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1 Introduction

It is widely believed that astrophysical black holes are typically surrounded by magneto-
spheres composed of an electromagnetic plasma that is force-free to a good approximation.
In [1], Blandford and Znajek used a model of force-free electrodynamics (FFE) for the
plasma surrounding a spinning black hole to suggest a mechanism for energy extraction
from the black hole. They argued that rotational energy escapes via plasma currents along
magnetic field lines that thread the horizon. The Blandford Znajek (BZ) process is con-
sidered to provide the basic picture behind astrophysical observations of jets, e.g. in active
galactic nuclei and quasars. For more recent discussions on the consistency of the BZ
mechanism, see [2—4].

The FFE solution discussed in the original paper [1] is an approximate analytical
solution for a slowly rotating Kerr black hole. Despite a lot of work on numerical as well
as analytical solutions ([5-10], see also [11] and references therein), it remains a challenge
to find a physically realistic, exact and energy extracting solution of the FFE equations in
a Kerr black hole background.

One successful strategy for generating families of solutions has been to exploit the
enhanced amount of symmetry in the near-horizon region of an extremal, i.e. maximally
spinning, Kerr black hole [12-16]. In this paper we will continue this effort by proposing
a previously overlooked symmetric ansatz for the electromagnetic field strength of the
plasma. We discuss in detail the corresponding energy outflux. By making use of a toy
model of a rotating electromagnetic configuration, we argue the correct measure for energy
extraction is the outflux measured by a rotating observer in the near-horizon geometry,
corresponding to an observer at rest in Kerr. The new symmetric ansatz has the main
advantage (over previous energy-extracting, symmetric FFE solutions [14]) that it gives
rise to an energy outflux at the boundary of the near-horizon region, as measured by a
Kerr observer, that is finite.

The FFE solutions that can be produced with the new ansatz in the Near Horizon
Extremal Kerr geometry — known as NHEK — do not obey the assumed physical boundary
conditions presented in this paper. However, when we generalize the background to the
Near Horizon Extremal AdS-Kerr geometry — introduced later as AdS-NHEK or SE-
NHEK for super-entropic Near Horizon Extremal AdS-Kerr — we do find such a solution.
For the background in question the topology is in fact that of a cylinder and this metric
therefore provides a close resemblance to our toy model of a rotating conducting cylinder.

The generalization to AdS-Kerr was motivated by the discovery in [17] of an exotic
application of the BZ process that does not involve the presence of plasma, realized in
a BTZ background. While not immediately relevant astrophysically, the study of FFE
in AdS backgrounds may prove useful for obtaining a better understanding of remaining
conceptual questions regarding the BZ process, such as where and how the negative energy
originates. Indeed we hope the presented toy model and FFE solutions in near-horizon
AdS-Kerr may contribute to this goal in the future.

The toy model and new symmetric log ansatz in NHEK were first presented in the
unpublished [18]. In this paper we additionally apply these ideas in the context of AdS-
Kerr black holes.



The paper is organized as follows. We begin in section 2 with a review where we
explain how a 2-dimensional (2D) action naturally describes toroidal force-free plasma
systems surrounding a spinning black hole. At this stage we already assume a system that
is toroidally invariant and therefore effectively 2-dimensional. We present in section 3 all
the near-horizon geometries of spinning black holes that we will be using in the paper.
Next, in section 4, we apply the technique of imposing the extra scaling symmetry of the
near-horizon regions on the field strength of the plasma. This gives rise to the scaling
ansatz in 4.1.1 and the new log ansatz in 4.1.2. These ansatze fix the analytic behavior of
the field strength as a function of the radius r of the background. The scaling ansatz is
known in the literature for NHEK. We employ the same scaling ansatz in AdS-NHEK and
SE-NHEK to find a new scaling solution of FFE. The log ansatz, to our knowledge, is new
in all three backgrounds.

Making use of the ansatze, the problem reduces to solving an ODE for a function ®(6)
describing the dependence of the field strength on the polar angle. This is the part that
will be treated numerically. The numerical problem is to solve the EOM summarized in
section 4.2 with physical boundary conditions provided in section 4.3.

Before presenting the numerical solutions, in section 5 we consider the energy flux
of electrodynamic fields in rotating frames, making use of a ‘toy model’, to explain how
the fluxes at the boundary of the near-horizon throats connect with non-rotating observers
outside the throat. We argue it is the latter observer’s flux that determines whether a near-
horizon solution is energy extracting. The main results of this section are equation (5.11)
for the energy flux in the toy model, equation (5.21) for the Kerr energy flux and (5.32) for
the AdS-Kerr energy flux. The general relation (5.40) highlights the equivalence with the
toy model. These formulas are applied to our energy-extracting semi-analytical solutions
in section 6. The energy extraction is also discussed in section 5.5 for the full BTZ solution
of [17]. This provides a check on the proposed procedure for obtaining the flux outside the
near-horizon throat.

Finally we present a scaling solution in NHEK, a scaling solution in AdS-NHEK and a
log solution in SE-NHEK, with their corresponding Poynting fluxes, in figures 2—4. Final
remarks are discussed in section 7. Some mathematical details of our analysis have been
relegated to appendices A-D.

We adopt the metric signature (—, 4+, +, +), the units ¢ = G = 1, and orientation of
dt Ndo N dr N df for defining the Hodge dual .

2 Action for force-free plasma in black holes

In this section we review the set-up of the problem, hereby setting our notation. In par-
ticular, we will make use of an available action principle for the description of a force-free
plasma in black holes. This has several advantages in general, such as allowing for the easy
identification of conserved quantities through Noether’s theorem.

As first studied by Blandford and Znajek [1], the equations for the force-free plasma
around rotating black holes (described by a fixed background metric g,,) consists of



Maxwell’s equations

V FH = JY, (2.1)
ViuFo) =0, (2.2)

and the force-free electromagnetic (FFE) condition
FuJ"=0, (2.3)

with source current J,, and field strength F},,. Solutions to these equations involve finding
a field strength F), that generates a current J* through (2.1), and satisfies the FFE
constraint (2.3). The Bianchi identity (2.2) follows straightforwardly by writing the field
strength as F,, = 0,A, — 0, A, in terms of the gauge field A4,,.

The criterion for the FFE condition (2.3) to hold is that in local inertial frames the
matter source contribution T;?,atter becomes negligible. The stress tensor can therefore be
defined as

Ty = Tyt + Tt = TN, (2.4)

where TEVM is the contribution from the electric and magnetic field.!

In general, the above system of equations (2.1)—(2.3) is highly nonlinear and can only
be solved numerically. However, in toroidal spacetimes the symmetries can be exploited
to simplify the analysis and obtain semi-analytical solutions [12-14]. Here, by toroidal
spacetimes we mean curved spacetimes that can be described by a coordinate system
(t,¢,r,0) in which the metric is independent of time ¢ and angle ¢. The coordinates (¢, ¢)
are then referred to as toroidal coordinates z®?, and (r,0) as poloidal coordinates x.
The line-element of such a spacetime with a block-diagonal metric (gqso = 0), independent

of time ¢t and angle ¢ (0:gu, = 049, =0) takes the form
ds® = (97)ap dz®dz” 4 (gp)ap dz®da® (2.5)

with toroidal metric gr and poloidal metric gp.

Typically the dynamics around a black hole will capture the black hole’s symmetries.
It is natural then to impose the same toroidal symmetry of the background metric on the
solutions for the field strength. As we now argue, this will allow to reduce the 4D problem
to a well-defined action in the two poloidal coordinates.

We assume a stationary and axisymmetric solution, characterized by a field strength
with non-zero components

Fa(z%) #0. (2.6)

The analysis of the conditions on F},, imposed by the FFE equations is most clear in form
notation, with the field strength defined as a two-form F = $F,,da" A dz”. See e.g. [17]

The correspondence with the force-free condition (2.3) follows directly from stress-energy conservation
VT =0, combined with V*T)' = —F,,J* from Maxwell’s equations.



for a quick review of differential forms in the context of force-free electrodynamics. In this
notation, the equations (2.1)—(2.2) are written respectively as

d*x F =xJ
dF =0

for the 2-form field strength F' = dA in terms of the 1-form gauge field A, with x the
Hodge dual and A the wedge product. Introducing the notation Ar = A,dz® for the
toroidal contribution and Ap = A,dx® for the poloidal contribution to the gauge field, we
can write

A=A, ds" =Ar + Ap (2.9)
and
F=dA;Ndt +dAg Ndp + dAp . (2.10)
Similarly, the 1-form current J is
J=Jp+Jr. (2.11)

In the expression for the field strength, d is the differential operator in 4D, with
dA = 0, Adx". Imposing toroidal invariance comes down to reinterpreting the differential
operator d as a 2D differential operator in the poloidal metric gp. That is, dA = 0, A dz®.
The toroidal invariance is therefore implicitly present in the expressions through the inter-
pretation of d.

The toroidal component of the FFE equation (2.3) can be written in form notation as

dAp N*Jp =0 . (2.12)

Here, we use * to refer to the star operator in the poloidal metric, to be distinguished from
the star operator % in the full 4D spacetime (as used in Maxwell’s equation). Its action is
defined as xJp = J, * dx® = Jae“bdazb. Maxwell’s equation implies conservation of current
d*J =0 (in 4D). For the toroidally invariant solution this further implies d * Jp = 0 (in
2D), which allows to introduce a 0-form current I by writing *Jp as a total derivative

1

*JP:d< ) . (2.13)
vV —gr

The interpretation of I is that it is proportional to the integrated polar current through

a ‘spherical cap’ S, stretching over a time interval At, azimuthal angle interval A¢ = 27

and range 0 < g at constant radius r, which by Stokes’ theorem is given by

I
*J = / — <> dtdp = (2mAt) I 2.14
o= [ var (=) dede = st (214)
with C' (along t and ¢) the boundary of the 3D surface S. Following [11], we will refer to
I as the polar current.



We can parametrize the field strength in terms of the polar current I. By Maxwell’s
equations and again Stokes’ theorem, the integrated polar current [¢*J is also equal to
Jgd* F = [o*xF = [o*dAp, so that xdAp = I dt A\ d¢ or

dAp = ﬁ\/gpd?”/\de (2.15)

in equation (2.10).
The FFE equation (2.12) with (2.13) imposes the conditions

dA; Ndl =0 and dAyAdl =0. (2.16)
These conditions fix different terms of the field strength to be related to each other by
dA; = —wp dA, (2.17)
and
dl = fdAy, or I=1(Ay). (2.18)

The field strength thus has to be of the form

gp
F=dAs A (dp — wpdt) + IdrAdf 2.19
Y )+ (2.19)
where wp is the angular velocity of the EM fields, and both wg and the polar current I are
functions of Ag.
As shown originally in [19], and reviewed nicely in [11], the system is now described
by the effective 2D action

1

Sldgl = —5

2
(\dgf) wrdt|? |dAy* + T),ﬁgp\/—gTdrde, (2.20)

with the notation |X|? = g% X, X, for a 1-form X. The integration over ¢ and ¢ only pro-
duces overall volume factors. This action is a generalization of the Scharlemann-Wagoner
action for pulsars [20] to curved space-times. It can be obtained from the Einstein-Maxwell
action for a field strength of the form F' = dAy A (d¢ — wrdt) + dAp, with the force-free
condition enforced through the use of a Lagrange multiplier term [21, 22]. Caution has to
be taken in the process of eliminating Ap from the action using I(Ag) [19].

The problem is now reduced to solving the remaining FFE equation, also called the
stream equation, for the toroidal gauge field Ag(x*). It is obtained as the Euler-Lagrange
equation of the action S[A4] = [ Ldrdf, given by

oL oL
_ =0. 2.21
Oa (a(aaA¢)> o4, " (2.21)

In the ensuing analysis we will find the action, derive the stream equation and solve this
equation for specific choices of the rotating background metrics.



General rotating black hole metric. To illustrate the simplicity of this 2D force-free
action (2.20), one can take a general stationary and axisymmetric block-diagonal metric

ds? = —a?dt® + @ (d¢ + wdt)? + (gp)ap dz®dz®  (a,b=r0). (2.22)

Considering a field strength (per construction compatible with the background symmetries)
of the form

F = dAg A (d¢ — wpdt) + —Vag; Tdr A df (2.23)

with functions wr(Ag) and I(Ay), leads to the 2D poloidal system given by

S[Ay) = —% / /g5 dr b (C\dA¢]2 - W) (2.24)

with

C =

Q&

(wr +w)? . (2.25)

€19

3 Near horizon geometries

Rather than analyzing the 2D poloidal problem directly in the Kerr black hole geometry,
it has proved advantageous to concentrate specifically on the near-horizon regions, which
are described by a decoupled metric. These metrics possess a higher amount of symmetry
than the black hole geometry they are derived from through a scaling limit. It is this
high amount of symmetry that can be exploited in finding ansatze for symmetric, semi-
analytic FFE solutions. This approach has been successfully applied in the near horizon of
extremal Kerr or NHEK geometry, in the sense that energy-extracting solutions have been
obtained [12-14]. (However, we will comment on an unphysical feature of such solutions
in the discussion of the energy flux.) We generalize the search for energy-extracting FFE
solutions to include near-horizon geometries of AdS-Kerr black holes. Indeed, a 3D version
of such a solution was presented in [17] for the BTZ black hole. For previous work on the
BZ process in AdS-Kerr, see [23].

In this section we collect the near horizon geometries that we will consider in this
paper, each of the general rotating form (2.22): NHEK, AdS-NHEK, SE-NHEK, and near
horizon extremal BTZ, which we will refer to as NHEBTZ. They are obtained from scaling
limits of the respective black hole geometries. These limits are summarized in appendix A.
The action and stream equation associated to these specific near horizon geometries are
also described.

3.1 Near Horizon Extreme geometries

In this paper we are interested in the region very near the horizon of extreme Kerr and
AdS-Kerr. These regions are described by the so-called Near-Horizon Extreme geometries
defined by

d 2
ds? = D(0) | —r2dt + TLQ + a(0)2d62 + 7 (0)2(do + krdt)?| | (3.1)



and characterized in each case by specific functions I'(0), «(6),~(0) and parameter k. A
separate discussion of each geometry is given in the next subsections.

3.1.1 Near Horizon Extreme Kerr

The line element of the so-called Near-Horizon Extreme Kerr (NHEK) geometry [24] is of
the form (3.1) with

2sin 6

L) = M* (1+cos?0) ,  a(0)*=1,  ~(0) = A(0) = 1+ cos20’

k=1 (3.2

and metric determinant /—g = AT?2. It is the decoupled near horizon limit of extremal

Kerr and co-rotates with the extremal Kerr metric at the angular velocity of the horizon
1

OF' = o

In contrast with the original Kerr metric, the NHEK geometry is not asymptotically

see equation (A.2).

flat; the metric contains an AdSy factor in the (r,t) directions and correspondingly an
SL(2,R) isometry. The full isometry group is SL(2, R)xU(1). The U(1) rotational symmetry
is generated by the Killing vector field

Wo = 0y (3.3)

and the SL(2,R) symmetry by the Killing vector fields

Hy=t0; —r0,, (3.4)
H+:\/§8t,

H_=+2 Lz 1Y)y 9, - Lo 3.6
_ = 5 +ﬁ t—tT T—; o| - ()

It is easily verified that these satisfy the SL(2,R) x U(1) commutation relations

[Ho, Hi] = FHa [H., H_] = 2H,,
(Wo,Hy] =0, [Wo, Ho] = 0.
3.1.2 Near Horizon Extreme AdS-Kerr
The near horizon of extreme AdS-Kerr (AdS-NHEK) geometry [25] is given by (3.1) where

72 +a?cos? 0 A (r2 4+ a?)sin
r@)=-+° "7 0)? = 0 Sl A 3.8
©) AP i ey vy rer R AN ()} V() =R
and constants Ag = 1+a?/12+6r2 /I, E=1—a?/I1? and k = 2ar; E/(A¢(r1 +a?)). This

metric obeys Ry, = —3172g,,. It is of the form (2.22) with \/—gr = ry T, \/gp = aT/r
and /—g = ay I

The parameter ry is defined as the largest root of
(P +a*+3r3)ri —1?a®>=0. (3.9)
Finally note that the NHEK geometry (3.2) is recovered in the limit [ — oo while

k=1, a0 =1,  ~(0)— A®). (3.10)



As in NHEK, a crucial feature of the AdS-NHEK region is that the original U(1) x U(1)
Kerr-AdS isometry group is enhanced to SL(2,R) x U(1). In fact, AdS-NHEK has the same
isometries as NHEK up to a rescaling of ¢. The U(1) rotational symmetry is generated by
the Killing vector field Wy in (3.3). The time translation symmetry becomes part of an
enhanced SL(2,R) isometry group generated by the Killing vector fields Hy in (3.4), Hy
in (3.5) and

1 1 k
Hzx/ib(tQ-i—rQ) O —trdy—— 0| . (3.11)

The Killing vectors satisfy the SL(2,R) x U(1) commutation relations in (3.7).

3.1.3 Super-entropic Near Horizon Extremal AdS-Kerr

The near horizon geometry of the super-entropic extremal AdS-Kerr black hole [26], or
simply SE-NHEK metric, is of the form (3.1) where now

12(1+ 3cos?0) 9 4 41%>  sinf V3

There are essentially two ways to derive this metric. In appendix A we describe how
to obtain the near horizon geometry from the extremal super-entropic AdS-Kerr black
hole [27, 28]. A more straightforward way is to start with the AdS-NHEK line element (3.1)
with (3.8), and before taking a — [ rescale ¢ — ¢=. The coordinate can be chosen such
that ¢ ~ ¢ + 27 (for the new angle ¢). This geometry has the special feature that the
locations 6 = 0, 7 are removed from the space-time. The isometry group of the SE-NHEK
geometry is SL(2, R)xU(1) as for AdS-NHEK, with the same Killing vector fields (3.3)—(3.5)
and (3.11) (with & in (3.12)).

3.1.4 Near Horizon Extreme BTZ

For future reference we also describe the near horizon geometry of the extreme BTZ
(NHEBTZ) black hole metric [29-31]. The line-element is

2 7.2

ds? = ZZ% +27dtde + 17 dg”. (3.13)
The geometry retains all the relevant aspects of black holes, i.e. a horizon, and necessary
ingredients for energy extraction, i.e. an ergosphere. While the NHEBTZ region provides
a rich context to study FFE, the focus of our work will remain primarily in 4 dimensions.
On the BTZ spacetime, purely electromagnetic versions of the BZ process were found,
in which plasma surprisingly plays no role [17]. In section 5.5, we employ these exact
analytical FFE solutions in BTZ to argue that our prescription reproduces the energy flux
from the extreme black hole throat.



3.2 Action and stream equation
We now turn to the study of the force-free electrodynamics action in the near horizon
geometries. For a near horizon extremal metric (3.1), the action (2.20) is

o

S[Ay] = / drdf [d; <r2(8TA¢)2 + ;2(89144))2) + Y14

2r2y
2
da:—o‘czm("”w) -
T T Y

The relevance of C is that it becomes zero at the so-called light surface or light cylinder.

(3.14)

At these locations, an observer co-rotating with the field lines would have to travel at the
speed of light.
Variation of this action gives the stream equation for Ay,

1 1 1 «
O <da 0[289A¢) + 0r(dq, r26rA¢) — §8A¢da <r2(6rA¢)2 + 0[2(89A¢)2> _ m[ 5A¢I =0.
(3.15)

Further details about the actions and stream equations can be found in appendix B. Observe
that the stream equation (3.15) is highly nonlinear and can in general only be solved
numerically. Moreover, the possibility of C having zeros in the domain of integration may
lead to further complications. Despite these issues, the symmetries can be exploited to
simplify the analysis. We will show that imposing scaling symmetry allows to solve the
force-free equations semi-analytically and find energy extracting configurations.

4 Force-free electrodynamics solutions

In this section we construct solutions to the FFE stream equations in (AdS/SE-)NHEK.
The stream equation (3.15) for the gauge field component Ag4(r,#) is written out explicitly
for the (AdS/SE-)NHEK background geometries (see also appendix B). To obtain the
stream equations in the form (3.15) we already have used one aspect of the symmetry of
the problem, that is, the gauge field solution is required to have the same independence on
time ¢ and azimuthal angle ¢ as the stationary and axisymmetric background metrics. This
strategy can be applied further by also imposing the scaling symmetry of the background
near horizon metrics on the solution. This gives rise to two ansatze for the behavior of
the solution as a function of the radius r, which we will refer to as the ‘scaling ansatz’
(which was considered earlier in [13, 14]) and the ‘log ansatz’. For these ansatze, the
stream equations reduce further to a single ODE for the #-profile of Ay, which can be
solved numerically. The ODE’s are summarized in section 4.2.

4.1 Ansatze
Consider the stationary and axisymmetric field strength ansatz (2.23), written out
explicitly to
I
F = 87«A¢d7“ ANdo + 89A¢d9 ANdp — wF8TA¢dr A dt — wF69A¢d9 Adt + @\/gpdr A dbf
(4.1)



V9P

where = scales as 1 /r? for each of the near horizon geometries we consider. In the
form (4.1), it is easy to read off the conditions for self-similar behavior of the field strength
under scaling transformations.

4.1.1 Scaling ansatz

The field strength (4.1) will display scaling symmetry
F >\ (4.2)
under a scaling transformation r — Ar, t — t/\ generated by Hy = r0, —t0; in (3.4), only if
OpAg ~ rh=t OpAg ~ o wp o~ Tt (4.3)

These conditions are solved by the ‘scaling ansatz’ for Ay in terms of a field ®(6), and 1
and wp as functions of Ag:

Ay =7"0(0), h#0
I=rA" (4.4)
Wp = wOA(lb/h

where Iy and wqg are integration constants. By construction, the scaling ansatz field strength
satisfies the symmetries of the (AdS/SE-)NHEK region®

Lw,F=0, Ly, F=0, Ly F=—hF. (4.5)

Moreover, the scaling ansatz vector potential, with A; = woA;H/ h /(141/h)+c satisfies the
same symmetries, Li,A =0, Ly, A =0 and Ly, A = —hA, if the constant ¢ equals zero.

4.1.2 Log ansatz
The h = 0 case needs to be handled separately. Imposing the scaling symmetry
F—F (4.6)
under the scaling transformation » — Ar, t — t/\, requires
Ay ~rt, OgAg~1, wp~r, I~ (4.7)
This leads to the ‘log ansatz’ in terms of a field ®(0):

A¢ = log(r @(9))/&)0
I=1Iyr ®(0) (4.8)
wp =wor ®(0)
with constants Iy and wg. The same invariance (4.5) of the field strength applies to this

log ansatz. However, the gauge field is not in a highest-weight representation of SL(2,R) as
Lp,A # 0. In this sense the log ansatz could be called an approximate symmetric ansatz.

2Note that our definition of h is different by a sign compared to the h of e.g. [12, 13, 16].

~10 -



4.2 Equations of motion

First let us focus on the NHEK background. The stream equation (B.3) for a field Ay of
the form specified in the scaling ansatz (4.4) reduces to an ODE for the field ®(6), which
we can call the ‘NHEK scaling EOM’:

00 (d00®) + dh(h-+ 1)@ — L (dad) (W2 + (002)7) — 113 (1 + ;) L2/ _ g

with d = A(wo®/" +1)% — % .

(4.9)

Here d is itself a functional of ®(#) and is defined in (3.14) to be proportional to the
functional C, which determines the location of light surfaces.

Evaluating the EOM (3.14) for the log ansatz (4.8) leads to the ‘NHEK log EOM’
for ®(0),

L

Aﬁ@:O

g (D 0p®@) — %(ach) (<I>2 + (8a<1>)2)

1\%2 1 1
ith D=A(1+—) — ——.
W <+w0<1>> A W P2

(4.10)

Similarly, for a near-horizon region of AdS-Kerr (3.1), the ‘AdS-NHEK scaling EOM’
I <dalagq>) o h(h+1)D— = (Dpde) <h2q>2+1(agq>)2> _op <1+1> BIH2/R —
a? 2 a? 470 h
with da:oz'y(w()@l/h—k)Q—i—g (4.11)
y

is the EOM (B.7) for the scaling ansatz (4.4). The metric functions «,y and k are specified
in (3.8) for AdS-NHEK and in (3.12) for SE-NHEK. The ‘AdS-NHEK log EOM’

1 1 1 a
Dy (Daa2 ag@> — 5(02Da) (@2 + 042(89@)2> ——I2d=0
, 7 (4.12)
ith D —a7<1+k> e b
A “ wo® v wid?

is the EOM (B.8) for the log ansatz (4.8).
The functionals d, D, d, and D, introduced here become zero at the location of a light
surface. For the solutions that we will discuss, these functionals will have a definite sign.

4.3 Boundary conditions

When solving the EOM’s in the previous section, the physical boundary conditions we
impose on the field ®(#) are the same as in [14]. The range of the angle 6 stretches from
6 = 0 at the north pole, over § = 7/2 at the equator, to § = 7 at the south pole. For
the solution to be north-south symmetric, i.e. symmetric under reflection 8 — 7 — 6, we
require the field to have a vanishing derivative at the equator,

o'(1/2) = 0. (4.13)
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A second condition follows from considering the integrated polar current through a spherical
cap S : 60 < 6, as given in equation (2.14), [_gg*F = (2rAt)I. Consider the limit that
the spherical cap shrinks to the point at the north pole 6y — 0. For a physical solution with
non-diverging field strength F' at the north pole, the integrated polar current will vanish
in this limit. For both our ansatze, (4.4) and (4.8), the vanishing of the polar current
at # = 0 imposes the field ® to vanish in that point. The second boundary condition is
therefore

®(0) = 0. (4.14)

4.4 Solutions

A shooting method is employed to numerically solve the EOM’s of section 4.2 using NDSolve
in Mathematica. We recover a NHEK scaling solution that has previously been discussed
in the literature [14], but have not succeeded in finding a NHEK log solution that satisfies
the boundary condition (4.14). The new solutions we find are an AdS-NHEK scaling
solution and an SE-NHEK log solution. The ®(#) profiles for the numerical solutions are
presented in figures 2—4. To determine whether they are energy-extracting, we turn now
to a discussion of the energy flux.

In the following sections, we will evaluate the energy and angular momentum flux
densities of near horizon geometries to show that our force-free solutions do indeed produce
non-trivial fluxes measured by stationary observers outside the near horizon throats.

5 Energy flux from extreme black hole throat

Before analyzing in this section the energy flux of our obtained solutions in rotating geome-
tries, we first turn to a toy model. The toy model consists of a rotating electromagnetic
(EM) field configuration, and serves to illustrate that the direction of the Poynting flux,
i.e. whether the set-up has an inwards or outwards pointing flux of energy, depends on
the rotation of the observer. The lesson relevant for the discussion of the energy flux of
the (AdS/SE-)NHEK solutions, is that it is the Poynting flux measured by a Kerr ob-
server rather than a near horizon observer (which rotate with respect to each other) that
determines whether or not a solution is energy extracting.

5.1 Toy model

Consider a conducting cylinder that rotates with an angular velocity €2y and is placed in a
radial magnetic field B,.. This is an academic set-up that we consider for the sake of argu-
ment of describing the energy outflux in a rotating frame. The set-up has non-zero fields

E.=rwpB,(r), Bp= By(r), B,=B.(r). (5.1)

The FE-field contributes a term cwprB, proportional to the conductivity o to the current
J,. Because the conducting cylinder moves with a velocity v, the charges in it feel an elec-
tromotive force qu x B, adding another term to the current. In total, J, = o(wp —Qp)rB;.
The current induces, by the integral Ampere law, the B-field By ~ J, ~ o(wp — Qg)r?B,.
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v
Ez = 7n(-*-JFBT E;m = —(QH — wF)’f'Br
Br ) \ 4
> P7 ~ O—wF(g2H — UJF)Bf BT —> Prrot ~ 70'(&2H - UJF)QBE
_—
< By~ J, < By~ J,
Jz = —U(QH - WF)TB,- Jz = *O’(QH — wF)rBT
A4 Y

Figure 1. Toy model set-up of a rotating conducting cylinder in the lab frame (left) and a frame
that rotates with the cylinder (right).

The Poynting vector, as defined in (C.11), is P = E x B = (—wr BBy, wrB2,0) for
P = (P, P P?). Tts radial component is

ByE.,
T

P = = —wp BBy ~ 07’ Biwr (Qp — wr) (5.2)

so that the sign of the vector is determined by the sign of Qg — wr.

The system can also be observed from a rotating frame with angular velocity w = Qg
or 0/ = 0—Qpt. In the rotating frame, the contribution to the current that in the lab frame
originated from an electromotive force, has to follow from an electric field contribution. The
total observed electric field (in the sense that it obeys Faraday’s equation in the rotating
frame, see (C.14) in appendix C) is given by E'°" = r(wp —Qp)B,. The observed magnetic

fields (C.15) remain the same as in (5.1). The Poynting flux in the rotating frame® can
then be defined as P,ot = Erot X B. It has radial component
B Erot
Py = — erz = —By(wr — Qu)Br ~ —(wp — Qu)*r*B}. (5.3)

This is the Poynting flux in the right figure of figure 1. It is inwards pointing, even though
the physical Poynting flux in the lab frame (5.2) is outwards pointing.

Let us repeat the analysis of the toy model in a covariant language that will be straight-
forwardly applicable to the force-free electrodynamics in a rotating NHEK frame versus
asymptotically non-rotating Kerr frame.

The field strength in the lab frame (C.10) is

B
F% = B,r (df — wpdt) Adz — —Ldr A dz (5.4)
T

3Note that the mixing of E and B fields in rotating frames makes the definitions of E and B ambiguous,
reflected in the Maxwell equations (C.17)—(C.18) for E, B, Erot, Brot. We refer to appendix C for a discussion
of EM fields in a rotating frame.
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and the field strength in a rotating frame (C.20) (with 6’ = 6 — wt) is
B
Fi% = Bor (d0' + (w — wp)dt) Adz — TOdT Ndz. (5.5)

In particular, we will consider a frame that co-rotates with the cylinder, w = Qp.
The conserved energy flux seen by a stationary observer in the lab frame can be
calculated from the Maxwell stress-energy tensor

1
ﬂW:—Z%JMFﬁ+F@Ef (5.6)

as
EF = —THy, (5.7)

where xy = 0, is the global timelike Killing vector. Similarly, the angular momentum flux
LK =TH'n, (5.8)

is defined in terms of the axial Killing vector n = 0y. Here and hereafter, it is understood
that we have dropped the ‘EM’ label in the symbol TB\/I to denote the electromagnetic
stress-energy tensor defined in (5.6). The transformation matrix for the coordinate trans-
formation from the lab frame, in cylindrical coordinates z* = (¢,r,0,2), to the rotating
frame z#' = (t',1',0',2') = (t,r,0 — Qgt, z) is given by

1 000
) 0100
9T . (5.9)
o | Qpo10

0 001
Under the coordinate transformation, the energy flux transforms to

’
/_61'“ M

W
& oxH

(5.10)

In particular, & = £”. This is the lab energy flux as measured by a rotating observer. In
terms of the stress tensor in the rotating frame, it is given by

P (Tu’t, _ QHT“'O,) (5.11)

where we made use of y*' = %X” = 85: = (1,0,—Qp,0). It follows that the radial
energy flux in the lab frame is obtained from a combination of the radial energy flux and

angular momentum flux in the rotating frame
£ = Ely + Qu Ly (5.12)

where we introduced the notation £, = —T’"/t, and LI, = Tr/e, in analogy with (5.7)—(5.8).
We would like to point out that there is no ambiguity of interpretation in equation (5.12).

It relates a component of the lab flux to components of the rotating frame fluxes, by making
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use of & = —%(T“ ,t, — QyT" /9,). In this simple set-up where ' = r, we can change 7’
to r on the right hand side of (5.12).

From equation (C.22) in the general discussion in the appendix, the energy flux
Er = r(Qy — wr)B, By equals the Poynting flux P7, in (5.3), and £, = —rB,By. The
relation (5.12) thus relates the radially inwards Poynting vector measured in the rotating
frame to the outwards one measured in the lab frame

P =P +QuLl , (5.13)

consistent with equations (5.2) and (5.3). The outflux P" in (5.2) is positive when Qg > wp,
and rotational energy can be transferred from the cylinder to the field. The suggestive
notation Qp for the angular velocity of the cylinder indicates that we will think of the
rotation of a black hole in an analogous way.

5.2 Energy flux in Kerr

In this section we derive the analogue of the relation (5.12) for the energy flux measured in a
Kerr geometry as a function of the flux measured by an observer in the near-horizon region.

The NHEK geometry (3.2), with a# = (¢, ¢,r,0), is obtained from the Kerr geome-
try in Boyer-Lindquist coordinates 2 = (%, <£, T, é) through the coordinate transformation

(see (A.3))

~ - t A
t=-— =¢+-—— f=2M*¢r+M, 0=0 5.14
o b=dtge  P=MG M, (5.14)
in the limit where the scaling parameter ¢ vanishes. The transformation matrix is
¢ 0 0 0
7 1
02 = | 2M¢ L 00 (5.15)
oz 0 02M3C0
00 0 1

We are interested in the energy flux seen by a stationary Kerr observer (with hatted
coordinates). It is defined in terms of the Kerr stress tensor T#” and the Kerr timelike
Killing vector x* = (1,0,0,0) as [1]

b gp o
Ef = Ty, = ~T". . (5.16)

The solutions we obtained are solutions in the NHEK geometry (with unhatted coordi-
nates). We therefore need to work out first what the relation is between £# and quantities
measured in NHEK. This follows closely the discussion in section 5.1 of the toy model
(equations (5.10) and (5.11)), with the Kerr frame taking the role of the lab frame, and
the NHEK frame the role of the rotating frame.

If we introduce the notation®

gl = —TMy, (5.17)

“Note that " is not the radial energy flux observed by a stationary NHEK observer, which would
be defined as —T""¢, = —T*, in terms of the NHEK timelike Killing vector £. When it is necessary to

distinguish this object, we will refer to it as £%

k. = —T", following the notation in equation (5.12) in the

toy model.
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in terms of the transformed T"” and x*, then we find

L o
= 2M2€5 . (5.18)

This gives the scaling between the energy flux rate per NHEK time, £", and the energy

(C/’T'

flux rate per Kerr time, £, and expresses that the scale invariant quantity is the energy
ETAt ~ ETAL.
Furthermore, because the stationary Kerr observer is rotating from the NHEK-

perspective
ox* .  OxM 1
H= =" =((,—-——,0,0), 5.19
X=Xt = (C i ) (5.19)
it follows that
1
g/r = — (CTTt - WTT¢> . (5.20)
We thus find the following expression for the Kerr energy flux as a function of NHEK
observables
A 22 1
=% (T’”t - Am) , (5.21)
which follows most directly from the transformation T" 5 = T“Vgi—zgig. Here the scaling

parameter
A=2M( (5.22)

was introduced, which has the following interpretation. By writing the Kerr to NHEK
angle transformation as

b=+ %t , (5.23)

the scale factor can be interpreted as the angular velocity QXHEK of the asymptotic (Kerr)

region as seen by a NHEK observer

1
QUHEK — T (5.24)

The rotation w = r of the NHEK metric (of the form (2.22)) should not exceed the value
ONHEK " and therefore the ‘gluing’ from NHEK to the asymptotic Kerr region should take
place at

.= —- 5.25
re=s (5.25)

This makes the statement that the NHEK region is glued to a Kerr region at » — oo more
precise (with A — 0 per definition of the NHEK metric). We propose that the radial energy
outflux in (5.21) evaluated at the gluing radius .,

, (5.26)

T=Tx

7 )\2 T 1 T
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gives a good measure for determining whether a force-free electrodynamics solution in a
near-horizon geometry is energy-extracting. What is relevant in particular, is the sign of
the total energy outflux through a constant 7 hypersurface X5,

E= / £ (r,) d%; (5.27)

X5
with the directed surface element d>; in Kerr related to the one in NHEK by
d¥; = ﬁdi]r. For the axisymmetric and stationary solutions of section 4.4, the

flux (5.26) is a function of 0 only, and as dX, is just the volume element dt A d¢p A dO
multiplied with a positive function of @, it suffices for the determination of the sign of the

extracted energy during a time interval Af to evaluate

. [T/2 .
E ~2r1At E(ry)db . (5.28)
0

Our proposal can be compared to the energy outflux measured by a zero angular
momentum observer (ZAMO) in the NHEK frame. For a constant ¢ surface in NHEK with
unit normal u, ~ (—r,0,0,0), the associated ZAMO u# ~ (,-1,0,0) is such that upon

-
evaluation at 7, it takes the form

ut(ry) ~ (C,—2]1W,0,0> : (5.29)

By comparison with the rotating NHEK observer x* in (5.19), we conclude that the energy
outflux measured by the ZAMO wu*(r.) matches (up to possible normalizations) the one
in (5.26) measured by the stationary asymptotic Kerr observer x* = (1,0,0,0). This
argument mimics the comments (D.6) and (D.7) in appendix D as applied to the toy model.

5.3 Energy flux in AdS-Kerr

The discussion in the previous subsection can straightforwardly be repeated for the AdS
case. As summarized in appendix A, the transformation between AdS-Kerr (hatted coor-
dinates) and its near-horizon region AdS-NHEK is
fzt%o, $:¢+Q‘}}(ttg, F=ry+eryr, 6 =0, (5.30)
with Q% given in (A.9) and rq in (A.8). The same coordinate transformation applies for
the SE-NHEK limit from super-entropic AdS-Kerr, if ¢ in (5.30) refers to the angle ¢ in the
metric (A.10), and with Q%" given in (A.15) and rq in (A.14). For the rest of this section
we will refer to AdS-NHEK for definiteness, but the whole discussion applies equally well
to SE-NHEK.
The conserved energy flux (5.16) measured by an observer xy* = (1/Z,0,0,0) at rest
in AdS-Kerr is given in terms of the stress tensor components of the near-horizon observer

M~ (:0 —Q‘;}“,0,0) (5.31)
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as
E" = —erg <€T7‘t — jS}“T?”qﬁ) . (5.32)
To
The scaling parameter

€
A= ——— 5.33
TOQ%{t ( )

sets the maximum value 1/X of the rotation w = kr of the NHEK region, resulting in a
gluing radius

T = (5.34)

at which we evaluate the flux,

E(r.) = —erg ('STQ _ Qfgt:rg) (5.35)
To r=ry
An AdS-NHEK ZAMO u# ~ (%, —k,0,0) evaluated at r, is of the form
ut(ry) ~ (:,-9‘}}“,0,0) (5.36)
0

so that the Poynting flux measured by this observer will match the flux £ measured by y*.

5.4 Discussion of energy flux profile

The main equations for energy extraction are given in equations (5.11) (for the toy model),
(5.21) (for the Kerr energy flux £7) and (5.32) (for the AdS-Kerr energy flux £7). These
equations reflect the transformation under respectively the coordinate transformation be-
tween the lab and rotating frame in the toy model, and the near-horizon coordinate trans-
formation, with ks b= T“Vgi—ﬁgjz. Let us distill from the (AdS-)Kerr energy flux formula
the main expected behavior. More specifically we want to determine what factors will be

crucial to the sign of the flux.
We start by repeating here the equation that can be applied for both the Kerr and the
AdS-Kerr energy fluxes, i.e. equation (5.26) with r, defined in (5.34),

EM(ry) ~ — (Trt — i\T’"d)) , Ty = —. (5.37)

T=Tx

For a NHEK solution, the corresponding Kerr flux is given by this £ (r,) with the scaling
parameter A defined in (5.22) and k£ = 1. For an AdS-NHEK solution, similarly the AdS-
Kerr flux is given by the same equation with A now equal to (5.33), with parameters 7
and Q%' given in (A.8) and (A.9), and k defined under equation (3.8). Finally, for an
SE-NHEK solution, one can again use the flux equation with (5.33), where now ry and
QS are the ones from equations (A.14) and (A.15), and k is defined in (3.12).

~ 18 —



The two terms in the above flux equation are not independent, but related to each
other as

T 1 T

Plugging this relation into (5.37) and replacing A by kr., we can write

E(ry) ~ =T, (1 + kr) (5.39)

WF

T=Tx%

All the geometries we consider are of the form (3.1), which in turn is of the form of a
general rotating metric (2.22) with angular velocity Q = —g.4/944 equal to Q = —kr. This
allows to further rewrite the flux profile as

E7(rs) ~ —wp Eloy (= wp)l,—,, , (5.40)

T =
rot —

near horizon region or ‘rotating frame’. It is clear from this form that the sign of the flux

where we used the notation —T7, for the flux measured by an observer at rest in the
will be determined by whether or not the metric angular velocity is larger than the field
angular velocity, as well as by the sign of the field angular velocity wg and the sign of the
flux as measured by a non-rotating observer in the near-horizon region.

Equation (5.40) for the (AdS-)Kerr flux makes the equivalence with the toy model
manifest: coupling back to the notation used in section 5.1 by replacing & — P,
Ele — Pl and Q — Qp, equation (5.40) expresses that the lab Poynting flux P" scales
like —wp Pl (Qy — wr), as can be read off directly from the expressions in figure 1.

5.5 Energy flux in BTZ

The aim here is to demonstrate the extent of the validity of applying the proposed toy
model to the derivation of an energy flux from extreme near horizon black hole throats.
To this end we employ an exact solution to FFE for rotating black holes, namely, the
solution describing the BZ process [17] in the 3-dimensional rotating black hole known as
BTZ. The presumably unique, exact EM field is given in a simple, closed form for the BTZ
metric (A.17) with coordinates (£, ¢, 7). This result provides us with a set-up where the
full FFE solution is known, i.e. not just in the near-horizon region. In particular, the FFE
solution in BTZ will allow us to check equation (5.46) for the BTZ energy flux as measured
by a NHEBTZ observer.

We begin by directly applying the near horizon procedure to the FFE solution in the
BTZ metric. The energy extracting FFE solution in BTZ obtained in [17] is given by

N S QO - O
F:thAdqﬁ—i—Qdf/\dt—QT( (%) — )
™

277 2ra(7)?

(dp — Q7)dt) A dit (5.41)

with electric charge Q and magnetic monopole current ®, and the functions a and Q given
in (A.18). Including Znajek’s regularity condition implies ® = Qry (Qy — QF), where the
horizon angular velocity is given by Qg = r_/(lry) in terms of the horizons r4.
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Consider in particular the extreme BTZ solution (Q%* = 1/1), with ® = 0 (required
to have a finite field strength in the NHEBTZ background) and Qp = 1/1. Its energy flux
as defined in (5.16), with x = 0;, reads

Eb = __@ (1, 1,0) . (5.42)

C4m2(72 — T_%_) l

Note that there is no radial energy outflux for this special case of the extreme BTZ solution.
This is a consequence of the regularity condition imposed by the near-horizon solution. It
causes the field angular velocity to reach the horizon angular velocity of the extremal BTZ
black hole, Qp = Q%*, while energy extraction is achieved in the range 0 < Qp < Q.

Following the near horizon limiting procedure defined in appendix A (which involves
defining new coordinates z* in addition to taking the limit ¢ — 0) for the energy flux
£ = Epdal = E,da = Z5de with (5.42) yields

T 4rn?]
gH = < @ 0,0) , (5.43)

42y’
and for the extreme electromagnetic field (5.41) one finds

P19 a5 nar. (5.44)

drr

This result for the near horizon solution in the NHEBTZ background (3.13) is obtained
specifically by making use of the conditions ® = 0 and Qp =1 /1 which impose finiteness
and Znajek’s condition.

Imagine we had not known the full FFE solution in BTZ, but only the field (5.44) in

NHEBTZ. The only non-vanishing component of the corresponding stress energy tensor is

Tt¢ = 42?227"- Following the discussion in the preceding sections, the energy flux measured

by a rotating NHEBTZ observer x = ed; — %8¢ yields

2
g = — (eT“t - }T%) = ( @ o,o) , (5.45)

A2y’

in agreement with (5.43). The energy flux (5.45) computed solely with the field in NHEBTZ
gives rise to the same energy flux £ as the one measured by the x = 0; observer at rest in
BTZ. This is the extent to which our analysis of the NHEBTZ is exactly equivalent to our
toy model prescription.

Now let us take a look at the gluing procedure. It suggests that the object

2
9 <1, }o) (5.46)

Am2r.€
:T’*

allows the NHEBTZ observer, with no knowledge of the full BTZ solution, to obtain the
profile of the energy outflux measured outside the throat. The gluing radius 7, marking

the ‘edge’ of the near horizon region is determined to be

2
re =t (5.47)

€

—90 —



This follows from a completely analogous reasoning as before. Namely, the angular velocity

Q 4, which can be read off from the BTZ to near-horizon angle transformation <ZA> = ¢+ Qat

given in (A.20), sets the maximal value w(rs) of the rotation w = gt4/9s¢ = ;7= of the
+

NHEBTZ metric (3.13). Writing out the evaluation at r, in (5.46) gives rise to a finite
quantity

EfM(ry) = @& (1, 1,0) . (5.48)

472 r%r {

It matches the full BTZ flux in (5.42) evaluated at the gluing point 7, = 1/7“.% + €ry.

6 Energy flux of force-free solutions

We are interested in the profile of £”(r,) (defined in the previous section) as a function
of 0 ranging from the north pole to the equator, and the positivity of féT/Q Ef(r*)dé as a
sign of energy extraction. The Kerr flux £ takes the role of the Poynting vector in the
lab frame of the toy model of section 5.1. It can be energy extracting even if the NHEK
flux, analogous to the Poynting vector in the rotating frame of the toy model, is not. To
analyze this statement, we will also consider the NHEK flux as measured by a stationary
asymptotic observer (1,0,0,0) in the NHEK frame, —7";, and the corresponding extracted
energy at the boundary of NHEK

T—00

ENH = — lim / Trt er, (61)
bR

with d¥, = /—gdt A d¢p A df. This is the object considered in [12] to discuss energy
extraction.® It is to be compared to the energy (5.27), rewritten using equation (5.20) as

1

E = —lim (CTTt(r*) ~ 57

T (1)) d%,, 2
tim [ S )) (6.2)

where now we explicitly wrote the limit ¢ — 0 that was implicit in equation (5.27), and
r« = 1/(2M(). The AdS version of this expression is immediate from (5.31):

o . € Xt
E——lu [ <mT7"t(r*) o TT¢(T*)> ds, (6.3)
with 7. = roQ*/ (ke).

For the scaling solutions (both in NHEK and AdS-NHEK), the scaling of the relevant
stress tensor components is 77, ~ r2"*2 and 7y ~ r2h+1 Tt follows that the extracted
energy (6.2) scales like

E ~ lim 27At r2h+? (6.4)
¢—0 *

°To compare to their notation, lim,— e 7", d¥, becomes their Eoo = v/=hn{,) Taw X{y)lr—oo (With x = ;
and n the normal to X,). It is pointed out in their footnote 2 that the NHEK and Kerr energies differ
because of the mixing with angular momentum.
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where we used the NHEK notation, but the same conclusion will apply to the AdS-NHEK
case. The NHEK energy flux rate E/At for the scaling solution will thus be finite only
for the special value h = —%. This special value was also pointed out in [12].5 However,
from the point of view of the Kerr frame, the energy flux is measured in units of Kerr time

t=1t/¢,
E ~ lim 27Af r2h (6.5)

¢—0

and the Kerr energy flux rate F/Af is finite for h = 0. This motivates the study of the log
ansatz discussed in section 4.1.2. Indeed the log ansatz allows for a finite energy outflux
in this sense: it has 77, ~ 72 and I"y ~ror E™ finite.

We discuss now in detail the h = 1 scaling solutions in NHEK and AdS-NHEK. They
have infinite energy outflux.

The h = 1 scaling solution in NHEK was previously discussed in [14]. We repeat it
here in our notation before we present the new solutions: the AAS-NHEK h = 1 scaling
solution and an SE-NHEK log solution.

Scaling solution in NHEK. For the scaling ansatz in section 4.1.1, we find NHEK and
Kerr stress tensor components

2h+2 1+2/h g/’ " "
Trt _ wolor (I)(H) P (9)’ _Tr¢ _ & — L (6.6)
AMAT(0)2A(6) wrp  Twedl/h
and
A 1 Tor2h 1 (g)+1/h <1+2w0M7‘C(1)(9)1/h) '(0)
gr:_2M2<- (gTTt_T7”¢> — . (67)
oM AMB3T(0)2A(0)

The first plot in figure 2 shows the numerically obtained solution ®(6) of the EOM (4.9)
for h = 1. It satisfies the boundary conditions (4.13) and (4.14). What is plotted in the
second figure is the infinite energy flux rate £ (r.) rescaled by a power of ¢ to extract the
f-profile of the Poynting flux,

1

-~ 2M(¢
This Kerr outflux is compared in the third plot to the (infinite) NHEK outflux rescaled to
the finite

Pr=2EN(ry), T« (6.8)

1
C2MC¢T

Both profiles have a positive integral over 6, i.e. both E and Enpg are positive, and the

Phugk = —¢"PT7,(ry), T (6.9)

extracted energy Eny is actually greater than F in this case.

This solution was first presented in [14]. The Poynting flux considered in [14] is the one
observed by a ZAMO u,, = —/2T'(6)M (r,0,0,0) in the NHEK frame, using the general
definitions (D.1)-(D.3). The radial component for the Poynting flux (D.4) equals —T",u?.
It was discussed in the paragraph around equation (5.29) to produce the same energy
outflux profile as we find for £7(r,).

Recall that our h differs from the one in [12] by a sign.
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Figure 2. Solution ®(#) and corresponding Poynting flux P" as a function of 4, for the energy

extracting NHEK scaling solution for parameter values wo=—1,h=1,1p=0.1 and Q"' = ﬁ =0.5,
and with ®(7w/2) =1.44774. This reproduces the solution of [14] (up to a sign disagreement). The
Kerr flux is smaller than the NHEK flux.

Scaling solution in AdS-NHEK. For the AdS-NHEK scaling solution, we find the
following AdS-NHEK and AdS-Kerr mixed stress tensor components
 wolgr? 29 (0)1+2/1e/ (0) ™ T

1" = —Iy=—=——>= 1
t a(0)y(0)I'(0)? ’ T wp rwedl/h (6.10)

and

) Lor?+Led(0) 1/ (ro Q5 + wo red(0) /) @/(0)

N €
T _Tr _ QextTT
" = —ero (o T a(0)1(0)T(0)2

T

(6.11)
Figure 3 shows the numerical function ®(#) obtained for A = 1, which solves EOM (4.11)
with boundary conditions (4.13)—(4.14). Further, the #-profile of the Poynting flux, again

appropriately rescaled to

. Qext
Pr=ehet(r,), = L]%H (6.12)
is compared to the rescaled AdS-NHEK outflux
Qext
Phasxmpk = —€M2T7(r,), = ”’TGH (6.13)

In this case we observe an inwards AdS-NHEK flux (Exg < 0) but an outwards flux in
AdS-Kerr (E > 0). This is reminiscent of the toy model, and provides an example where
it matters to describe the energy extraction from the point of view of a Kerr rather than
a near-horizon observer.
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Figure 3. Solution ®(#) and corresponding Poynting flux P" as a function of 4, for the AdS-
NHEK scaling solution for parameter values h=1, Ip = 0.2, £ =1, a = —0.25, k = —0.68, wg = %7

r4 = 0.226654 and Q%" = —2.06, and with ®(7/2) = 1.585633. The near horizon flux P} .5 npugk
is inwards while P" does detect energy extraction.

Log solution in SE-NHEK. While we have not succeeded in finding a log solution in
(AdS-)NHEK with the boundary condition ® — 0 at § — 0, we do present such a solution
in SE-NHEK.

Figure 4 shows the numerically obtained ®(#) for the specified set of parameter values.
The plotted ®(0) solves the EOM (4.12) with boundary conditions (4.13)—(4.14). The
mixed stress tensor components

Ior*®(0)®' (0 T, T,
T" = T ="t=_-1t .14
LS O OT(0) ©= wr  rwe®(0) (6.14)
and
; € Iore (roQ5 + rewo®(0)) 9'(0)
EM = —er (TT — Qe ) = i 6.15
O\pgm t 7 7 ¢ woat(0)7(0)T(0)2 (6.15)

are such that the AdS-Kerr flux rate £"(r.) is finite. It is shown in figure 4 with the
notation

o TOQ%}('J
P" =& (r,), L) 1
E"(ry) r e (6.16)
along with the (rescaled) SE-NHEK outflux
- - 7’0Q8Xt
Pp ek = —€ T (rs), Ty = TcH (6.17)

The SE-NHEK flux is again inwards while the AdS-Kerr flux is outwards.
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Figure 4. Solution ®(f) and corresponding Poynting flux P" as a function of 6, for the SE-
NHEK log solution with parameter values ¢ = 1,15 = 0.9,wp = 0.5 and Q%' = 3/4, and with
®(7/2) = —0.68. The last figure shows the flux measured by a non-rotating SE-NHEK observer.

In the scaling solutions, the boundary condition ® — 0 at § — 0 gives rise to a fine-
tuning of the field strength to a finite value at the north pole. For the log solution this is
not the case: even though ® — 0, the field strength squared F),, F* diverges at § — 0 (so
does the angular component of the Poynting vector, while P" is finite). This unphysical
feature of the solution might be allowed because of the special geometry of SE-NHEK near
the north pole, but this remains unclear.

Discussion of energy fluxes. The energy outfluxes P" in figures 2—4 all have the prop-
erty that they change sign at the special value of 8 where the field angular velocity wp
equals the angular velocity 2 of the geometry. This is consistent with equation (5.40). The
corresponding critical value 6, is determined from the condition wo®(6.) = —1 for NHEK,
and wo®(0.) = —k for AdS/SE-NHEK. The toy model, with constant wr and Qp, has a
flux of definite sign and thus no analogue of 6.

Let us provide a different visualization of the solutions through vector plots of the flux
in the (7, 0) plane of the geometry. Figure 5 shows, for each of the solutions, the streamlines
of the vector field (P*, PY), with (P*, PY) = (PT cos® — rP?sin 0, r P? cos § + P" sin 6) in
a polar vector plot, with x = rcosf, y = rsinf. The Poynting flux P* that is used to
obtain these figures is the conserved energy flux measured by the rotating observer (ZAMO)
in (5.29) and (5.36). The result for the vector plots is qualitatively similar to the result
one would obtain from using the conserved energy flux £7(r,0; \) with A(r,) replaced by
A(r). The magnitude of the radial flux P" is superimposed as a density plot with color-
coding: negative (purple) over zero (yellow) to positive (red). The first quadrant of each
plot in figure 5 corresponds to the range (0 € [0, 7/2]) of figures 2-4. When the solution is
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Figure 5. Polar vector plots of the (ZAMO) Poynting flux stream lines for the NHEK, AdS-NHEK
and SE-NHEK solution, in the (r,6) plane of the near horizon geometry. The flux changes sign
at the critical angle 6. (blue dashed lines). The density plot shows the magnitude of the radial
Poynting flux ranging from negative (purple) over zero (yellow) to positive (red). Along the flux
lines, the angular velocity wp is constant (white solid lines) in agreement with the conducting
cylinder toy model.
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Figure 6. Polar vector plots of the Poynting flux stream lines for the NHEK, AdS-NHEK and SE-
NHEK solution, in the (#,6) plane of (AdS/SE-)Kerr. Only the first quadrant is shown. In NHEK
and AdS-NHEK, the location where the flux changes sign (purple line) corresponds at the equator
to the start of the Kerr ‘ergoregion’ as determined by the NHEK observer, which is the orange
shaded region bounded by the gray dashed line. The region behind the horizon is shaded in black.

extended by symmetry to the full angular range 6 € [0, 2], the net energy outflux obtained
by integrating the Poynting flux over the full range vanishes by energy conservation. To
obtain a non-trivial power output, we therefore consider the near horizon black hole regions
embedded into an externally imposed split-monopolar magnetic field sourced by toroidal
currents in a razor-thin disk at the equator [1]. This magnetic field is given by the solution in
the northern hemisphere which is mirrored into the southern hemisphere. All the solutions
we found for near-horizon black holes threaded by a split monopole magnetic field have net
positive energy outflux. The AdS- and SE-NHEK solution bring in energy at the equator
and emit energy near the poles. The NHEK solution has net positive energy outflux near
the equator. Figure 6 shows the same information as figure 5, but in Kerr coordinates.
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7 Discussion and outlook

We have presented symmetric FFE solutions in two different near horizon geometries of
AdS-Kerr. They have the property that an observer at rest in the near horizon metric
measures an energy influx, while a rotating observer — corresponding to an observer at
rest in the Kerr region — measures an energy outflux. This behavior is consistent with
the simple toy model set-up of a rotating conducting cylinder in figure 1, which shows
that the angular flux contribution can be large enough to change the sign of net energy
flux. The solutions have non-negative F,, F* = 2(B% — E?), and therefore correspond
to magnetically dominated plasmas. This is required to avoid superluminal motion of the
plasma. That said, both solutions still display an unphysical feature. The AdS-NHEK
solution has an infinite energy outflux at the boundary of NHEK, similar to the NHEK
scaling solution of [14]. The SE-NHEK solution has diverging field strength near the north
pole. However, as the north pole is effectively removed from the SE-NHEK geometry, this
drawback might actually be irrelevant.

We have shown the log ansatz can be used to produce an FFE solution with finite
energy outflux. It would be interesting to extend this to other near-horizon geometries,
most notably the original NHEK metric, which is most relevant for astrophysics. Perhaps
another set of physical boundary conditions than the ones used in this paper can be used.

The energy-extracting solutions presented in this paper require the presence of plasma,
as in the usual BZ process. It could be investigated whether solutions describing a plasma-
less version of the BZ process, as obtained in [17] for BTZ, also appear in the context of
AdS-Kerr.

The use of AdS geometries in this paper suggests the question whether an AdS/CFT
interpretation of our FFE solutions exists, in the spirit of [17, 32]. Since the AdS-Kerr
solution is only known in our case in the near-horizon region, the only AdS factor that is
available to us for such an AdS/CFT interpretation is the warped (at constant §) AdSs
factor that makes up the 4D (AdS-)NHEK geometry. This is the AdS space that gives rise
to the conjectured Kerr/CFT correspondence of [33]. However, an immediate repetition
of the strategy in [17] for the calculation of a dual CFT conductivity would require the
presence of an EM field strength component F4, which is missing by construction in the
toroidally invariant solutions we presented. We leave these open questions for future work.
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A Kerr black holes and their near horizons

We summarize in this appendix how to take the near horizon limits of various Kerr black
holes. More details can be found e.g. in the review [34].

Near horizon extreme Kerr black hole: NHEK. In Boyer-Lindquist coordinates,
the Kerr solution, parametrized by the angular momentum per mass a and mass M, is

Asin20

2 _ 2 72
ds? = di d¢+Ad + 26+ o (A.1)

(1 B 2]\;?) g2 4Maf# sin? 0

where ¥ = 72 4 a2cos20, A = 72 — 2M7 + a® and A = (72 + a®)? — Aa2sin?0. The
determinant of the metric is v/—g = Ysin . The roots of A = 0 are the black hole inner and
outer event horizons r4 = M ++v/M? — a2. The Kerr black hole is stationary, axisymmetric
and asymptotically flat. It has an angular velocity () = —g; 3 /g 3= 2Mat /A that vanishes
asymptotically. The angular velocity at the outer horizon is Qy = Q(ry) = a/(r2 + a?).

Extremal Kerr (a = M) has coinciding horizons r; = r_ = M and horizon angular
velocity
gt = - (A2)
S .

The so-called Near Horizon of Extreme Kerr (NHEK) geometry can be thought of as a
zoom in on the near horizon region r = r; of the black hole. Following [24], the NHEK
metric (3.2) can be obtained from the extremal Kerr black hole geometry (A.1) in Boyer-
Lindquist coordinates (£, #, 0, QAS) by defining new coordinates

N t ~ t
t — -

and taking the limit { — 0. The location of the horizon is at » = 0 in these coordinates.

P 2M%Cr+M, 0—0 (A.3)

From the relation ¢ = qg — ﬁf between the new angle ¢ and the Kerr angle ¢?, it is clear
that the NHEK geometry co-rotates with extremal Kerr at the angular velocity of the
horizon (A.2). The scale parameter ¢ can be rescaled without changing the resulting near
horizon metric. This points to an extra scaling symmetry of the NHEK geometry under
r— Ar and t — t/A. It is discussed in more detail in section 3.1.1.

Near horizon extreme AdS-Kerr black hole: AdS-NHEK. In this section and the
next we discuss two types of near horizon geometries that follow from two types of extremal
limits of the AdS-Kerr black hole (in Boyer-Lindquist coordinates)

Aa R Ay si 21 R ’*2
ds? = —2e <dt asin® d¢) L Za grry Za g W(adt— +a d¢> (A.4)

Ea Aa AG EU«
where
Ao = (P2 +a®)(1 +72/17) — 2m7 E=1-a*/, (A.5)
Ag=1—a?cos?0/1? Yo =72 +a?cos?h. (A.6)
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In one case we take the traditional extreme limit where the inner and outer horizons
degenerate to a single horizon at # = r; = r_. In the other case we will take the so called
super-entropic limit @ — [ while also fixing the mass m = 81/3+/3 for the black hole to be
extreme. More details on these two different prescriptions are described next.

The outer and inner horizon of AdS-Kerr are defined as the largest and smallest root
of A, (which allows to eliminate m for r1). As it was shown in [25, 34], to find the near
horizon geometry of the extreme AdS-Kerr black hole (3.1) one has to first find the extreme
limit of (A.4) where the inner and outer horizons degenerate r = ry = r_, then introduce
new coordinates

A

R T A tr
f—ot=, o+ —,  Foryterer, 00, (A7)
€ €

with 79 and Q%" defined below, and finally take the limit € — 0.
The extremality condition a(r;) is given in (3.9) and rg is defined as

(r} +a?) a’

2
. Ag=1+2L 46oF. (A.8)
Ao

2 _
o= IZRE

The parameter Q%" is given by the AdS-Kerr angular velocity of the (outer) horizon

—_
=a

ext __
H — 2

—_ A.
ri +a?’ (A.9)

where the superscript refers to the angular velocity being evaluated at extremality (3.9).

Near horizon of super-entropic AdS-Kerr black hole: SE-NHEK. A different
extremal limit for the AdS-Kerr black hole has been studied in the super-entropic limit
a — [ in [28]. Here we show how to derive the near horizon geometry of these super-
entropic extremal black holes, as first discussed in [26].

Following [28] we first take the limit a — [, but at the same time to avoid a singularity
in the metric rescale the coordinate ¢3 = 1& = and identify @@ with period 27/Z to prevent
conical singularities. The black hole (A.4) in this limit is super-entropic (see [27] for details)
and becomes

N NIRRT S1 sy sintd - 2
2__ =l ein2 U a2 ! 2 (2272
ds” = > (dt Isin Hd@b) + :ldr +Sm2éd0 5 (ldt (72 +1 )dw) (A.10)
where
A= (P HP)A+22/1%) —2mp 5 =72 4 1% cos’d. (A.11)

The coordinate 1/; is non-compact and hence we choose to compactify it by 1& ~ 1[1+27r. The
black hole event horizon topology is that of a sphere with two punctures (at the poles) and
for horizons to exist there is a minimal extremal value of the mass m = m; = 81/(3/3).
Note that now there are only three roots of Aj|,—m, = 0 located at r = {I/v/3, (-1 %
2v/2i)1/\/3}. The event horizon is therefore located at

(A.12)

ry =T =

Sl
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Now we derive the near horizon region r = r; of these extreme super-entropic black
holes, dubbed here SE-NHEK metric (3.1) with functions (3.12). It can be obtained from
the extremal m = m; super-entropic AdS-Kerr black hole geometry (A.10) by defining
new coordinates in the same way as in (A.7) but starting from the super-entropic black
hole (A.10) with angle ¥, namely

N ~ t A
Pt s+t h s dergr, 00, (A.13)
€ €

and taking the limit ¢ — 0. Note that in this super-entropic extremal limit ry defined
in (A.8) equals 74, i.e.

l
rg = —, Al4
0 \/g ( )
and Q" is given by the horizon angular velocity Qp = —g; ¥ /g p 11;(7@) of the geome-
try (A.10), evaluated at the extremal value of r; in (A.12),
Qo = 3 (A.15)
ik .
With these values filled in, the SE-NHEK limit (A.13) can be written out as
P—srt/e, oo+ (V3/A)tle, For(l+er), 0—6. (A.16)

It was shown in [26] that the super-entropic limit and the near-horizon limit of AdS-
Kerr commute, i.e. the SE-NHEK metric can alternatively be obtained from a super-
entropic limit of AdS-NHEK.

Near horizon of extremal BTZ: NHEBTZ. The BTZ black hole background met-
ric [35], which is a three-dimensional solution of Einstein’s equations with a negative cos-
mological constant, is

dr? N R
2 _ N2 752 ) A 722
ds® = —a(f)*dt* + NER + 79 (do — Q(7)dt) (A.17)
with
o (P2 =) (P —1?) T
af) = ;gp . Q) = Mﬁ (A.18)

It has horizons ry at the locations where a(#) vanishes, and angular velocity Q(#). In
the extremal limit, the inner and outer horizon coincide ry = r_ and the horizon angular
velocity becomes

1
T
The near-horizon extreme BTZ geometry or NHEBTZ geometry (3.13) can be obtained

Q5 = (A.19)

from the coordinate transformation (see e.g. [31])

t ; t A2 _ 2
; L P =7 +er (A.20)

in the limit ¢ — 0.
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B Stream equations in near-horizon regions

For the NHEK metric (3.1) with

S[Ag] = /drde[;l( (9 49)* + (B9 A4)?) +

or alternatively, using (2.17),

drdf
SlAd = / 72

(3.2), the action in (2.24) becomes

WF
r

)i

2r2

14,7

[12) (TQ(aTAt)Q + (Op Ar) ) + ﬁI(At) }

Wg Aw%

r>2 1 72
+—) ———.

From these actions we obtain respectively the NHEK EOM for Ay,

ag(d 8@A¢) + 8r(d7‘2aTA¢) —

and the one for Ay,

D
0 (Hond) +0.(D0,4) — 5

For an AdS-NHEK metric (3.1), with either (3.8) or

or

drdf [ Dg 1
sial= [ 2 [ (o +

2 2
Daz—a;‘C:*ya<l—l—k‘r) _QTQ

1 od
254,

13D
20A;

(729, 49) + (9p4)?) —

(@02 + 5 @00?) -

1
"2

(3.12), the action (2.24) is

2 >
+ o) (0p45) ) + 212

Variation of the action gives the AdS-NHEK EOM for Ay,

1
Dy (da 0426914(]5) + 0p(do 720, Ag) —

and for Ay,

D,
89 (T‘2a269At> +ar(DaarAt) —_

léDa
2 0A:

(@402
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(004, ) -
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entsa, =Y
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,YI(A¢>)2]

Cﬂ(aeAtP) + ;';I(At)Q]

o or

T2y 04,
a 01
m[@—o-

(B.2)

(B.5)

=0,
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C EM fields in different frames

We review the identification of EM fields in the EM tensor that allow the standard form
of Maxwell’s equations to be obtained from the covariant expressions in terms of the field
strength. Different frames are considered. In particular the relation between electromag-
netic fields in rotating frames in (C.14) is useful for the description of the toy model in the

main text.
Carthesian. In Carthesian coordinates in mostly plus convention, the standard definition

0 —E, —E, —E.
E. 0 B, —B,

F,, = C.1
. E,-B., 0 B, (1)
E. B, -B; 0
(or E; = Fyp and B; = %emijjk, with €,,43 the covariant permutation tensor of the

spacetime) is easily shown to provide as equivalent formulations of Maxwell’s equations

, V-E=j°
0, = { . (©2)
and
_ V-B=0
L, FHY = , .
0, 0 { U E— % (C.3)
with
- 1
P = 56“”“5Faﬁ. (C4)
The electromagnetic stress energy tensor is defined as
1
Ty = FuaF, " — ZFaﬁFaﬁgu,, (C.5)
and related to the Poynting vector P! = (E x B)! = eoijkEjBk as
Ty = —P'. (C.6)
Cylindrical. In cylindrical coordinates, we use
0 —-E. —FEy -F,
E. 0 B,r —By/r
F. = C.7
" Ey —B.r 0  Byr (1)
E. By/r —B,r 0
to obtain the equivalent formulations
V,F = i VeE=J (C.8)
v V x B= %—? +3 '

~32 -



and

. V-B=0
yEFHY = . .
v 0 { Vx B (C.9)
Here, V, is the covariant derivative in the metric
ds* = —dt* + dr? + r?dh?* + dz*>. (C.10)

The field strength (C.7) can be obtained from the Carthesian expression (C.1) by the
transformation F' — ATFA under the transformation from Carthesian coordinates z to
cylindrical coordinates ' with transformation matrix A = dx/92’. The components of the
electromagnetic fields are given by E; = F;p and B; = %EOiijj k. In the alternative choice
of basis & — /gescs (or Eg = E5¥/r and By = B§¥' /r), the form of Maxwell’s equations
in curvilinear, cylindrical coordinates is recovered.

The same relation (C.6) holds for the Poynting flux defined as P!= (ExB)" = eoij kEj By,

o <BzE9 — ByE, B,E,— B,E, ByE, — BTEQ)

) )
T r r

(C.11)

Rotating frame. We can go from cylindrical coordinates z# = (t,r,0,2) = (t',r',0' +
wt', 2') to rotating cylindrical coordinates ot = (t',r',0,2") = (t,r,0 — wt, z), with metric
ds? = —dt? + dr® + r2dh? + dz? transformed into the metric ds'? = —dt’? + dr'? + '?(d6’ +
wdt’)? 4+ dz'? such that the primed frame rotates with angular velocity w counterclock-
wise about the z axis. In the rotating frame in cylindrical coordinates (¢',7/,6',2), the
transformed field strength is then given by’

0 E. Ey/r? E,
Fu’y’ _ — kB, 0 BEOt/T _Bgot/r (0'12)
rot —EQ/TQ _Bgot/r 0 B;Eot/r
—E, B/)r —BXYr 0
and
0 — Erot _ EéOt _ Erot
T z
Erot 0 rB, —By/r
ot r z C.13
wv EF* —rB, 0 rB, ( )
E*Y By/r —rB, 0
with the rotating EM fields as a function of the lab EM fields given by
E)f*=Ey, EX*=FE,+wrB,, E*"=E,—wrB, (C.14)
B)** = By, B =B, —wrE,, B =B,+wrE, (C.15)

"One goes between contravariant and covariant EM fields by E’ = Ep/r? and B® = By/r?. Also, as
remarked in the previous section on the cylindrical frame, we can use E? — Ee/r, B? — Bg/r to recover
the curvilinear notation.
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or Eyot = E+ (wé, X 7) X B and Byot = B — (wé, x ) x E. The rotating fields are obtained
from the field strength through

Bt = Fyy, Bt = %eoli/j/k/Fjlk/. (C.16)
The field strength in (C.12) gives the Maxwell equations
' / E=4Y
Vi Fot = Jtot { g y Brotjzt%? + ot (C.17)
and
vV, FEV =0 { g 'XBE;O: _op - (C.18)
with
o = (pd", 3" = pw. %) (C.19)
and Vs the covariant derivative in the metric
ds? = —dt"”? + dr'”? 4+ r"*(d0' + wdt')* + dz"%. (C.20)
The rotating frame Poynting flux
P = ( B;ot Egot _/ Bgot E;ot’ Bﬁot Egot _/ Bgot E;Eot7 Béot E;:ot _/ B;Eot E50t> (©.21)
r r r
is determined by the Maxwell stress tensor through
T'y = —P. . (C.22)
Further references on EM fields in rotating frames are [36] and [37].
D General curved space EM field definitions
For u a future-pointing unit time-like vector field (u#u, = —1) in a 4-dimensional curved

spacetime g,,,,, the associated observer with four-velocity © measures EM fields (see e.g. [38])

E, = F,u” (D.1)
B, = %EJHQBFO‘ﬂuU (D.2)
and Poynting vector
Pt = "Pu,E,B,. (D.3)
The Poynting vector is defined as
pPH = —’y“aTafBug = —T"ul — u“uﬁTﬁpup (D.4)

in terms of the induced metric 7,5 on the hypersurface orthogonal to u,

7P =g +uuP (D.5)
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Rotating cylinder. We now apply these definitions to the rotating cylinder space-
time (C.20). For an observer ' = (1,0,0,0) at rest in the rotating frame, (D.1) and (D.2)
extract the fields E = (EX", Ef°, EX°%) and B = (B°*, B§°*, B, and (D.4) gives (C.22)
for the Poynting flux (C.21). (Notice however that (D.3) does not reproduce (C.21), be-
cause the observer’s four-velocity is not normalized to unity.)

On the other hand, the unit normal to a constant time surface is given by
uy = (—1,0,0,0). The corresponding observer

' = (1,0, —w,0) (D.6)

is a zero angular momentum observer or ‘ZAMOQO’, as it satisfies u“/ny/ = 0 with n the
angular Killing vector of the spacetime. The definitions (D.1)—(D.3) then extract the lab
EM fields F = (E,, Ey, E,) and B = (B,, By, B.), as well as the lab Poynting vector (C.11).
Indeed, the ZAMO rotates in the rotating frame and corresponds to an observer at rest in
the lab frame (C.10),

u” = (1,0,0,0) (D.7)

!
. ’ 7

w _ Oz m

via ut = Grrut.
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