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Abstract. In this lecture | give an introduction to the rotational emeextraction of black holes
by the electromagnetic Blandford-Znajek process and themgion of relativistic jets. After some
basic material on the electrodynamics of black hole magpéteres, we derive the most important
results of Blandford and Znajek by making use of Kerr-Schibérdinates, which are regular on
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1. INTRODUCTION

For good reasons it is by now generally believed that actalaagic nuclei (AGNSs) are
powered by supermassive black holes (BHs), with typicalsas®f about 1DM.,. In-
deed, this seems to be the only way to generate the enormergyef order 166 erg/s
in regions not much larger than the solar system. Accretionaiter by black holes, of-
fers the most efficient power supply. A few solar masses opgagear suffice to power
the most energetic quasars.

It is known for long that AGNs often expel enormous energesnio oppositely di-
rected relativistic jets with Lorentz factogs ~ 10. More recently, moderately large
Lorentz factors ¥ a few) have been seen in BH x-ray binaries (XRBs), caitedro-
guasarsRelativistic jets have also been observed in gamma-rastb(GERBs). How are
these remarkable jets formed? Which mechanisms are rebjmfts the concentrated
energy input at their origin? Most probably processes caeageto BHs are involved.
Among these, perhaps the most promising possibility is tiexgy extraction from a
black hole via magnetic fields, since fairly strong magniicls are likely to be present
in accretion flows on the central BH. This scenario, whichegivise to a long-range
coherence, is the main subject of this talk. Basic questior® answered are: Which
forces drive the jets? What are the mechanisms that reghkitecontent, and how are
they collimated?

Penrose first discovered that a substantial fraction of a Klack hole mass can
be converted, at least in principle, into the energy of surding matter or radiation.
However, the Penrose process is inefficient under typi¢edaisysical conditions. Later
it was found that external electromagnetic fields can be tsegtract rotational energy
of black holes. Of great influence was a pioneering study anéford & Znajek [8]
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which demonstrated the possibility of an electromagnHyidaiven wind from a rotating
black hole, provided the space around the black hole is filiéla plasma. In their paper
they developed a general theory of force-free steady-atagmmetric magnetospheres
of black holes, and estimated that the power of the wind cbeldigh enough to explain
the energetics of radio galaxies and quasars.

This work triggered the so calledembrane modddy Thorne and collaborators [1]
(see also [7]). In this model one first splits the elegantmatisional physical laws of
general relativity (GR) into space and time (3+1 splittirfgdr a general situation this
can be done in many ways (reflecting the gauge freedom in GR¢ ¢here is no canon-
ical fibration of spacetime by level surfaces of constanetiffror a stationary BH we
shall choose foliations which are adapted to the correspgridilling field.) Relative
to these the dynamical variables (electromagnetic fielit$,lmcome quantities on an
absolute spacehich evolve as functions of aambsolute timeas we are accustomed to
from non-relativistic physics. We shall see, for examphattthe 3+1 splitting brings
Maxwell's equations into a form which resembles the famiieam of Maxwell’s equa-
tions for moving conductors. We can then use the picturescamdexperience from
ordinary electrodynamics.

In a second more specific step one replaces the boundarytiomsdat the horizon
by physical properties (electric conductivity, etc) dfi@itious membraneThis proce-
dure is completely adequate as long as one is not interesfateidetailsvery closeo
the horizon. The details of this boundary layer are, howes@mpletely irrelevant for
astrophysical applications. (The situation is similar tany problems in electrodynam-
ics, where one replaces the real surface properties of auctmdand other media by
idealized boundary conditions.)

This approach turns the drawback of the Boyer-Lindquistdmates, which become
singular at the horizon, into an advantage. The membraneshinas the merit that it
allows us to understand astrophysical processes near btdek more easily, because
things become then closer to the intuition we have gained ther fields of physics,
for instance from the electrodynamics of moving bodies. ey, this membrane
reformulation of regularity requirements at the horizom-tarms of the singular BL
coordinates — is clearly artificial. More importantly, itdieis the fact that the key role
in the electrodynamic Blandford-Znajek mechanism is pliaget by the black hole
event horizon, but by its ergo-sphere (as in the Penrosegsdd_ater | shall present an
alternative derivation of the most important results ofri8lord and Znajek, in making
use of Kerr-Schild coordinates. This foliation is not sitagwat the horizon, whence no
boundary problems arise.

Kerr-Schild coordinates not only simplify theoretical &sas, but have also success-
fully been used in some numerical simulations. In recents/saveral codes have been
developed to study the magnetic energy extraction from BHRlgarticular, various
groups have addressed the question how relativistic jejshage formed. In the last
part of the lecture | will briefly report on what has been dond achieved so far in
numerical studies of what is now often dubbed the (geneB@&ridford-Znajek mecha-
nism”, although only a specific version was originally pregd.

We begin with some basic material on black hole electrodyosm
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2. SPACE-TIME SPLITTING OF ELECTRODYNAMICS

Let us perform the 3+1 splitting of the general relativistlaxwell equations on a
stationary spacetiméM,@g). Most of what follows could easily be generalized to
spacetimes which admit a foliation by spacelike hypersadgsee, e.g., Ref. [2]), but
this is not needed in what follows. Similar 3+1 decompossgigan be carried out for
the other equations of general relativistic magnetohyginachics (GRMHD) .

Slightly more specifically, we shall assume that globdyis a productR x Z,
such that the natural coordinateof R is adapted to the Killing fielk, i.e., k = ¢.
We decompose the Killing field into normal and parallel comgats relative to the
“absolute space(Z,g), g being the induced metric an

g =au+p. (1)

Here u is the unit normal field angB is tangent toZ. This is what one calls the
decomposition into lapse and shitt;is thelapse functiorand 3 the shift vector field
We shall usually work with adapted coordinatg8) = (t,x'), where{x'} is a coordinate
systemork. Let = ', (d =3J/0x), and consider the basis of 1-forms

adt,  dX+pB'dt. (2)

One verifies immediately, that this is dual to the bdsisg; } of vector fields. Since is
perpendicular to the tangent vectayof Z, the 4-metric has the form

Wg = —a?dt® 4 gij (dX + p'dt) (dx + Bidt), (3)

where gijd>d'dxj is the induced metrigg on Z. Clearly, a, 3, andg are all time-
independent quantities an

We introduce several kinds of electric and magnetic fieldsviQusly, the spatial 1-
forms

gv = —ikF, 352 = ik* F, (4)
have an intrinsic meaning. If we set
F=%+&Ndt, «F=9— 7 Adt, (5)

the electric and magnetic 2-fornis, 2 are spatial. Two further electric and magnetic
1-forms are defined by
E=x9, H =x%B, (6)

wherex denotes the spatial Hodge dual G0 g). The corresponding vector fields are

denoted byE and B. These are measured by observers moving with 4-velagigo-
called FIDOs, foffiducial observersOne easily finds the following algebraic relations:

E=a8—igB, H=aX+ig9. (7)

We give also the coordinate components of the various fields:
- « a . . 1 .. . .
& =—hRi, H=xRi= §niij'k, B =Rj, B' = én”"ij, % = =Fj, E'=aF"
(8)
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wheren;jc denotes the Levi-Civita tensor @&, g).

In terms of the current 4-vectdt the electric charge density i) = aJ!. Beside the
spatial current 1-form = JdX€ we use also its spatial Hodge dugl = xj. Using also
p = *pel, the Maxwell equations can be written in 3+1 form dslenotes the exterior
differential onZ):

d% =0, &B+d& =0,
d2 = 4np, —01.@+d%2:4nj, j::a/—i,;[). 9)

These can be translate into a vector analytic form. (Forakigsell as detailed deriva-
tions, see [7].) All this looks like Maxwell’s equations foroving conductors.

Integral Formulas

As is well-known from ordinary electrodynamics, it is ofteseful to write the basic
laws in integral forms. Consider, for instance, the inductiaw in (9). If we integrate
this over a surface ared, which isat restrelative to the absolute space, we obtain with
Stokes’ theoren{%” := d.</), using also (7),

d
ae=-S [ » ?{i 2. 10
%g dt /. + P (10)

The left hand side is the electromotive force (EMF) al@hgrhe last term is similar to
the additional term one encounters in Faraday’s induca@nfbr moving conductors.
It is an expression of the coupling &% to the gravitomagnetic field and plays a crucial
role in much that follows. This term contributes also foratisinary situation, for which
(10) reduces to

EMF(%):%gué":%giB@. (11)

3. BLACK HOLE IN A HOMOGENEOUS MAGNETIC FIELD

As an instructive example and a useful tool we discuss now xattesolution of
Maxwell’'s equations in the Kerr metric, which becomes asigtipally a homogeneous
magnetic field. This solution can be found in a strikingly glelmanner [3].

For any Killing field K and its 1-formK® one has the following identitp d K> =
2R(K), whered denotes the co-differential ari{K) is the 1-form with components
RuvKY. In components this is equivalent to

This form can be obtained by contracting the indiceandp in the following general
equation for a vector fieldq.py — éo:pp = &) R’(\,pu and by using the consequence
KZ = 0 of the Killing equatiorKy.p + Kp:¢ = 0. For a vacuum spacetime we thus have
5d K’ = 0 for any Killing field. Hence, the vacuum Maxwell equations aatisfied
if F is a constant linear combination of the differential of Kig fields (their duals,
to be precise). For the Kerr metric, as for any axially symioettationary spacetime,
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we have two Killing fieldsk andm. Both in Boyer-Lindquist (BL) and in Kerr-Schild
(KS) foliations the Killing fields are coordinate derivatsk = g andm= dy (K andn?
denote the corresponding 1-forms). The Komar formulaeigeosonvenient expressions
for the total mas#! and the total angular momentuhof the Kerr BH:

1 1
M:—S—HA*dR’, J:ETA*dnjf (13)
(forG=1).
We try the ansatz
F= %Bo(drrﬂzadlé) (Bo = cons, (14)
and choosea such that the total electric charge
1

vanishes. The Komar formulae (13) tell us that

1
Q:—gTBo(16nJ—2a-8nM), (16)
and this vanishes &= J/M (which is the standard meaning of the symaah the Kerr
solution).

Clearly,F is stationary and axisymmetric:

LkF =LmF =0, (17)

because (droppingfrom now on)Lydk=d Lk =0, (Lxk = [k,k] = 0), etc
The solution (14) can be expressed in terms of a poteiftial:dA, with

1 1

where the last expression holds in Boyer-Lindquist (BL) & as in Kerr-Schild (KS)
coordinates. Asymptotically, this describes a magnetid fie the z-direction whose
magnitude iByp.

It is straightforward to work out explicit expressions t6rand B. The electric field
has a quadrupole-like structure and is poloidal. It is proppal toa, and thus due to the
gravitomagnetic component of the Kerr solution. Its emecgds of great astrophysical
significance.

It is of interest to work out the magnetic flux through the @quaf the BH, i.e.,

b= B :/ o = 27'[52{(]5 ‘equator. (19)
upper h. equator
One finds
® = 4BoM(ry — M) = 4By M /M2 — a2, (20)
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Generically one has, as expectéux mﬁBo. Note, however, that (20) vanishes for an
extremal BH & = M). In other words, the flux is completely expelled from theckla
hole, like in the Meissner-Ochsenfeld effect in supercatity. In order to study the
structure the Wald solution close to the black hole one hagpoess it in terms of Kerr-
Schild coordinates (see Sect. 6). The magnetic field lindsese coordinates are shown
fora= M in Fig. 1, taken from [4].

T T

N Ofa 4 Al

FIGURE 1. Black hole “Meissner effect” (from [4]). The magnetic fielthés of Wald's vacuum
solution in KS coordinates faa = 1 are shown in th& =rsind, z=rcosd plane. The partial circles
(thick lines) bound the ergosphere.

4. AXISYMMETRIC STATIONARY FIELDS

In this section we discuss some consequences of Maxwelliatems for a stationary
axisymmetric magnetoshere outside a black hole.

4.1. Potential Representation

For an axisymmetric field we haviey, = 0 <+ dis, # = 0, whenceiy, 2 =

—dW/2m. From this we conclude that for the BL foliatic# can be expressed in terms
of two potentials¥ andl,

1 2l
—_——
poloidal part toroidal part

both of which can be taken to be independentof(The physical meaning if will
be discussed further belowd) is the magnetic flux function (see Fig. 2), because the
poloidal flux inside a tub¢W = const is

/,@ _ %T/d(LPdcp) _ %wamp _w, wO)=o0. 22)
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W is constant along magnetic field lines, as should be clean fa. 2. It is easy to

FIGURE 2. Axisymmetric magnetic field. The total flux inside the magmnsurface defines the flux
functionW.
show this also formally.

The electric fieldE has no toroidal component for an axisymmetric stationary si
uation. This is an immediate consequence of the inductian Agpplying (10) for a
stationary and axisymmetric configuration to the closeegrdl curves of the Killing
field dgy, we obtain

faéozfiﬁﬁzﬂde:O:Etor:O. 23)
¢ ¢ 21 )¢
A similar application of Ampere’s law in integral form gives
a%:4n/a =4rl, 24
3 [ as (24)

wherel is the total upward current through a surfagebounded by# . This shows that
the potential in (21) is the upward current.

So far we did not make any model assumptions about the phgsitse magne-
tosphere. But now we assume that the electromagnetic fiellégeneratei.e., that
E - B = 0, which is equivalent to the invariant statemé&a F = 0. (This is satisfied
for ideal GRMHD and for force-free fields; see Sects. 5 andégause? is poloidal,
we can then represent the electric field as follows

&=ig B  (E=—VexB), (25)

wherevVg is toroidal. Let us set

1 ~
VE =: E(QF —O)) O)é(p. (26)

For the interpretation of2r note the following: For an observer, rotating with angular
velocity Q, the 4-velocity isu = u' (& +Qdy). On the other handi= y(ep+ V), where

Vis the 3-velocity relative to a FIDO. Using algp= a eo-l—ﬁ we getQ 5¢ =avV-pBor

1

V= (Q-w)d= Lo wos. 27)

a
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This has the same form as (26). Since the transformed eléield E' = y (E + Vg x B)
vanishes, we may regafdr as the angular velocity of the magnetic field lines. (The
transformed frame can be defined as the “local rest framdiefragnetic field lines.)
Egs. (25) and (26) imply

QF —w

S, &=—dv, (28)

a8 =—

thusE is perpendicularto the surface$W = cons}. Taking the exterior derivative, and
using induction law, we gedQr AdW = 0 = Q = Qp(W¥). So the electromagnetic
field is determined in terms &P, | and the “flow (field line) constantQg (V).

4.2. EMF outside a rotating Black Hole

In Fig. 3 we consider a stationary rotating BH in an externagnetic field (like in
83). The integral in (11) along the field lines gives no cdnttion and far away drops
rapidly (~ r—2). Thus, there remains only the contribution from the harigéy) of the
path? in Fig. 3:

EMF:/ i6, B, [r=—Qudy, (29)
GH

whereQuis the angular velocity of the horizon (only the normal comeatB, con-
tributes). | recall thaQy = a(2Mry) ™%, ry =M +vM2 — a2,

—

B B

BH

FIGURE 3. Arrangement for eq. (29).

Let us work this out for the special case of an axisymmetrld fieor the closed path
% in Fig. 3 the EMF is by (29)

| o
EMFEAV:/l B M /dw,
GH & ( 2”) GH

Qy
AV =GR A, (30)

This result isndependendf the physics outside the black hole.
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Let us integrate it from the pole to some point north of theatqu For the exact
vacuum solution in 83 we know the result for the EMF, if we grége up to the equator:
From (30) and (20) we get EME 2Qy BoM (ry — M) or (Qn = a/2Mry)

EMF:aBorHr_M <rH :M+\/M2—a2>. (31)

H

Note that the “Meissner effect” for black holes implies thia EMF vanishes for ex-
tremal black holesWe shall, however, see that this property of the vacuuntisolus
astrophysically not relevant, because a plasma-filled ei@gphere changes the struc-
ture of the magnetic field close to the horizon dramatic&iyxen for a maximally rotat-
ing Kerr black hole the magnetic field is pulled inside therg\reorizon. For a detailed
discussion we refer to [4].

2
For a general situation we have rougB\W = W ~ B, 1rj, @ ~ < &P > ~ 4.
The total EMFV = Z AV, is thus

1 1 , 1lya
(compare this with (31)). Numerically we find
0 ay_M_ B
V ~ (102°Volt) (M) TPV 106G (33)

For reasonable astrophysical parameters we obtain maphetic voltagey ~ 1070
\Volts. This voltage is comparable to the highest cosmic magrgies that have been
detected.

Note, however, that for a realistic astrophysical situatiwere is plasma outside the
BH and it is, therefore, at this stage not clear how the haorizaltage (33) is used in
accelerating particles to very high energies. This crusgle is addressed in the final
section.

Let us estimate at this point the characteristic magnetid 8&ength than can be
expected outside a supermassive BH. A characteristic measuhe field strength
Be, for which the energy densitB%/Sn is equal to the radiation energy density
corresponding to the Eddington luminosity. One firiliy s = My /10° M)

Be = 1.2x 10°My” Gauss (34)

For a BH with mass- 10° M, inside an accretion disk acting as a dynamo, a character-
istic field of about 1 Tesla (f0Gauss) is thus quite reasonable.

5. BASIC EQUATIONS OF GENERAL RELATIVISTIC IDEAL
MAGNETOHYDRODYNAMICS

The relativistic fluid is described by its rest-mass dengigy the energy-mass density,
p, the 4-velocityUH, and the isotropic pressurg, assumed to be given by an ideal gas
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equation of state
p= (-1, (35)

wheree = p — pg is the internal energy density, ands the adiabatic index.
The basic equations of GRMHD are easy to write down. Firsthase the baryon
conservation

Ou(poU*) = 0. (36)
For a magnetized plasma the equations of motion are
DvT“v — O, (37)

where the energy-stress ten3dt” is the sum of the matter (M) and the electromagnetic
(EM) parts:

T = (p+pUHrUY+pg, (38)
1 1

pvo U VA _ = uv af

Tewm —4H(F AF 29 FagF ). (39)

In addition we have Maxwell’'s equations
dF =0, O,FHY =4m*. (40)
We adopt thedeal MHD approximation
iuF =0, (41)

which implies that the electric field vanishes in the restrieaof the fluid (infinite
conductivity). Then the inhomogeneous Maxwell equati@mvytes the current 4-vector
JH, but is otherwise not used in what follows.

As a consequence of (40) and (41) we obtain (using the Cadamtity Ly =iy o
d+doiy): LyF =0, i.e., thatF is invariant under the plasma flow, implying flux
conservation. The basic equations imply that

«F =hAU, (42)

whereh =iy *F is the magnetic inductionin the rest frame of the fluid (seea bomov-
ing observer). Note that h = 0. Furthermore, one can show that the electromagnetic
part of the energy-momentum tensor may be written in the form

1|1
pv - — | = 24UV 20141V _ hHRY
Tem = 77 | 3 /INI7G™ + [Ih[[FUFUT = hEhT, (43)
with ||h||? = hgh?.

Let us also work out the 3+1 decomposition of the ideal MHDditian (41). Using
U = y(en+V), y= (1—v?)~Y/2 and the coordinate velocity) =U' /Ut = aV — B!, we
obtain from (5)

~

E=igB or E=iyB (=iyé =0). (44)
Therefore, the induction equation becomes
A +dig#Z=0 or qB+L;%#=0. (45)
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6. THE BLANDFORD-ZNAJEK PROCESS

In this section we derive the main results obtained by Blardiind Znajek [8], by
making use of the Kerr-Schild coordinates.

6.1. Steady-state force-free magnetospheres

BZ studied axisymmetric, force-free magnetized plasmdside Kerr black holes.
The following presentation is strongly influenced by thesrggaper [9].
A plasma is said to bforce-freeif i;F =0, i.e.

Fiwd’=0 (46)

(no electric field in the rest system of the current). Thisditon follows from ideal
GRMHD when the inertia of the plasma is ignored. Formallig dbtained by letting the
specific enthalpyp + p)/nin the ideal GRMHD equations go to zero. Since Maxwell’s
equations imply thaﬂvTE“M = —FH,JY, the energy-stress tensor of the electromagnetic
field is separately conserved. The force-free conditior {@flies the constrain A

F =0, i.e., the algebraic conditioaF,,F*" = 0. In the literature it has often been
asserted that magnetospheres of black holes should in parge be nearly force-free
This is not born out in recent simulations, except in the padgion (see Sect. 7). In 3+1
decomposition (46) becomes

PeE+[xB=0. (47)

Therefore, the vector fields andB are perpendicular.

6.2. Energy flux at infinity

Of particular interest is the energy flux at infinity. Singds a Killing field, T* are
the components of a conserved 4-vector field:

1
V=9
For stationary field®,(,/—gT; ) = 0. The electromagnetic power at infirlitis

ou(v=aT") =0.

Py = /O VGF:2md9, (48)

1 In the classical BZ process one ignores the extraction afimtal energy of the black hole by accreting
material interacting with the electromagnetic field. Belb# always denotes the electromagnetic energy-
momentum tensor.
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where e = —T". The integral can be taken for any fixedoutside the horizon, in
particular at the horizon if we use Kerr-Schild coordinates Fz we get

1 1
Fe=——RF"=——RyF" 49
E 47_[Ftl 47_[Ft19 (49)

(R¢ = 0). Itis straightforward to check th&t is invariant under the coordinate trans-
formation [BL]— [KS]. Using previous results on readily finds in BL coordiest

1 —Q) 44
e tor 79 gge (50)
ATt O 999
whereB' :=B'/a = «F.
_ Now we transform the result (50) to KS coordinates. It isigtrdorward to show that
B", BY remain invariant, while the remaining component transfoas

a—2rQr
A

B?[BL] = B?[KS — B'[KS, (51)

whereA :=r2 — 2Mr +a2. This implies that on the horizo (= 0)

Fel, :%T(ér)ZQFrH(QH—QF)sinZB. (52)
Therefore, N
Pey = /0 d9p? sind (B')2Qrrn(Qu — QF ) sir? 9 (53)
or in terms of the normalize normal componént
Pem = :—ZL/OndBQF(QH —QF)pH &)3Bi, (54)
The important result (54) shows thaty, becomes maximal faRF ~ %QH. Then
pmax_ :—;Qﬁ /O " ouGPB? d9. (55)
After angular integration one finds,B is replaced by an average val{®, )2,
=7 (5) M2B.)21 (%) , (56)

where the functiorf is not far from 1 [10] . Numerically,

max s€rg/a M (Bu) \?
Phax— 1.7 x 10* s (M TP M. 104(3) f. (57)
For the angular momentum flu_ one findsFe = QpF_. Using this one can show
that up to 9% of the initial mass can, in principle, be exeddtLO].
Whether the crucial conditio@Qf ~ %QH is approximately satisfied in realistic as-
trophysical scenarios is a difficult problem for model baitsl This brings me to recent
numerical work by several groups.
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7. GENERAL RELATIVISTIC MHD SIMULATIONS

In recent years several groups have developed codes fdr@RsIHD, and applied
them in particular for studies of the generic BZ mechanisimeSE numerical studies
show how accretion dynamics self-consistently createelaaple magnetic fields and
explore the resulting outflows.

7.1. Numerical methods

There are many ways to write the basic equations in a fornalsieitftor numerical
integration. A pioneering code, based on the 3+1 splitteigtive to the FIDO tetrad
described in Sect. 2, has been developed by Koide and codiaive (for a detailed de-
scription, see [11]). The system to be integrated consfstgbt evolutionary equations
for two scalar and two vector quantities (primary code \@ds), which contain in ad-
dition five ‘primitive’ variables that can be determinedritrahe former by solving two
coupled polynomial equatioridx,y) = 0, Q(x,y) = 0. This process, like similar itera-
tive root-finding processes in other schemes, is time comgum

A code that is able to perform long-term (several thousanill ah time) GRMHD
simulations, has been developed by Villiers & Hawley [12gvolves different auxiliary
variables from which the primitive variables are easilyonered. In contrast to some
alternative schemes [13], [14], itis not fully conservati®ince BL coordinates are used,
the inner boundary condition must lie outside the horizo8.d¢ordinates are used in
the axisymmetric code HARM [13]. In a modified version of tfii8] the inversion from
“conserved” quantities to “primitive” variables has beerproved (see Appendix A).

A specific common problem is that the magnetic field is advdrioetime by an
antisymmetric differential operator, and not by a différ@nhoperator of divergence
form. In addition one has to guarantee that the numeric&selpreserves the constraint
equationd% = 0 to rounding error. One way to handle this problem is the ated
constraint transport (CT) method, where the induction gqnas discretized such that
the solenoidal constraint is built in [15].

No code is perfect, and it is therefore important that theouies of different ap-
proaches are compared.

7.2. Qualitative results

| first summarize some of the results presented in [16] on lsitins of accretion
flows on rotating black holes, and the properties of the tegulinbound outflows

The qualitative late-time structure is illustrated in Fiy.Along the equator there
is a wedge-shaped Keplerian accretion disk and a net amerétiw is produced by
MHD turbulence whose origin is a magneto-rotational ingitgb which leads to a

2 This is based on a sequence of earlier papers on the the sulifed in [16]
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fast amplification of the magnetic field (see Appendix B). Aidistance outside the
marginally stable circular stable orbit, the equatori@gsure and density reach a local
maximum in a ‘inner torus’ region. Inside this local pressaraximum, the density and
pressure drop as the flow accelerates toward the black hdteeifplunging region’.
Above and below the disk is a ‘corona’ of hot magnetized pksvith a magnetic field
whose typical strength is near equipartition. Along thensgptis of the BH there is a
‘centrifugal funnel’ that is largely empty of matter, butdill with magnetic field and an
outward Poynting flux. Between the evacuated funnel and dhena there is a region
of unbounded mass flux, referred to as the ‘funnel wall jetislthis part that is the
center of attention in [16]. Of particular interest is theesgth of the jet compared to
the amount of accretion on the BH. The quantification of teisamewhat ambiguous,
because matter and electromagnetic fluxes are usually nstart in time or radius, and

there is exchange between the two components.

/]

Funnel Wall jet

Corona

Poynting FIUX Jet

Accretion Disk

Torus

Plunging Region

Evacuated Funnel

FIGURE 4. Main dynamical features in accretion disk simulations. Eigf [16].

The numerical results show that for rapidly-rotating BHig fet plays a significant
role in the energy budget. Whéa/M | > 0.9, the total jet efficiency is generally several
tens of percent, with the matter portion somewhat largen tha electromagnetic part.
The ratio ofangular momenturnm the unbound outflow to that deposited in the BH is
also a very strong function of BH spin. In the non-rotatingecthis is only a few tenths
of a percent, but rises ta 25% whera/M = 0.9. Fora/M = 0.99, the highest spin case
reported in [16], the rate at which the BH spins down due totedenagnetic torques
nearly matches the rate at which it acquires angular momeiby: accreting matter.
Indeed, the angular momentum expelled in the outflow is arrasimagnitude larger
than the net amount captured. In all cases, the electrortiagra@tion of the angular
momentum carried away is comparable to the matter portiameckin the funnel wall

jet

It has to be emphasized that in the initial state of the sitraria there is no mag-
netic field in the region that eventually becomes the outflegian. The large scale
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magnetic field within the funnel and the Poynting flux jet cipidevelop as a result
of magnetically controlled accretion. The formation cardescribed as follows. When
disk material reaches the horizon, strong magnetic preggadients are built up which
drive the plasma upward. In turn, this motion drains off tleédfiines, forming a “mag-

netic tower”. This was previously seen in non-relativigimulations using a pseudo-
Newtonian potential [18]. It is interesting that the evaediafunnel is the only region
that is force-freg (in contrast to earlier expectations).

The matter-dominated outflow moves at a modest veloaifg ¢ 0.3) along the
centrifugal barrier surrounding the evacuated funnel. fimmel wall jet turns out to
be acceleratedand collimatedby magnetic and gas pressure forces in the inner torus
and the surrounding corona. The magnetic field is spun byatagimg Kerr spacetime,
hence the energy of the Poynting flux jet comes from the BHtimstaBelow we will
address the question whether magnetic forces might praddgional acceleration and
collimation on far larger scales than are modeled in [16].

Hawley and Krolik conclude from their numerical studiesttivile the proximate
energy source is the BH'’s rotation, accretieplenishe®oth the BH’s mass and angular
momentum. A substantial decrease of the rotational endrtjyeoBH does not appear
to be a generic phenomenon. This is in contrast to the cl&&imodel. For a detailed
discussion, | refer to the original paper.

Similar results were found before by McKinney and Gammiehigirt axisymmetric
simulations [9]. Among other aspects these also showea#thie hole loses energy and
angular momentum, its total mass and angular momentum plenished by accretion.
In [20] McKinney followed the evolution of the jet tilt ~ 10°GM/c3 out to r ~
10°GM/c?, and found that by then the jet has become superfast magmétoand
moves at a Lorentz factor of about 10. This may, however, tmelya small fraction
of the Lorentz factor at much larger distances. Indeed,afgd fraction of the magnetic
and thermal energy would go into particle kinetic energy would estimate from the
simulation that the terminal Lorentz factor may reach alm@68. This estimate is based
on the following fact. For a stationary axisymmetric flow #rgergy (momentum) flux
per unit rest-mass flux is conserved along flux surfaces amthce be determined from
local flow quantities. The relevant formula for this quanis#t, using previous notation,

-TA _ _ptp, 9 B
pUA ~ T pp ' AmpuA”?

(A=r,9). (58)

Since the simulation in [20] stopped long before the end efabceleration period,
Komissarov et al. have studied numerically the further etioh of the relativistic jet
[21]. Key issues of this investigation are: (i) Is the magmetiving mechanism able
to accelerate outflows to high Lorentz factors with high efficy over astrophysically
extended scales? (ii) Can these flows be collimated by punalynetic stresses? Since
most of the acceleration takes place far away from the blabd, hthe simulations are
carried out in the framework of special-relativistic id&&HD.

3 The criterion for the validity of this property is théth||2/8m) /(o + p) > 1.
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The authors investigate models of the following kind. Treefboundary with an am-
bient medium is replaced by solid rigid walls on which appraie boundary conditions
are imposed. This simplification enables higher numericalieacy. At the inlet bound-
ary, the injected poloidal current distribution is prebed through a rotational profile.
The initial configuration corresponds to a non-rotatinggbuipoloidal magnetic field
with nearly constant magnetic pressure across the funr@ked¥er, the outflows are ini-
tially Poynting flux-dominated. The authors find that thegpraach a steady state with
a spatially extended acceleration region. Furthermogeatteleration process turns out
to be very efficient; almost 80% of the Poynting flux is conedrinto kinetic energy.
The results also show efficient self-collimation. In cosatrto [20], no instabilities or
shocks are found in the simulation.

We have already remarked earlier that even for very rapioligting black holes the
Blandford-Znajek process can drive magnetized jets. Figprd [4] shows clearly that
there is no “Meissner effect” at work. This is due to the fattwithin the ergosphere
the plasma unavoidably corotates with the black hole.

FIGURE 5. Magnetic field lines and logarithm of rest-mass densitydqeed) quasi-steady accretion
disk simulations for an almost extreme Kerr black halgM = 0.999) [Fig. 3 of [4]].

One of the main shortcomings of existing simulations is that radiation field is
completely neglected. It is likely that radiative and othayh energy processes play a
significant role in the flow dynamics through radiation foorethe outflowing plasma.
Moreover, at some point physical resistivity will also héw®e included, and the single-
fluid approximation will not always hold everywhere. Nunuati calculations will be
performed in 3D.
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A. NUMERICAL SCHEMES FOR GRMHD

Most GRMHD codes have adoptedcanservative schemwhich means that the inte-
grated evolutionary equations are of the general form

&U(P)+dF'(P) = S(P). (59)

Here,U are vector-valued “conserved” variabl€sis a vector of “primitive” variables
(rest-mass density, internal energy density, velocity ponents and magnetic field
components). The fluxes', U and the “source vectorS depend orP. Conservative
numerical schemes advardethen calculat€®(U) once or twice per time step.

While in praxis the map — U (P) is analytically known, the inverse méab— P(U)
is not available in closed form and must be computed nunisriebow this is performed
is at the heart of a conservative scheme, since the opematish be accurate, fast and
robust.

Below we describe these points in more detail, following][2¥e use the notation
and basic equations introduced in Sect. 5.

Equations (36), (37) and (45) can readily be written in thenf¢59) in terms of the
eight conserved variables

U: D= YPo, Qll = _UVTvlb g? (60)

wherey = —u,UH = (1-v?)~%/2, As eight primitive variables we use

—

P: po, € B, V. (61)

(The vectorB is common tdJ andP.)

In [19] it is shown thaW := pghy?, whereh:= 1+ £+ p/po, andv? can be determined
from U by solving two polynomial equations. After that one can lgasecover all
primitive variables.

B. MAGNETO-ROTATIONAL INSTABILITY

This important instability, whose crucial astrophysiaalpiications have been under-
stood astonishingly late, shows up already in linearizedh For a detailed pedagogi-
cal discussion we refer to [17].

In a systematic treatment one linearizes the basic equatibMHD for small fluc-
tuations of a disk system, consisting of a central point naeska differentially rotat-
ing magnetized disk. An analysis of the resulting rather glacated dispersion relation
leads to the following results. In the non-rotating limibthogeneous unperturbed situ-
ation) one finds the familiar Alfvén waves and two other MHDd®s. The fast one is
often referred to as magnetosonic wave, and representsatiagnd thermal pressure
in concert. In the slow mode magnetic tension and gas comsipreact in opposition.
For weak fields it becomes degenerate with the Alfvén moddevitr strong fields it
becomes an ordinary sound wave, channeled along the fielsl lin
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The effect of Kepler rotation on these three modes is vemrasting: At a critical
rotation frequency thelow MHD mode becomes unstable

There is a simple way to understand this far reaching inéhalifonsider an axisym-
metric gas disk in the presence of a vertical magnetic fibkt, has no effect on the disk
equilibrium. Assume that a fluid element is displaced frosrcitcular orbit by O €k?
(z = vertical direction). Using the induction law and simple inaaics one finds the
these incompressible planar displacements satisfy the sguation as the separation
of two orbiting mass points, connected by a spring (with angpconstant related to the
Alfvén velocity). It is quite obvious that this system is tatsle; the separation of the two
mass points rapidly increases. This is the essence of thie-fiedd magneto-rotational
instability.

The magneto-rotational instability plays a fundamenthd no disk accretion, because
it leads to disk-turbulence and corresponding stresses.

ACKNOWLEDGMENTS

| wish to thank the organizers of the Symposium on Gravitesiod Cosmology, in par-
ticular C. Laemmerzahl and A. Macias, for inviting me andithnderful hospitality. |
am grateful that J.C. McKinney and S.S. Komissarov allowedarinclude two figures
of their work in this article.

REFERENCES

=

K. S. Thorne, R. H. Price & D. A. MacDonal&lack Holes: The Membrane Paradigiale Univ.

Press. (1986).

R. Durrer & N. StraumanrHelv. Phys. Acta61, 1027 (1988).

. R. M. Wald,Phys. Re\D 10, 1680 (1974).

S. S. Komissarov and J. C. McKinney, astro-ph/0702269.

K. S. Thorne & D. A. MacDonaldylon. Not. Roy. Astron. Sot98, 339 (1982).

N. StraumannGeneral Relativity, With Applications to Astrophysidexts and Monographs in

Physics, Springer Verlag, 2004.

. N. Straumann, The Membrane Model of Black Holes and Apgibnis. In: F.W. Hehl, C. Kiefer and
R.J.K. Metzler (eds.Black Holes: Theory and ObservatidBpringer-Verlag 1998; astro-ph/9711276.

8. R. D.Blandford & R. L. Znajekivion. Not. Roy. Astron. Sot79, 433 (1977).

9. J. C. McKinney and Ch. F. Gammiastrophys. J611, 977 (2004).

10. H. K. Lee, R. A. Wijers and G. Browhysics Report325, 83 (2000).

11. S. KoidePhys. Re\D 67, 104010 (2003).

12. J.-P. De Villiers & J. F. Hawlestrophys. J589, 458 (2003).

13. Ch. F. Gammie, J. C. McKinney & G. TotAstrophys. J589, 444 (2003).

14. S. S. KomissaroWINRAS350, 1431 (2004).

15. C. R. Evans & J. F. Hawlepstrophys. J332, 659 (1988).

16. J. F. Hawley & J. H. KrolikAstrophys. J641, 103 (2006) [astro-ph/0512227].

17. S. A. Balbus & J. F. HawleRev. Mod. PhysZ0, 1 (1998).

18. Y. Kato, S. Mineshige & K. Shibatéstrophys. J605, 307 (2004).

19. S. C. Noble, C. F. Gammi, J. C. McKinney, L. D. Del Zamkstrophys. 3641, 626 (2006) [astro-

ph/0512420].
20. J. C. McKinneyMon.Not.R.Astron.So0868 1561 (2006) [astro-ph/0506369].
21. S. S. Komissarov, M. V. Barkov, N. Vlahakis and A. Konigtro-ph/0703146.

oukwnN

~

ENERGY EXTRACTION FROM BLACK HOLES October 25, 2018 18



