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Blandford, Znajek (1977)
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Transport of electromagnetic energy and  Unit I:C =1
system
angular momentum Y i, =1

 General relativistic equations of conservation laws:

w _
VuTK =0 (energy and momentum)
Electromagnetic energy-momentum tensor
4-current

 Maxwell equations: Field strength tensor _
density

\
V *F" =0 V W — _jv&
g ¥~ dual tensor of Fuv H

* Force—free condition: F,J" =0

Kerr Metric: ds* = g, dx"dx’ (%0555, ) = (2,7,60,0)
oo = _h(?; i = hiz; 8oi :_hizu)i (1=1,2,3); 8ij = 0 @#))
Lapse function: a:\/h§+2(hl.a)l.)2 Shiftvector: B =hw, /o
i B=(B.B..5,)

(gravitational time delay) (velocity of dragged frame)



Several coordinates around rotating black hole
<] s

 Boyer-Lindquist coordinates, Kerr-Schild coordinates I Kerr BH
= coordinates of global frame

2 u 1%
ds” =g, dx"dx cBy ZAMO

- (primary) LNRF, (spatially oblique in general) frame
= vector and tensor

ds* =—di* +) g,dx'd¥’ ¢ BEEHIHM

l
- LNRF with tetrad (spatially orthogonal) = vector and tensor

A 2
ds® = —dt* + z(djé’) (Similar to that of Minkowski metric)
i < BERRBIEE(ZHR
(MEEHNERMIZFHE
TED)
- Co-moving frame =>scalar variables



Transport of energy and angular momentum

Killing vector for Kerr space-time €': ¥ =(-1,0,0,0) 1" =(0,0,0,1)

conservation of energy and angular momentum:

o~ = OC)(VTOV _ a(é_l_w«piq)) — e;M l‘P — _aanOV = l%M
Si _ aZvTiv — S;«:M Mi _ —OCT]VTW — M;:M
= ¢ ( |
[ ai =-V-S ] (energy conservation) [ ai =—-V-M ] rr?:ril;r?{um
ot ot conservation )

(electromagnetic

B R (electromagnetic o p (fxh I )
2 density)
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(electromagnetic energy flux
density)

(electromagnetic
angular momentum
flux density)



When we can write E=-v,, xB
(Vi=Vp +Vp, v, LB, v, //B),

In general, we have
electromagnetic energy-at-infinity:

r VaN VaN
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electromagnetic energy flux density:
@EM:az(l:?—,BxlA%)x(lA%+ﬁxE) A

= e (5 B %12 ) 85, + B)-2(5 B)B




Energy flux in the case of Force-

free (Blandford-Znajek mechanism)
Maxwell Equations and force-free

conditionyield i
E=-v, XB, VF=E"’(9F—

(Znajek condition)

(e @)
At T — Iy Vg = Near the horion, v, always

directs toward the horizon.

QF < Qn magnetic QF > Qn

{eld Iine7
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Causal extraction of black hole energy in Blandford-
/najek mechanism : electromagnetic negative energy

Near the horizon:
£ ol B
Q. —-Q.

B=\(B°Y +(B,) = B’ = ‘ Q. -Q,) B,

e, :(x[ (1+vm)+ﬁ¢vFl}l§2 =

0< Q. <€, Inthiscase, electromagnetic energy is radiated. This is well-
know condition where Blandford-Znajek mechanism works.
Furthermore, we found eey <0

i.e. energy is negative. This means even in the Blandford-Znajek
mechanism, (electromagnetic) negative energy is utilized for the energy
extraction of black hole.
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ds” = g, dx"dx" (Boyer-LindquistP24Z, Kerr-ShildEE1E)
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Constants along magnetic surface in stationary, axis-
symmetric MHD case on Kerr-Schild coordinates

(¢,5,%¥,0) coordinates:
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