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(Relativistic jets in Active Galactic Nuclei
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Common source ofF energy ?
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- Controversy: '
'f

® s the BH surface an analogue of a ';araclag

k disc (causalitg) |
f o isthe E)landgord~7_naje|< mechanism efficient
| (rotation of black-hole or disc) 7 §
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Recent (2011-2013) GRMHD simulations clearlg

showecl BH rotational energy extraction in a

Par’tlcular (MAD) magnetlc field conﬁguratlon
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- Penrose process
Ei=FEs+AFEg
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4 ﬁ - timelike (at © ) stationarity Ki”ing vector

g = 5Paceli|<e axisymmetry Ki”ing vector
| . _n-£
N =g <ﬁ+w£) ZAMO, W = Fé

{ Energy measured bg /. AMQOs aMags non~negative:

i

| (ﬁ‘+ wé’) 5. = (AEy —wiAJy) > 0

':
}

' Hence for AEy <0  wyAJy < AEy
{ :
l Since wyg > 0

wg # 0 and AJy < 0.
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j s energy moment tensor

'Tp,z/(?'u (U |,H > O = ﬂU” energg COﬂClitiOl"l

e Energy conservation

N . + Noether current (« energy
P = -1 W7

momentum clensitg vector »)

V'UP“ — () bg Stoke’s theorem 7{ e(f’) — 0.
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Eﬂet‘gg « gain »: AFE = EQ + AEext, — El

can be positive, it and on|9 if AEg <0

We FCFCI‘ to any SUC]’I PEOCESS a5:a Fenrose PIOCESS:
</ } }

ﬂl.z/'éﬂéw — TMV(’] + wg&” )['“ — _P,ll " + wh \[u(i'[

,— /;HP,("(H'—FQJH /AH \[ tHdv >0 CUHA]H < ABH !A ]H < Oi
FOF a matter cllstrlbutlon or a nongra\/ltatlonal ;elcl |

Obegmg the null energy condition, a necessary and

suthficient condition for energy extraction from a

rotating black hole is that it absorbs negative |

j energfi AE,. and ne&’tlve angular momentum AJy .
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. LC: Since energy 1s conserved, from E>=E; and Eex>0 1t follows that Ey = -Eext

GL: Since energy 1s conserved, from E>>E; and Eex=0 1t follows that Eq <0




Numerical view

Since energy 1s conserved, from E>=E; and Eex>0 it follows that Ex = -Eext




Mechanical Penrose process

+00
Tog(M) = m/ da(r) (M) gt (M, A(T))uu () xg5" (M, A(T) )uy, (7) dr




121622 —22)6(2® - 23),

AFEp < 0, if and only if n,uk > 0
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This is the most general condition on 1
electromagnetic field configuration
i

B (i A AN i i s il i b o e i

allowing black-hole energy extraction
i through a Penrose process
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* Stationarg and axisgmmetric electromagnetic field

EﬁF = () and EgF = ()

therefore
F(.,n7)=d®
F(.,&)=av
*F(if,€) =1

!
|
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D, ¥ and | are gauge-invariant. lntroducinga I~form
1; A such that F=dA one can choose A so that .
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(I):(Aﬁﬁ):At \Il:(A’E’):A(’O,
*i Lq® = LoD =0 i—" LU = LU =0

aﬂA F — d((I) + wy \I]) IS a Pure graclient.
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uoT (17, £) = Vo V<<1>+wH\p)

_ l:orce free case (Blandford-Zna ek)

F(j3,)=0

7 - electric 4-current. From stationaritg

;-6@20 and ]_:-ﬁllf:() SO

' there exists a function w(¥) such that

dd = —w(V)dW







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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| General Relativistic Magnetngdrngﬂamics |

(GRMHD) F(ii,.) =0
GRMHD HARM (Gammie, McKinney, Toth 2007%)
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(Magnetica”9 Arrested discs) (Standard And Normal Evolution)

(McKinney, Tcl’weklﬁovskog, Narayan, Blandford)
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[PBZ] wH7
BZ = — [¢BH] ( ) flwrh)
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M is the accretionrate  |...|, - time average,r, = Gm /

(/)23H = @%H / M rf,c; -normalized magnetic flux

flwy)~0.77 for a, = 1

Magnetic flux can be accumulated only it the disc

is not thin, b/r ~ 1. Here discs are slim, h/r ~ 0.3.
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" Noether current in GRMHD
' MHDZ u’uF'L“/ — ()
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gHence the energg~momentum tensor H A
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‘Noether current: force-free
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P(QEM) > ( 1nside ergosphere,

f P(QEM) < 0 outside ergosphere |
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 Noether current: MAD
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Conclusions

o The Blandgord‘lnajek mechanism is rigorously g

FPenrose Process.

-« GRMHD simulations of Magnetica“g Arrested

f
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Biscs correctly (from the Point of view of general
relativitg} describe extraction of black-hole

rotational energy through a Penrose process.
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