⇠.t/

�ˇ̌
H > 0 0 < ˝F < ˝H

落ちているもの ‘負’のエネルギー粒子 ‘負’のエネルギー波 負のPoyinting flux

エネルギー引き抜き

出ていくもの エネルギーが
増えた粒子 振幅が増えた波 ？

磁気圏の大域的構造を知
らないとわからない？

˝WF < ˝H

inner light surface
outer light surface

field lineforce-free磁気圏の大域的構造



Superradianceの粒子極限
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Penrose processとしてのsuperradiance
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T e�i.!�m˝H/r⇤

jRj2 C ! � m˝Hp
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保存則：Wronskian一定 KG current 保存

粒子数（charge) 保存に対応

N .0/ D 1

N .1/ D jRj2N .2/ D ! � m˝Hp
!2 � �2
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Penrose processとしてのsuperradiance
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N .0/ D 1

N .1/ D jRj2N .2/ D ! � m˝Hp
!2 � �2

j T j2

粒子数保存 N .0/ D N .1/ C N .2/

エネルギー保存 E.0/ D E.1/ C E.2/

!N .0/ !N .1/ !N .2/

角運動量保存 L.0/ D L.1/ C L.2/

m N .0/ m N .1/ m N .2/

N2 < 0 .! � m˝H < 0/

ならば

E.1/ > E.0/

L.1/ > L.0/
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N .2/ D ! � m˝Hp
!2 � �2

j T j2 < 0 なら

E.1/ > E.0/

E.0/ D E.1/ C E.2/

Superradianceによって‘粒子’は太る
S,M, Wag/i and N. Dadhich, The energetics of black holes in electromagnetic fields by the Penrose process 141

third law of black hole thermodynamics [9]. (For details about the Kerr geometry, see appendix.)
Thorne [10]considered this question afresh and showed that photon capture by an accretinghole would
become important in the late stages of spin-up. This is because the hole’s capture cross-section becomes
larger for photons of angular momentum opposite to that of the hole than that for photons of positive
angular momentum as one approaches the extreme Kerr limit aIM —~ 1. Thorne [10]reported a limiting
value a aIM 0.9982; this “canonical” value being less than unity as demanded by the third law of
black hole thermodynamics. An upshot of all this is that the Kerr spacetime is more appropriate to
describe an accreting black hole than a Schwarzschild spacetime.

1.1. The original Penrose process

Many novel features of the Kerr geometry result from the fact that the asymptotically timelike
Killing vector, k = aloL is spacelike between the horizon and the static surface, = 0, the ergoregion
[11].That the specific energy or total energy per unit rest mass of a test particle, E = — Q~~, where 1j is
the four-velocity of the particle as seen by the asymptotic observer, can become negative is one such
novel feature. Penrose [12]suggested that by virtue ofthe existence of such negative energy orbits, it is
in principle possible to extract (decrease) rotational energy of a Kerr black hole.
To see this, perform the following thought experiment. Bring a test particle from infinity in the

ergoregion. Have it split into two particles. Let one of them follow a negative energy orbit and the
other an outgoing orbit. The negative energy particle, following necessarily a retrograde orbit, is
swallowed by the hole and decreases the rotational energy of the hole. The asymptotic observer then
infers that the process has extracted rotational energy from the black hole since he observes that the
escaping particle, by conservation of energy, has total energy greater than that of the original particle.
(For an interesting cartoon illustrating this process, see fig. 1, [13].)It is, however, clear that any local
observer will observe the split as a “normal” disintegration in which particles naturally possess positive
total energies.

AFTER_... ~~BEFORE

~ LIMIT

BLACK HOLE\ ‘k

Fig. 1, A cartoon illustrating the Penrose process of energy extraction from rotating black holes. (From Vishveshwara [131.)by Vishveshwara

13年12月16日月曜日

３つの粒子は同じ保存量を持つ軌道を運動する
!; m; Q

振幅増大 エネルギー増大 粒子数増大

BH

E.0/ D !N .0/

E.1/ D !N .1/

E.2/ D !N .2/

粒子を用いたsuperradianceの表現



5 10 15 20
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

r

V

BH Bomb

27

5 10 15 20

-2

0

2

4

r

V
±

massive fieldの束縛状態
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BH bombの粒子描像
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mirror

BH

③

①

②

１回散乱されるごとに粒子数は　　倍jRj2

１回： N1 D N0 jRj2 D N0

�
1 � .1 � jRj2/

�
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�
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�
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2L
　領域のサイズL W

Nt ⇡ N0 exp

✓
�1 � jRj2

2L
t

◆

j˚ j2 / e2!I t j˚ j2 / Nt であるから不安定性のgrowth rateは

!I D �1 � jRj2
4L

jRj > 1 !I > 0なら （不安定）



まとめ
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● BH時空でのエネルギー引き抜き

● Superradiance

● BZ process

● Superradianceの粒子極限

負のエネルギーをBHに落とす �EH < 0

˝WF ⌘ !

m
< ˝H

˝F < ˝H

Penrose processとして理解できる
粒子を用いたsuperradianceの計算

同じ構造 ˝⇤ < ˝H


