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Elack holes are (Pure) genera|~re|ativistic objects
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the Carter-Penrose d
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Kerf Hécl«-hole solution



Kerr black-hole solution: the Carter-Penrose cliagram
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Kerr black-hole solution: the Carter-Penrose diagram
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Kerr black-hole solution: the Carter-Penrose cliagram
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Stretched horizon or membrane |




Stretched horizon or membrane |
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The whole

/

of space-time

/

rotates. including the horizon

/

It 1s lmlgossible to change the
rotation of external space~time

without changing the black-hole

VPP SIS s DSV ) £ 5 “ . L PRSI ROE, G LS VORI U S LA YV PU ISR S U LU VPRI T T OR TEEEE UE L T T T i e S YT e










Outer event horizon

r+=m+\/m§—a.§

Inner event horizon

r— =m—Vm§—ag

Outer ergosurface

1'E=m+\/m2—a2 cos® 0

Inner ergosurface

rg =m — vVm? —a? cos? 6

Ring singularity Ergoregion

2 +y?=a?2andz2=0

Symmetry axis § =0, 7




Outer event horizon

r+=m+\/m

Outer ergosurface
rh =m+ vVm2 — a2 cos2 0

Symmetry axis § =0, 7
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Outer event horizon

7‘+ =m——vm  —a~

Outer ergosurface &

- ) R 37
rp =m+ vVm* —a“ cos“ 0
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Ergoregioﬁ
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£

Symmetry axis € = 0,
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- Penrose process

ﬁl :ﬁ2+ﬁ* —

Fy = Ey + AEy
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- Penrose process

E1 — EQ-I—AEH
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Penrose
ﬁl — ﬁ2+ﬁ* ——-
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rOCess

E1 — EQ“’AEH




- Penrose process
p1 =p2tps =———Pp'F = Fr+AFEy

- timelike (at @) stationarity Ki”ing vector

.52 > E__,l it and onlg it AEy <0
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ﬁ - timelike (at ©) stationaritg Ki”ing 4-—vector
g . spacelike axisgmmetrg Ki”ing 4--vector
There are no stationary (U ~1n) observers

in the ergoregjon (-’ > 0) but there are

observers rotating with space’time:

L ANMNO) - Zero Angular~l\/\omentum Observers
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J o energy moment tensor

T, 0" .€”|H > (). - null energy condition

e Energy conservation

N I o Noether current (« energy
P = —=1"n

momentum clensitg vector »)

VH PH =0 @so ]39 Stoke’s theorem: % e(ﬁ) = 0.
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Eo + AFEext — Eh1 = —AFEg
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‘ Energy « gain »: AFE = FEos + AFE+ — Fq

can be positive, it and on|9 if AEg <0
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We refer to any such process as a Penrose process,

| y "

To,000" =T1,,(n" +wgé” )t = =P, 0" +wyg M, 0" |

_/AH P, F AV +wy /A% M, #dV >0 -‘wHAJH § AEHHA.]H < O{
For a matter distribution or a nongravitational ;'elcl

obeging the null energy condition, a necessary and
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suthficient condition for energy extraction from a
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rotating black hole is that it absorbs negative

energy AEn and negative ang ulafﬂiomeﬂtu_m AJh .
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Penrose process in terms O]C the Noc—:ther clirrent

AEy < 0 implies | P,¢" > 0|

-

but since £ is a future-directed null vector

this is Possible it, and only i P is either
(1) sl:)acel'ke or
() or Past—-cllrectec] tlmelme or Past—-chrecte& null

A necessary condition for a Penrose process
to occur is to have the Noether current P be

on some part of AH.

spacelike or past directed (timelike or null)
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Mechanical Penrose process




—29) (2! =21 5(:1: 22) (x> —23),

+00
Pa(M) =m / Sa(r) (M) 1= 95" (M, A()u ()17 (M)

X ga“ (M, A(T))uy(T) dr.

Ey = —my (quuf)|,, = —mimuul, AEg = —m, (nuu) A,y = —Mamuul
AFEgp < 0, if and only if n,uk > 0

P,



L_2hé(z?—22)6(2* 23

X ga“ (M, A(T))uy(T) dr.

Ey = —my (mﬂlf‘)lA1 = —myuui,AEg = —m, (Muul)| 4, = —ma il
AFEgp < 0, if and only if n,uk > 0

P,



L_2hé(z?—22)6(2* 23

X ga“ (M, A(T))uy(T) dr.

Ey = —my (mﬂlf‘)lA1 = —myuui,AEg = —m, (Muul)| 4, = —ma il
AFEgp < 0, if and only if n,uk > 0

P,
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This is the most general condition on 1
electromagnetic field configuration
i

allowing black-hole energy extraction
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form A such that F=dA one can choose A so that
b = (A, 1) = A, U= (A€ =A,.

N e . T e

» Stationary and axisymmetric electromagnetic field

LzF =0 and Eg—»F =

therefore

F(.,n7)=d®
F(.,§)=dy

"F(n,§) =1,
®, ¥ and I are gauge~invariant. lntroclucinga I~
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and E=d(®+wpV¥) isa pure 5raclient. :




 Force free case leandgorcLZ_najek)

F(3,.)=0

| = |
1 7 - electric 4-current. From stationarity 3
|
% — — — — :
7-Vd =0 and 7-VWV¥ =0

|

s0 there exists a function (W) such that

dd = —w(V)d W




Dl gets

—
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so VU s tangent to A

f
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Dl gets

—

1T (73, £) = w(V) (w(V) —wy) VI - V.
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so VU s tangent to A
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For a stationary and axisymmetric force-free
electromagnetic field, a necessary condition
for the Penrose process to occur is

0 <w(¥) <wy insome part of AH.
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MAD (magnetica”g chocked) flows
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MAD (magnetica”g chocked) flows

|




. wHFWE g~ E EH
_ E2 E,E" ?

—_
Ot

&_\
=
w
=
=
N
=
-
=
R=
-
=
s
E
=




Noether current N GRMHD
MHD: i —

Magnet:c ﬁelcl vector pH -— 1g“”@f’zu,,F 3

2

b, ut = 0.
Hence the energy- ~-momentum tensor H ’

?
(
| (EM) _ 1.5

i TLLI/ b ZL[L/ILI/ _l_ 2b J’U,I/ - bILLbI/
?

f

Noether current P‘SEI\"’I) T oM

LV

1
L EM '
P ('LEM)P W =P (QEM) — Zb49tt
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Noether current N GRMHD
MHD: i —

Magnet:c ﬁelcl vector pH -— 1g“”@f’zu,,F 3

2

{

Z

}“l byu" =0,
llerce the energy-momentum tensor i

|
(
| (EM) _ 1.5

i T,UJ/ b U, Uy -+ 2b Juv — b’ub,/
%

f

Noether current P‘SEI\"’I) T oM

LV

;
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P(%M)P(EM) P(El\f‘[) = Zb4gtt >0 in the ergosl:)here s
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e Noether current: MAD®

2
. 1..
T#l/ — T(NIA) + T(ENI) pz — (_bz T p) gitt — A
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Conclusions

-+ The BlandgorcLZnajek mechanism is rigorously a

FPenrose Process.

-« GRMHD simulations of Magnetica“g Arrested

Piscs correctly (from the Point of view of General
Relativitg) describe extraction of black-hole

rotational energy through a Penrose process.




