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Abstract

A key result in the proof of black hole uniqueness in 4-dimensions is that a stationary
black hole that is “rotating”—i.e., is such that the stationary Killing field is not everywhere
normal to the horizon—must be axisymmetric. The proof of this result in 4-dimensions
relies on the fact that the orbits of the stationary Killing field on the horizon have the
property that they must return to the same null geodesic generator of the horizon after a
certain period, P. This latter property follows, in turn, from the fact that the cross-sections
of the horizon are two-dimensional spheres. However, in spacetimes of dimension greater
than 4, it is no longer true that the orbits of the stationary Killing field on the horizon
must return to the same null geodesic generator. In this paper, we prove that, nevertheless,
a higher dimensional stationary black hole that is rotating must be axisymmetric. No
assumptions are made concerning the topology of the horizon cross-sections other than that
they are compact. However, we assume that the horizon is non-degenerate and, as in the
4-dimensional proof, that the spacetime is analytic.

1 Introduction

Consider an n-dimensional stationary spacetime containing a black hole. Since the event
horizon of the black hole must be mapped into itself by the action of any isometry, the
asymptotically timelike Killing field ¢ must be tangent to the horizon. Therefore, we have
two cases to consider: (i) ¢t is normal to the horizon, i.e., tangent to the null geodesic
generators of the horizon; (ii) ¢* is not normal to the horizon. In 4-dimensions it is known
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that in case (i), for suitably regular non-extremal vacuum or Einstein-Maxwell black holes,
the black hole must be static 42, B]. Furthermore, in 4-dimensions it is known that in case
(ii), under fairly general assumptions about the nature of the matter content but assuming
analyticity of the spacetime and non-extremality of the black hole, there must exist an
additional Killing field that is normal to the horizon. It can then be shown that the black
hole must be axisymmetric! as well as stationary [I8, [T9]. This latter result is often referred
to as a “rigidity theorem,” since it implies that the horizon generators of a “rotating” black
hole (i.e., a black hole for which ¢* is not normal to the horizon) must rotate rigidly with
respect to infinity. A proof of the rigidity theorem in 4-dimensions which partially eliminates
the analyticity assumption was given by Friedrich, Racz, and Wald [9), B2], based upon an
argument of Isenberg and Moncrief [27), 20] concerning the properties of spacetimes with a
compact null surface with closed generators. The above results for both cases (i) and (ii)
are critical steps in the proofs of black hole uniqueness in 4-dimensions, since they allow
one to apply Israel’s theorems [23 24] in case (i) and the Carter-Robinson-Mazur-Bunting
theorems [2, B6, 25, [T] in case (ii).

Many attempts to unify the forces and equations of nature involve the consideration of
spacetimes with n > 4 dimensions. Therefore, it is of considerable interest to consider a
generalization of the rigidity theorem to higher dimensions, especially in view of the fact
that there seems to be a larger variety of black hole solutions (see e.g., [7, 12, [15]), the
classification of which has not been achieved yet. 2 The purpose of this paper is to present
a proof of the rigidity theorem in higher dimensions for non-extremal black holes.

The dimensionality of the spacetime enters the proof of the rigidity theorem in 4-
dimensions in the following key way: The expansion and shear of the null geodesic gen-
erators of the horizon of a stationary black hole can be shown to vanish (see below). The
induced (degenerate) metric on the (n — 1)-dimensional horizon gives rise to a Riemannian
metric, Y45, on an arbitrary (n—2)-dimensional cross-section, X, of the horizon. On account
of the vanishing shear and expansion, all cross-sections of the horizon are isometric, and
the projection of the stationary Killing field t* onto ¥ gives rise to a Killing field, s%, of
~Yab o0 2. In case (ii), s* does not vanish identically. Now, when n = 4, it is known that 3
must have the topology of a 2-sphere, S2. Since the Euler characteristic of S? is nonzero,
it follows that s* must vanish at some point p € ¥. However, since ¥ is 2-dimensional,
it then follows that the isometries generated by s* simply rotate the tangent space at p.
It then follows that all of the orbits of s* are periodic with a fixed period P, from which
it follows that, after period P, the orbits of t* on the horizon must return to the same
generator. Consequently, if we identify points in spacetime that differ by the action of the
stationary isometry of parameter P, the horizon becomes a compact null surface with closed
null geodesic generators. The theorem of Isenberg and Moncrief [27, 20] then provides the
desired additional Killing field normal to this null surface.

In n > 4 dimensions, the Euler characteristic of ¥ may vanish, and, even if it is non-
vanishing, if n > 5 there is no reason that the isometries generated by s* need have closed
orbits even when s vanishes at some point p € Y. Thus, for example, even in the 5-
dimensional Myers-Perry black hole solution [30] with cross section topology ¥ = S3, one
can choose the rotational parameters of the solution so that the orbits of the stationary

In this paper, by “axisymmetric” we mean that spacetime possesses one-parameter group of isometries iso-
morphic to U(1) whose orbits are spacelike. We do not require that the Killing field vanishes on an “axis.”

2There have recently appeared several works on general properties of a class of stationary, axisymmetric vacuum
solutions, including an n-dimensional generalization of the Weyl solutions for the static case (see e.g., [3} 6, [T, [T,
and see also [26, B3] and references therein for some techniques of generating such solutions in 5-dimensions).



Killing field t* do not map horizon generators into themselves.

One possible approach to generalizing the rigidity theorem to higher dimensions would
be to choose an arbitrary P > 0 and identify points in the spacetime that differ by the
action of the stationary isometry of parameter P. Under this identification, the horizon
would again become a compact null surface, but now its null geodesic generators would
no longer be closed. The rigidity theorem would follow if the results of [27, 20] could be
generalized to the case of compact null surfaces that are ruled by non-closed generators.
We have learned that Isenberg and Moncrief are presently working on such a generalization
[22], so it is possible that the rigidity theorem can be proven in this way.

However, we shall not proceed in this manner, but rather will parallel the steps of [27], 20],
replacing arguments that rely on the presence of closed null generators with arguments that
rely on the presence of stationary isometries. Since on the horizon we may write

t* =n"+ s, (1)

where n® is tangent to the null geodesic generators and s® is tangent to cross-sections of
the horizon, the stationarity in essence allows us to replace Lie derivatives with respect to
n® by Lie derivatives with respect to s®. Thus, equations in [27, 20] that can be solved
by integrating quantities along the orbits of the closed null geodesics correspond here to
equations that can be solved if one can suitably integrate these equations along the orbits
of s* in ¥X. Although the orbits of s® are not closed in general, we can appeal to basic
results of ergodic theory together with the fact that s® generates isometries of ¥ to solve
these equations.

For simplicity, we will focus attention on the vacuum Einstein’s equation, but we will
indicate in section @llhow our proofs can be extended to models with a cosmological constant
and a Maxwell field. As in [I8, [[9] and in [27], 20], we will assume analyticity, but we shall
indicate how this assumption can be partially removed (to prove existence of a Killing field
inside the black hole) by arguments similar to those given in [9], B2]. The non-extremality
condition is used for certain constructions in the proof (as well as in the arguments partially
removing the analyticity condition), and it would not appear to be straightforward to
generalize our arguments to remove this restriction when the orbits of s* are not closed.

Our signature convention for gq is (—,+, 4+, --). We define the Riemann tensor by
Roplky = 2V, Vykc and the Ricci tensor by Rgp = Raep®. We also set 837G = 1.

2 Proof of existence of a horizon Killing field

Let (M, ga) be an n-dimensional, smooth, asymptotically flat, stationary solution to the
vacuum Einstein equation containing a black hole. Thus, we assume the existence in the
spacetime of a Killing field t* with complete orbits which are timelike near infinity. Let H
denote a connected component of the portion of the event horizon of the black hole that lies
to the future of .#~. We assume that H has topology R x 3, where ¥ is compact. Following
Isenberg and Moncrief [27, 20], our aim in this section is to prove that there exists a vector
field K® defined in a neighborhood of H which is normal to H and on H satisfies

D%D%D%(XKQG,I)):O) m:071727> (2)
N ———
m times

where /£ is an arbitrary vector field transverse to H. As we shall show at the end of this
section, if we assume analyticity of g, and of H it follows that K is a Killing field. We also



will explain at the end of this section how to partially remove the assumption of analyticity
of gup and H.

We shall proceed by constructing a candidate Killing field, K, and then proving that
eq. (@) holds for K. This candidate Killing field is expected to satisfy the following prop-
erties: (i) K should be normal to H. (ii) If we define S* by

ST =19~ K° (3)

then, on H, S® should be tangent to cross-sections® of H. (iii) K should commute with ¢2.
(iv) K should have constant surface gravity on H, i.e., on H we should have K*V,K? =
xkK® with x constant on H, since, by the zeroth law of black hole mechanics, this property
is known to hold on any Killing horizon in any vacuum solution of Einstein’s equation.

We begin by choosing a cross-section ¥, of H. By arguments similar to those given in
the proof of proposition 4.1 of [B], we may assume without loss of generality that 3 has
been chosen so that each orbit of t* on H intersects X at precisely one point, so that t¢
is everywhere transverse to X. We extend ¥ to a foliation, 3(u), of H by the action of
the time translation isometries, i.e., we define X(u) = ¢,(X), where ¢, denotes the one-
parameter group of isometries generated by t*. Note that the function v on H that labels
the cross-sections in this foliation automatically satisfies

Zu=1. (4)
Next, we define n® and s® on H by
t* =n® + 5%, (5)

where n® is normal to H and s is tangent to X(u). It follows from the transversality of
t® that n® is everywhere nonvanishing and future-directed. Note also that Z,u =1 on H.
Our strategy is to extend this definition of n® to a neighborhood of H via Gaussian null
coordinates. This construction of n® obviously satisfies conditions (i) and (ii) above, and
it also will be shown below that it satisfies condition (iii). However, it will, in general, fail
to satisfy (iv). We shall then modify our foliation so as to produce a new foliation (@) so
that (iv) holds as well. We will then show that the corresponding K* = n® satisfies eq. (2.

Given our choice of ¥(u) and the corresponding choice of n® on H, we can uniquely
define a past-directed null vector field ¢* on H by the requirements that n*¢, = 1, and
that (% is orthogonal to each 3(u). Let r denote the affine parameter on the null geodesics
determined by ¢, with » = 0 on H. Let 24 = (z',22,...,2"2) be local coordinates on
an open subset of . Of course, it will take more than one coordinate patch to cover X,
but there is no problem in patching together local results, so no harm is done in pretending
that z# covers ¥.. We extend the coordinates z# from ¥ to H by demanding that they
be constant along the orbits of n®. We then extend u and z# to a neighborhood of H by
requiring these quantities to be constant along the orbits of ¢*. It is easily seen that the
quantities (u, r, xA) define coordinates covering a neighborhood of H. Coordinates that are
constructed in this manner are known as Gaussian null coordinates and are unique up to
the choice of ¥ and the choice of coordinates 4 on . It follows immediately that on H

we have g0 N
() e-(5) ;

3Note that as already mentioned above, since H is mapped into itself by the time translation isometries, ¢
must be tangent to H, so S¢ is automatically tangent to H. Condition (iii) requires that there exist a foliation
of H by cross-sections ¥ (u) such that each orbit of S® is contained in a single cross-section.




and we extend n® and £¢ to a neighborhood of H by these formulas. Clearly, n® and £¢
commute, since they are coordinate vector fields.
Note that we have

1
09V o (npl?) = £00°V ynyy = 1PV o0y, = §nava(£beb) =0, (7)

S0 ngl® = 1 everywhere, not just on H. Similarly, we have £,(0/024)® = 0 everywhere. It
follows that in Gaussian null coordinates, the metric in a neighborhood of H takes the form

Guvdatds” =2 (dr —radu — rﬂAdxA) du + yapdzida?, (8)

where, again, A is a labeling index that runs from 1 to n — 2. We write

Ba = Ba(dz™)a, vap = yap(da?)y(dzP), . 9)

Note that o, (,, and 4 are independent of the choice of coordinates, x4, and thus are

globally defined in an open neighborhood of H. From the form of the metric, we clearly
have f,n® = (4% = 0 and vpn® = Ypf® = 0. It then follows that v%, is the orthogonal
projector onto the subspace of the tangent space perpendicular to n® and ¢%, where here
and elsewhere, all indices are raised and lowered with the spacetime metric g,,. Note that
when r # 0, i.e., off of the horizon, v, differs from the metric g,p, on the (n—2)-dimensional
submanifolds, ¥ (u, ), of constant (u,r), since n® fails to be perpendicular to these surfaces.
Here, g, is defined by the condition that g%, is the orthogonal projector onto the subspace
of the tangent space that is tangent to X (u,r); the relationship between ~,;, and g is given
by

qab = Tzﬁcﬂcgaeb - 2T6(a€b) + Yab - (10)

However, since on H (where r = 0), we have 7, = qqp, we will refer to 7,5 as the metric on
the cross-sections ¥(u) of H.

Thus, we see that in Gaussian null coordinates the spacetime metric, g4, is characterized
by the quantities «, G, and 7.. In terms of these quantities, if we choose K = n®, then
the condition (&) will hold if and only if the conditions

L% L (Loyaw) = 0,
—_————
m times
L Ly - Ly (Lna) = 0,
—_————
m times
D%o%c%(gnﬂa) = 0, (11)
—_——
m times
hold on H.
Since the vector fields n* and ¢* are uniquely determined by the foliation ¥(u) and since
du[2(W)] = E(u+ o) (ie., the time translations leave the foliation invariant), it follows

immediately that n® and £ are invariant under ¢,,. Hence, we have Zn® = £4* = 0, so, in
particular, condition (iii) holds, as claimed above. Similarly, we have Zr = 0 and Zu =1
throughout the region where the Gaussian null coordinates are defined. Since Zig., = 0,
we obtain from eq. (§)

0= —2rZaVuVyu — 2r £, Viyu + Liap - (12)



Contraction of this equation with n%n® yields

La=0. (13)
Contraction with n® then yields

D%ﬁa = 07 (14)
and we then also immediately obtain

a%ﬁ’}'ab =0. (15)

The next step in the analysis is to use the Einstein equation Rgn®n® = 0 on H, in a
manner completely in parallel with the 4-dimensional case [T9]. This equation is precisely
the Raychaudhuri equation for the congruence of null curves defined by n* on H. Since
that congruence is twist-free on H, we obtain on H

d 1
59__11—2

02 — G5, (16)

where 6 denotes the expansion of the null geodesic generators of H, 5 denotes their shear,
and A is the affine parameter along null geodesic generators of H with tangent n®. Now, by
the same arguments as used to prove the area theorem [I9], we cannot have § < 0 on H.
On the other hand, the rate of change of the area, A(u), of ¥(u) (defined with respect to
the metric qqp = Yap) is given by

%A(u) — %/Z (%) 05 d" 2z (17)

However, since X (u) is related to 3 by the isometry ¢,,, the left side of this equation must
vanish. Since OA/Ou > 0 on H, this shows that # = 0 on H. It then follows immediately
that g4 = 0 on H. Now on H, the shear is equal to the trace free part of %, while the
expansion is equal to the trace of this quantity. So we have shown that Z,v., = 0 on H.
Thus, the first equation in eq. ([[Il) holds with m = 0.

However, n? in general fails to satisfy condition (iv) above. Indeed, from the form,
eq. [{), of the metric, we see that the surface gravity, s, associated with n® is simply a,
and there is no reason why « need be constant on H. Since .%,v. = 0 on H, the Einstein
equation Rgyn®(0/0x4)? =0 on H yields

D,a = %fnﬁa, (18)

(see eq. () of Appendix[Al) where D, denotes the derivative operator on X (u), i.e., Dya =
7"V = 7,°Vpa. Thus, if « is not constant on H, then the last equation in eq. @) fails
to hold even when m = 0. As previously indicated, our strategy is repair this problem by
choosing a new cross-section ¥ so that the corresponding 7% arising from the Gaussian null
coordinate construction will have constant surface gravity on H. The determination of this
¥ requires some intermediate constructions, to which we now turn.

First, since we already know that %y, = 0 everywhere and that 2,7y, = 0 on H, it
follows immediately from the fact that t* = s* +n® on H that

gs’)/ab - 07 (19)



on H (for any choice ¥). Thus, s* is a Killing vector field for the Riemannian metric
Yab = qap On X. Therefore the flow, <;3T : Y — X of s yields a one-parameter group of
isometries of 7., which coincides with the projection of the flow ¢, of the original Killing
field t* to X.

We define k to be the mean value of « on X,

IR
= 3 fyevad e, (20)

where A(X) is the area of 3 with respect to the metric 4. In the following we will assume
that k # 0, i.e., that we are in the “non-degenerate case.” Given that x # 0, we may assume
without loss of generality, that x > 0.

We seek a new Gaussian null coordinate system (@, 7,#4) satisfying all of the above
properties of (u,r, a:A) together with the additional requirement that & = k, i.e., constancy
of the surface gravity. We now determine the conditions that these new coordinates would
have to satisfy. Since clearly n® must be proportional to n®, we have

= fn", (21)

for some positive function f. Since Zn® = %n® = 0, we must have % f = 0. Since on H
we have n®V,n? = an® and @& is given by

7'V, b = an’ (22)
we find that f must satisfy
a=%.f+af=-%sf+af =k. (23)

The last equality provides an equation that must be satisfied by f on 3. In order to establish
that a solution to this equation exists, we first prove the following lemma;:

Lemma 1 For any z € X, we have

S—o0

N
k= lim g/o alpr(x))dr. (24)

Furthermore the convergence of the limit is uniform in z. Similarly, z-derivatives of
-1 fo ng ))d7 converge to 0 uniformly in z as S — co.

Proof: The von Neumann ergodic theorem (see e.g.,[44]) states that if F' is an LP function
for 1 < p < oo on a measure space (X, dm) with finite measure, and if T is a continuous
one-parameter group of measure preserving transformations on X, then

S
P = Jm g [T @)ar (25)
~ i /O " F(T(z)) dr (26)

converges in the sense of LP (and in particular almost everywhere). We apply this theorem
to X =X, dm = /yd"" 22, F=o, and T, = qﬁT, to conclude that there is an LP function
a*(z) on ¥ to which the limit in the lemma converges. We would like to prove that o*(x)



is constant. To prove this, we note that eq. (I8) together with the facts that %3, = 0 and
t* = n® + s® yields

Dya = —%fsﬂb- (27)
Now let S
a(z,S) = /0 ($r () dr . (28)
Then 1.
Dya(w, §) = =3 { $56h(2) — (@) | . (20)
and thus

la(x, S) — a(y, S)| C" sup{[D’aDya(z, S)]"/?; z € B}

<
< O sup{[B°By(2)]"/?; 2z €N} =C < 0, (30)

where C,C’ are constants independent of S and z, and where C is finite because X is
compact. Consequently, |a(z,S) — a(y, S)| is uniformly bounded in S > 0 and in z,y € 3.
Thus, for all z,y € 3, we have

Jim Za(z, $) —a(y, S) < Jim & =0, (31)
Let y € ¥ be such that a(y, S)/S converges as S — oo. (As already noted above, existence
of such a y is guaranteed by the von Neumann ergodic theorem.) The above equation
then shows that, in fact, a(x,S)/S must converge for all x € ¥ as S — oo and that,
furthermore, the limit is independent of x, as we desired to show. Thus, a*(x) is constant,
and hence equal to its spatial average, k. The estimate ([B0) also shows that the limit (24))
is uniform in x. Similar estimates can easily be obtained for the norm with respect to 7, of
[De, -+ Deya(z,S) — D, - -+ De,a(y, S)], for any k. These estimates show that z-derivatives
of a(x,S)/S converge to 0 uniformly in z. O

We now are in a position to prove the existence of a positive function f on X satisfying
the last equality in eq. (23) on X. Let

F@) = x /0 (@, 0)do, (32)

where p(z,0) > 0 is the function on ¥ x R defined by

g
) =exp (= [ adrtoar) (33)
0
The function f is well defined for almost all z because p(x,0) < e¢=7*~9) for any € and
sufficiently large o, by Lemma 1. It also follows from the uniformity statement in Lemma 1
that f is smooth on Y. By a direct calculation, using Lemma 1, we find that f satisfies

—Zf(x) + a()f(2) = K, (34)

as we desired to show.
We now can deduce how to choose the desired new Gaussian null coordinates. The new

coordinate @ must satisfy
Si=1, (35)



as before. However, in view of eq. (1), it also must satisfy

1 1
Znti=n"Vyil = —i"Vail = — . 36
7 7 (36)

Since n® = t* — s* we find that on X, @ must satisfy
|
1-Za=—. (37)
f
Substituting from eq. (B4), we obtain

~ 1
,,fsu:l—kg(,iﬂslnf—a). (38)
Thus, if our new Gaussian null coordinates exist, there must exist a smooth solution to this
equation. That this is the case is proven in the following lemma.

Lemma 2 There exists a smooth solution h to the following differential equation on X:

Zsh(z) = ax) — k. (39)

Proof: First note that the orbit average of any function of the form Z;h(x) where h
is smooth must vanish, so there could not possibly exist a smooth solution to the above
equation unless the average of o over any orbit is equal to k. However, this was proven
to hold in Lemma 1. In order to get a solution to the above equation, choose ¢ > 0, and
consider the regulated expression defined by

he(z) = — /O T [a(d-(2)) — x] ar. (40)

Due to the exponential damping, this quantity is smooth, and satisfies the differential
equation
Lihe(z) = a(x) — k — ehe(z) . (41)

We would now like to take the limit as ¢ — 0 to get a solution to the desired equation.
However, it is not possible to straightforwardly take the limit as € — 0 of h(z), for there
is no reason why this should converge without using additional properties of .. In fact, we
will not be able to show that the limit as ¢ — 0 of h(x) exists, but we will nevertheless
construct a smooth solution to eq. ([B9).

To proceed, we rewrite eq. ) as

he(z) = /O e ga)ar + 5, (42)

where ngbi denotes the pull-back map on tensor fields associated with ¢.. Taking the gradient
of this equation and using eq. (), we obtain

dh(o) = [ Tida)w)dr = [T LA @) dr (13)
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where here and in the following we use differential forms notation and omit tensor indices.
Since .Z; clearly commutes with ¢ and since .75 is just the derivative along the orbit over
which we are integrating, we can integrate by parts to obtain

1 o0 -
dhe(w) = —50() + g / e~ ¢ B(x) dr . (44)
0
It follows from the von Neumann ergodic theorem® (see eq. (25])) that the limit
fime [ o 63 6(a) dr = 5'(a). (45)
€E—> 0

exists in the sense of LP(X). Furthermore, the limit in the sense of LP(X) also exists of
all z-derivatives of the left side. Indeed, because ¢, is an isometry commuting with the
derivative operator D, of the metric 7., we have

Dc1 "'DCk <E /OO e ng—ﬁa(fp) dT> - E/OO e QE:DQ e Dckﬁa(ﬂj) dr. (46)
0 0

The expression on the right side converges in LP, as ¢ — 0 by the von Neumann ergodic
theorem, meaning that

dhe — —%(ﬂ — B inWhP(D)ase—0, (47)

for all & > 0, p > 1, where W¥*P(X) denotes the Sobolev space of order (k,p). By the
Sobolev embedding theorem,

C™(B) — WHEP(Z) for k>m+ (n—2)/p, (48)

where the embedding is continuous with respect to the sup norm on the all derivatives in
the space C™, i.e., supy, | D™ (x)| < const.||¢)||yrp for all » € C™. Thus, convergence of
the limit (@3 actually occurs in the sup norms on C™. Thus, in particular, * € C*® =
ﬁmzoc m,

Now pick an arbitrary xg € 3, and define F, by

he(x) — he(wo) = /C L dhe = @), (49)

where the integral is over any smooth path C(z) connecting zy and x. This integral man-
ifestly does not depend upon the choice of C(z), independently of the topology of . By
what we have said above, the function F, is smooth, with a smooth limit

F(z) = lim Fy(z) = — / B- 3, (50)
e—0 2 C(z)

4Here, the theorem is applied to the case of a tensor field T' of type (k,l) on a compact Riemannian manifold
Y, rather than a scalar function, and where the measure preserving map is a smooth one-parameter family of
isometries acting on T via the pull back. To prove this generalization, we note that a tensor field T of type (k,[) on
a manifold ¥ may be viewed as a function on the fiber bundle, B, of all tensors of type (I, k) over ¥ that satisfies
the additional property that this function is linear on each fiber. Equivalently, we may view T as a function, F', on
the bundle, B’, of unit norm tensors of type (I, k) that satisfies a corresponding linearity property. A Riemannian
metric on ¥ naturally gives rise to a Riemannian metric (and, in particular, a volume element) on B’, and B’ is
compact provided that ¥ is compact. Since the isometry flow on ¥ naturally induces a volume preserving flow
on B’, we may apply the von Neumann ergodic theorem to F' to obtain the orbit averaged function F*. Since F™*
will satisfy the appropriate linearity property on each fiber, we thereby obtain the desired orbit averaged tensor
field T*.




which is independent of the choice of C(z). Furthermore, the convergence of F, and its
derivatives to F' and its derivatives is uniform. Now, by inspection, F; is a solution to the
differential equation

LsF(v) = a(z) — k — eFe(z) — ehe(xp) - (51)
Furthermore, the limit
lim eh.(z9) = —lime/ e ¢ [a(q%(mo)) — k| dr
e—0 e—0 0
1 e
= K— Slgrolog/o a(dr(zg))dr =0 (52)

exists by the ergodic theorem, and vanishes by Lemma 1. Thus, the smooth, limiting
quantity F' = lim._,o F, satisfies the desired differential equation ([Bd). O

We now define a new set of Gaussian null coordinates (@, 7, #4) as follows. Define @ on
Y to be a smooth solution to eq. (B8]), whose existence is guaranteed by Lemma 2. Extend
@ to H by eq. BH). It is not difficult to verify that @ is given explicitly by

~ u(x) 3 1 1
ia) = [ 1 (modorl@)] A+ 10 f(x(o) — Th(n(o), (53)
where f and h are smooth solutions to eqs. (23] and [BY), respectively, on ¥ and
m:H—=% z—7(z) (54)

is the map projecting any point = in H to the point 7(z) on the cross section ¥ on the null
generator through z. Let & denote the surface @ = 0 on H. Then our desired Gaussian
null coordinates (i, 7, #4) are the Gaussian null coordinates associated with . The cor-
responding fields &, Ba,%b satisfy all of the properties derived above for «, G4, V. and, in
addition, satisfy the condition that & = « is constant on H.

Now let K® = n% We have previously shown that %34, = 0 on H, since this relation
holds for any choice of Gaussian null coordinates. However, since our new coordinates
have the property that & = k is constant on H, we clearly have that Z;& = 0 on H.
Furthermore, for our new coordinates, eq. ([8) immediately yields fﬁﬁa =0 on H. Thus,
we have proven that all of the relations in eq. () hold for m = 0.

We next prove that the equation .£; %77, = 0 holds on H. Using what we already know

about 3,, Y and taking the Lie-derivative .%; of the Einstein equation R, (8/04)%(9/0E5 )0 =

0 (see eq. ([B2) of Appendix [Al), we get
0=52; [wgﬁ%iab + ’{D%[?ab] ) (55)

on H. Since t* = n® + 5%, with 5% tangent to i(ﬂ), and since all quantities appearing in
eq. (BO) are Lie derived by t%, we may replace in this equation all Lie derivatives .%; by
—%;. Hence, we obtain

0=25 [o%wg[?ab - K/D%[?ab] ) (56)
on X. Now, write Ly, = Lap- We fix x € Y and view eq. (BH) as an equation holding

at xg for the pullback, (ng_Lab, of Ly to xg, where (57 3 — ¥ now denotes the flow of 5.
Then eq. (B8) can be rewritten as
d d

ar 1€ E(e ¢rLap)| =0. (57)
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Integration of this equation yields

d — KT J%
E(e ¢rLap) = —kCyp, (58)

RT

where Cy; is a tensor at xg that is independent of 7. Integrating this equation (and absorbing
constant factors into Cyp), we obtain

G Ly — €Ly = (1 — ") Clyp . (59)

However, since ngbT is a Riemannian isometry, each orthonormal frame component of ngbi L at
g is uniformly bounded in 7 by the Riemannian norm of Lgy, i.e., sup{(L“bLab(a;))l/ 2.z €
Y }. Consequently, the limit of eq. (B9) as 7 — oo immediately yields

Lab = Cab (60)
from which it then immediately follows that
5 Lay = Lap. (61)

Thus, we have Z5.%7Y, = 0, and therefore 25 %Y., = £ LaYap = 0 on H, as we desired
to show.

Thus, we now have shown that the first equation in ([[Il) holds for m = 0, 1, and that the
other equations hold for m = 0, for the tensor fields associated with the “tilde” Gaussian
null coordinate system, and K = n. In order to prove that eq. ([[Il) holds for all m, we
proceed inductively. Let M > 1, and assume inductively that the first of equations (1))
holds for all m < M, and that the remaining equations hold for all m < M — 1. Our
task is to prove that these statements then also hold when M is replaced by M + 1. To
show this, we apply the operator (D%)M —1.%; to the Einstein equation Ryl = 0 (see
eq. ([8)) and restrict to H. Using the inductive hypothesis, one sees that ()™ (Z;a) = 0
on H, thus establishes the second equation in ([Il) for m < M. Next, we apply the operator
(Z)M~1Z; to the Einstein equation Rap(0/054)20% = 0 (see eq. (B), and restrict to H.
Using the inductive hypothesis, one sees that (.,?Z)M (Z:B.) = 0 on H, thus establishes the
third equation in () for m < M. Next, we apply the operator (£;)" 25 to the Einstein
equation Ry, (0/034)*(0/0%8B) = 0 (see eq. &), and restrict to H. Using the inductive
hypothesis and the above results (£;)" (Za) = 0 and ()M (ZB4) = 0, one sees that

the tensor field ng‘)JH) = ()M 15, satisfies a differential equation of the form
Ll Ll L (M 4+ 1)L =0 (62)

on H. By the same argument as given above for L, it follows that % Ll(l]li/lﬂ) = (0. This
establishes the first equation in (1) for m < M + 1, and closes the induction loop.

Thus far, we have assumed only that the spacetime metric is smooth (C°°). However, if
we now assume that the spacetime is real analytic, and that H is an analytic submanifold,
then it can be shown that the vector field K that we have defined above is, in fact, analytic.
To see this, first note that if the cross section X of H is chosen to be analytic, then our
Gaussian null coordinates are analytic, and, consequently, so is any quantity defined in
terms of them, such as n® and ¢*. Above, K® was defined in terms of a certain special
Gaussian normal coordinate system that was obtained from a geometrically special cross
section. That cross section was obtained by a change (BE3)) of the coordinate u. Thus, to show
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that K® is analytic, we must show that this change of coordinates is analytic. By eq. (B3),
this will be the case provided that f and h are analytic. We prove this in Appendix [Cl

Since g and K are analytic, so is Lk gap. It follows immediately from the fact that this
quantity and all of its derivatives vanish at any point of H that Zxgq = 0 where defined,
i.e., within the region where the Gaussian null coordinates (i, 7, #) are defined. This proves
existence of a Killing field K* in a neighborhood of the horizon. We may then extend K¢
by analytic continuation. Now, analytic continuation need not, in general, give rise to a
single-valued extension, so we cannot conclude that there exists a Killing field on the entire
spacetime. However, by a theorem of Nomizu [31] (see also []), if the underlying domain
is simply connected, then analytic continuation does give rise to a single-valued extension.
By the topological censorship theorem [I0), [[T], the domain of outer communication has this
property. Consequently, there exists a unique, single valued extension of K® to the domain
of outer communication, i.e., the exterior of the black hole (with respect to a given end of
infinity). Thus, in the analytic case, we have proven the following theorem:

Theorem 1: Let (M, gy) be an analytic, asymptotically flat n-dimensional solution of
the vacuum Einstein equations containing a black hole and possessing a Killing field t* with
complete orbits which are timelike near infinity. Assume that a connected component, H,
of the event horizon of the black hole is analytic and is topologically R x X, with ¥ compact
and that k # 0 (where k is defined eq. (20]) above). Then there exists a Killing field K¢,
defined in a region that covers H and the entire domain of outer communication, such that
K is normal to the horizon and K* commutes with t¢.

The assumption of analyticity in this theorem can be partially removed in the following
manner, using an argument similar to that given in [9]. Since x > 0, the arguments of [34]
show that the spacetime can be extended, if necessary, so that H is a proper subset of
a regular bifurcate null surface H* in some enlarged spacetime (M*, g*). We may then
consider the characteristic initial value formulation for Einstein’s equations [35, 29 §] on
this bifurcate null surface. Since the extended spacetime is smooth, the initial data induced
on this bifurcate null surface should be regular. Since this initial data is invariant under
the orbits of K%, it follows that the solution to which this data gives rise will be invariant
under a corresponding one-parameter group of diffeomorphisms in the domain of depen-
dence, D(H*), of H*. Thus, if one merely assumes that the spacetime is smooth, existence
of a Killing field in D(H*) holds. However, since D(H*) lies inside the black hole, this
argument does not show existence of a Killing field in the domain of outer communications.
Interestingly, if one assumes that the spacetime is analytic—so that existence of a Killing
field in the domain of outer communications follows from the above analytic continuation
arguments—then this argument shows that the Killing field known to exist in the domain
of outer communications also can be extended to all of D(H™*).

3 Proof of existence of rotational Killing fields

We proved in the previous section that if the quantity x defined by eq. (20) is non-vanishing,
then there exists a vector field K in a neighborhood of H which is normal to H and is
such that the equations (£l) hold. As explained at the end of the previous section, in the
analytic case, this implies the existence of a Killing field normal to the horizon in a region
containing the horizon and the domain of outer communication. Since we are considering
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the case where t% is not pointing along the null generators of H, the Killing field K¢ is
distinct from ¢*. Hence, their difference S* = 5% = t* — K® is also a nontrivial Killing field.
There are two cases to consider:

1. The Killing field S® has closed orbits, or
2. The Killing field S* does not have closed orbits.

Only the first case can occur in 4-dimensions. In the first case, it follows immediately that
the Killing field S* corresponds to a rotation at infinity. The purpose of this section is to
show that, in the second case, even though the orbits of S are not closed, there must exist
N > 2 mutually commuting Killing fields, 90‘(11), e ,<p‘(1N), which possess closed orbits with
period 27 and are such that

S¢ = ngot(ll) + o+ QNSD?N) N (63)

for some constants €2;, all of whose ratios are irrational.

To simplify notation, throughout this section, we omit the “tildes” on all quantities, i.e.,
in this section £*,n® ¥, u,r, «, By, Yap denote the quantities associated with our preferred
Gaussian null coordinates. The Killing field S satisfies a number of properties that follow
immediately from the construction of K% = n® given in the previous section. First, since
ZLxr = 0 = Zr and since Lx * = 0 = £ 0%, it follows that S? also satisfies these
properties, i.e., Zsr = 0 and Zs£* = 0. Similarly, since ZLxu = 1 = Zu, we also have
Zsu = 0. In addition, since K® commutes with t%, so does S®. Thus, S is tangent to the
surfaces of constant (u,r), and commutes with ¢* and t*. Finally, it follows immediately
from eq. (I and eqs. (3))-([IH) that S also satisfies the analog of eq. ().

To proceed, we focus attention now on the Riemannian manifold (X,7,,) and make
arguments similar to those given in [ZI]. Let G denote the isometry group of (X,~,5). Then
G is a compact Lie group. Let H C G denote the one-parameter subgroup of G generated
by the Killing field S* on (X,74). Then the closure, H, of H is a closed subgroup of G,
and hence is a Lie subgroup. Since H is abelian, so is H, and since G is compact, it follows
that H is a torus. Let N = dim(7). Since the N-dimensional torus can be written as the
direct product of N factors of U(1), it follows that the isometries in H are generated by
N commuting Killing vector fields, cp‘(ll), . ,cp‘(’N), which possess closed orbits on ¥ with

period 27. Since the isometry subgroup H generated by S® is dense in H, it follows that,

on ¥, S® must be a linear combination of these Killing vector fields of the form (G3]).
Since, as we have noted above, S satisfies the analog of eq. ([Il), the diffeomorphisms

on X corresponding to every element of H leave invariant each tensor field on ¥ of the form

Ly - Ly Yab
———

m~+1 times
£y L Ba
———

m times

%L a,
~———

\ m times

Ty = (64)

for all m > 0. Since H is dense in H, each Tx) also must be invariant under the diffeomor-
phisms corresponding to the elements of 7. Consequently, the Killing fields 90‘(11), . ,cp‘(lN)
Lie derive all T(3) on X. We now extend each cp“j to a vector field defined in an entire
neighborhood of H as follows. First, we Lie-drag gp?j) from > to H via the vector field
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K% =n® Then we Lie-drag the resulting vector field defined on H off the horizon via the
vector field . The vector field (denoted again by cp‘(lj)), which has now been defined in an
entire neighborhood of H, satisfies the following properties throughout this neighborhood:
(i) ¢(j) commutes with both n and £¢. (ii) () satisfies the analog of eq. (). Property
(ii) implies that in the analytic case, cp‘(’j) is a Killing field of the spacetime metric. As was
the case for K%, we may then uniquely extend gp?j) as a Killing field to the entire domain of
outer communication. That this extended Killing field (which we also denote by gpf”j)) must
have closed orbits can be seen as follows: The orbits of go‘gj) on Y are closed with period
27. Thus, if we consider the flow of go‘gj) by parameter 27, any point z € X will be mapped
into itself, and vectors at x that are tangent to ¥ also will get mapped into themselves.
Furthermore, since gp?j) commutes with n® and ¢ tangent vectors at x that are orthogonal
to X also will get mapped into themselves. Consequently, the isometry on the spacetime
corresponding to the action of goaj by parameter 27 maps point x into itself and maps each
vector at x into itself. Consequently, this isometry is the identity map in any connected
region where it is defined. Thus, we have shown:

Theorem 2: Let (M, gy,) be an analytic, asymptotically flat n-dimensional solution of
the vacuum Einstein equations containing a black hole and possessing a Killing field t* with
complete orbits which are timelike near infinity. Assume that a connected component, H,
of the event horizon of the black hole is analytic and is topologically R x X, with ¥ compact
and that k # 0 (where « is defined eq. ([20)) above). If t* is not tangent to the generators of
H, then there exist mutually commuting Killing fields gp?l), e ,QD?N) (where N > 1) with
closed orbits with period 27 which are defined in a region that covers H and the entire
domain of outer communication. Each of these Killing fields commute with ¢, and ¢t* can
be written as

t = K%+ Qo) + -+ Oyl (65)

for some constants §2;, all of whose ratios are irrational, where K¢ is the horizon Killing
field whose existence is guaranteed by Theorem 1.

Theorem 2 shows that the null geodesic generators of the event horizon rotate rigidly
with respect to infinity.

Remarks:

1) As in the case of K, in the non-analytic case the Killing fields 90‘(11), ce (,D?N) can be
proven to exist in D(H*) (see the end of section B).

2) If the orbits of S® are closed on Y¥—i.e., equivalently, if the orbits of t* map each
generator of H to itself after some period P—then the above argument shows that S® itself
is a Killing field with closed orbits. As previously noted in the introduction, in the case of
4-dimensional spacetimes, the orbits of S% on ¥ are always closed. However, the orbits of
5% on ¥ need not be closed when n > 4. For example, on the round 3-sphere S3, one can
take an incommensurable linear combination of two commuting Killing fields with closed
orbits to obtain a Killing field with non-closed orbits. This possibility is realized for S® in
suitably chosen 5-dimensional Myers-Perry black hole solutions [30]. Our theorem shows
that if the orbits of S® fail to be closed, then the spacetime must admit at least two linearly
independent rotational Killing fields.

3) In 4-dimensions, if ¢t* is normal to the horizon, then Thm. 3.4 of 2] (applied to
the vacuum or Einstein-Maxwell cases) shows that the exterior region must be static. The
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proof of this result makes use of the fact that there exists a bifurcation surface (i.e., that
we are in the non-degenerate case k # 0), and that there exists a suitable foliation of the
exterior region by maximal surfaces; the existence of such a foliation was proven in [5]. The
arguments of [42] generalize straightforwardly to higher dimensions. Thus, the staticity of
higher dimensional vacuum or Einstein-Maxwell stationary black holes with t* normal to
the horizon must hold provided that the arguments of [5] also generalize suitably to higher
dimensions. ® It should be noted that n-dimensional static vacuum (and Maxwell-dilaton)
black hole spacetimes with a standard null infinity of topology .# = S"~2 x R were shown
to be essentially unique by Gibbouns et al. [I3], and are, in particular, spherically symmetric.
However, static spacetimes with a non-trivial topology at infinity do not have to have any
extra Killing fields [T4]. ¢

4 Matter fields

The analysis of the foregoing sections can be generalized to include various matter sources,
and we now illustrate this by discussing several examples. The Einstein equation with
matter is

1
Rab = Tab - mgachc . (66)

The simplest matter source is a cosmological constant Ty, = —Ag.,. The only significant
change resulting from the presence of a cosmological constant is a change in the asymp-
totic properties of the spacetime. For the case of a negative cosmological constant, we
can consider spacetimes that are asymptotically AdS rather than asymptotically flat. For
asymptotically AdS spacetimes, .# is no longer null, but is instead timelike. However, the
only place where we used the character of .# in our arguments was to conclude that the
Killing field t* is nowhere vanishing on H, and therefore generates a suitable foliation ¥ (u) of
H by cross sections. This argument goes through without change in the asymptotically AdS
case, as do all subsequent arguments in our proof. Thus, the rigidity theorem holds without
modification in the case of a negative cosmological constant. For a positive cosmological
constant, .# would have a spacelike character and it is not clear precisely what should be
assumed about the behavior of t* near .#. Nevertheless, our results apply straightforwardly
to any “horizon” that is the boundary of the past of any complete, timelike orbit of ¢*. In
this sense, our rigidity theorem holds for both black hole event horizons and cosmological
horizons.
For Maxwell fields the field equations and stress tensor are

1
Vi =0, ViFyg=0, Tu="FeF°— Zg,ﬁ,chch. (67)
We assume that both metric and Maxwell tensor are invariant under t%, i.e., Zga = 0 =

%, Fyp. In parallel with the vacuum case, we wish to show that there exists a vector field
K tangent to the generators of the horizon satisfying

,%,%D%(XK‘Q@[)):O, ,%D%D%(XKF@[)):O, m:071727> (68)
S——— S———
m times m times

STt has recently been shown in [4T] that this is indeed the case.
6See also [37, B8, BY) for uniqueness results of higher dimensional static black holes and [28, &(] for uniqueness
results of some restricted class of 5-dimensional stationary black holes.



on H. To analyze these equations we introduce a Gaussian null coordinate system as above,
and correspondingly decompose the field strength tensor as

Fda# Ade” = SduAdr+ Vadu Ada? + Wadr Adz? + Uspda? Ada® . (69)
We write
Vo, =Va(dzt)e, Wo=Waldz?),, Ump=Usp(dz?).(dz?),. (70)

It follows from % F,, = 0 that 4SS = 4V, = LW, = LU, = 0. As in the vacuum
case, we take the candidate Killing field K% to be n®, where n® is the vector field associated
with a suitable Gaussian null coordinate system to be determined. Equations (G8) are then
equivalent to egs. ([Il) together with

Lty L (4S) = 0,
————/

m times
D%D%a%(gnva) = 07
————

m times
D%,%,%(fnwa) = 0,
N———

m times

Ll L (LUy) = 0. (71)
—_—

m times

The Maxwell equations, the Bianchi identities, and the stress tensor are presented in Ap-
pendix The Raychaudhuri equation now gives .£,vs = 0 = V, on H. Then, the
Bianchi identity &) yields £, Uy, = 0. The Maxwell equation (&) yields £, S =0 on H.
Furthermore, we have T,,n®(0/0x4)® = 0 (see eq. @), from which it follows in view of
Einstein’s equation that also Rgpn®(9/0x4)? = 0 on H. We may now argue in precisely the
same way as in the vacuum case that, by a suitable choice of Gaussian null coordinates,
we can achieve that £,a =0 = 4,6, on H. It then follows from eqs. ([@H) and (@) that
LTy (0/024)*(8/02P)?] = 0 and £, T%, = 0 on H, which in view of Einstein’s equation
means that %, [Ra(0/024)*(0/0xB)?] = 0 on H. This may in turn be used to argue,
precisely as in the vacuum case, that %;.%,7.w = 0 on H. Taking a Lie derivative %, of
the Maxwell equation (BH) and the Bianchi identity (86l then leads to the equation

L[ L Wa + W, =0, (72)

on H. Since W, is Lie derived by t* and since t* = n® 4+ s® as in the vacuum case, this
equation may alternatively be written as

L[ LWy — kW, =0. (73)
Integration gives .
G W — W, = (1 —e)Cl, (74)

where C, is a 1-form field on ¥ independent of 7, and where ¢ is again the flow of s*. The
same type of argument following eq. (B9) then implies that £,W, = 0 on H. We have thus
shown that all eqs. ([[Il) and () for m = 0 and the first equation in ([[Il) for m = 1 are
satisfied on the horizon. The remainder of the argument closely parallels the vacuum case.
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A Ricci tensor in Gaussian null coordinates

In this Appendix, we provide expressions for the Ricci tensor in a Gaussian null coordinate
system. As derived in section B in Gaussian null coordinates, the metric takes the form

Jab = 2 (V(aT - raV(au - Tﬂ(a) Vb)u + Yab » (75)

where the tensor fields 3, and v, are orthogonal to n® and ¢*. The horizon, H, corresponds
to the surface r = 0. We previously noted that v%, is the orthogonal projector onto the
subspace of the tangent space orthogonal to n® and ¢*, and that when rg3, # 0, it differs from
the orthogonal projector, ¢%,, onto the surfaces X(u,r). It is worth noting that in terms of
the Gaussian null coordinate components of gy, we have ¢® = (v~ )48 (9/024)*(9/027)°.
It also is convenient to introduce the non-orthogonal projector p®,, uniquely defined by the
conditions that p“bnb = p“bﬁb = 0 and that p%, be the identity map on vectors that are
tangent to X (u,r). The relationship between p%, and %, is given by

Py = —rl*By + %y (76)

In terms of Gaussian null coordinates, we have p%, = (8/0z4)%(dz?),, from which it is
easily seen that Z,p% = 0 = Zp%. It also is easily seen that %y, = p%, and that
P%q’e = ¢

We define the derivative operator D, acting on a tensor field T%!%"y, by the following
prescription. First, we project the indices of the tensor field by ¢%, then we apply the
covariant derivative V., and we then again project all indices using ¢%,. For tensor fields
intrinsic to X, this corresponds to the derivative operator associated with the metric .
We denote the Riemann and Ricei tensors associated with ¢gp as Rape? and Rgp.
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The Ricci tensor of g, can then be written in the following form:
a, b 1 ab 1 ca . db 1 ab
n'n"Rep = _§q gngn’}’ab‘i‘ Zq q (gn’}’ab)gn’}’cd‘i‘ §aq gn’}’ab
+ g ' [ daty Lo+ 8alya + (L40)q™ L Yab

0" Lvan - { = Zua = ra 5oL
+(rgB.By + 20). % (ra) + Tquﬁcha}
+2¢" Do { 8oL (1) + Dyor — LB}
10" Z(rBe) - { (1! BBy + 20).L(rh)
4Dy + 2.2, 0y + 4rq" 5. Diafy |
+2(L0) Ly (174" BaB) + 4rq™ BaBoLrcr + 2rq™ BaBoLrLrcx
FU L0 - {220r0) — G50 |

+2r 1%, {T2qabﬁa(Dba - fnﬁb)} + 27“_104»%(7“261&%[1&)] , (77)

1 1 1 1
n“PRy, = —2%0a+ ch“qdb(fn%d)o%’mb — §q“b$z$wab - 50 4 LrYap — §q“bﬂaﬁb

T

1
+ 5 [ - 2440 — §q“b$mab : {29%@ - q“lﬁcfe(rﬁd)}

_qabﬁaﬂﬁb - ﬁ{qabﬁaﬂ(rﬁb)} - qabDa(ﬂﬁb)] ) (78)
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1 1
nbpcaRbc = —pbanOé =+ §$nﬁa + Zﬁaqbcganc - pd[apeb} Dd(qbcfn’yce)

+ g ' [ %(qbcfn%c)feﬁa + L LiBa +20%3,
+ L) - {7 LB + 2%
2o Dy(Z10) + Lola" O Lovea) — 27 Ly (12 B Dy )
—%qbca%%c ' { — (rq® BBy + 20).Z4(r )
+2p%aDac — 4" ByLyea + 2rq*! Bep®a Dya3 f}}
~2.2,(aB) — 20(:L40) Zia + 1"aDy {5 L0 0) |
—2p"0q“* DaDppBe) — 4" (LiBs) LnVea

_qbcﬂ(rﬁb) : {(rqejcﬂeﬂf + 204)»%'70(1 + pdaDcﬂd

+BeLy(rBa) — qufﬁcﬁfﬁ'yea }

+¢"(LYVea) - {2&»%(7‘04) +2Dya — LB + 2rq™ Be Dy By } ] , (79)

1 1
EaébRab = _§qab°%°%7ab + chaqdb(ﬂVab)D%'Vcdy (80)

1 1
¢ “albe = _Zﬁaqbcﬂ'ybc — LB + §qbcﬁc'=%7ab - pd[apeb] Dq (qbcﬁ'yce)

\
+ 5 [ - L%+ 21 (4Be L)

1
+§(q6d-=%’}'cd) <_D%Ba + qbeﬂe%’}/ab> ] ’ (81)
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1
PrapsRea = —LrLnNab — LiVab + 0 aD s Red — P (a0 vy DeBa — 550
1
+ ¢ (Lvata) Lo — 5 {(qadfn%d)fmb - (qui”mcd)fmab}
,
+ 5 : [_ 2049%9%’7@1) - peapfch(quﬁdﬂ'yef)

1
—5 (@ Lyca) {(quf BeBr + 200) Ly Yap + 20° (o0’ 1y DeB f}
—2(Z00) ZLvay — L BeBr) Y Livan

¢ BeBr Lo Lrrvar — 2L0{D° (D) DeBa}

—28(uL1By) — 7(L1Ba) L1By — 4% q¥ BeBa(LrVae) Loy

+2¢°Ba { Lu(rBa) } Loy + 20° (a0’ )0 (Dafe) Lrvse

+q°“4(rq® BBy + 2@)(9%7%)9%%] : (82)

B Maxwell equations in Gaussian null coordinates

With the notation introduced in Appendix [Al and the definitions (63) and (), the Maxwell
equations, V,F®» = 0, are equivalent to the following equations.

1
0 = LS+ 58" L — "By — ¢ DaWy
r
2
1
0 = gns + §Sqab$n’}’ab + qabDa‘/b

| 2% B W) + 4”4 BuWo i vea (83)

N g ' [ 2.2,(a" B W) + 4°° ¢ BeWaLnva
—2¢*D, {SVb + 2aW), — quﬂdch} - 4rq“qudDa(ﬂc5[de])] ; (84)
0 = %q“ch‘i (WoZnVed + VoLiVed) + Ln(q™Wh) + ZLi(q™ Vi)
+ ¢* {Sﬂb + 2aW;, — quﬁdch}
_ g . [_ 2.% {qab (Sﬁb + 2aW;, — quﬁdch>}
—8¢"q“ BBy Wy — 4%, (qabQCdﬁcﬁ[de]>
—¢“(LVea) - 4™ {Sﬂb + 4 BUpp + 2aW, — 2rq*! Beﬂ{be}} } - (8)

The Bianchi identities, V(,Fq = 0, are given by

LWy — LV + e DS 0, (86)
LnUap — 200"y DeVy = 0, (87)
LU — 200"y DWWy = 0, (88)

P apop! gDaley = 0 (89)



The stress tensor, Ty, = Fuo Fy¢ — (1/4)gay, FAF, 4, is given by

1
n Ty = ¢®VoVi+7- | 2¢™B8,V,S + (rq“bﬂaﬁb + 204)52 + §aFCdFCd , (90)
apb 1 2 1 ac bd
n Ty = —=5°— —q¢*q"“UpUe.q
2 4
+ r- [andWch + qbcﬁc <2Wb5 + qdeWeUbd)
T
+5 (q“bq“l —~ q‘“qbd) 5a6chWd] : (91)
nbpcaTbc = =SV, + qchach
1
+ r- qbcﬁc (_WaVb + UabS) - <rqbcﬁbﬁc + 204) WaS + ZﬁaFCchd 7(92)
0T, = ¢PWWy, (93)
OpaThe = SWa+ " U We — r¢" B W Wy (94)
1 1
prapvTea = §7ab52 + 2V Wiy = Yabd“VeWa + ¢ {UacUbd - Z%bqerceUdf}
— Y- | W W+ ¢"Be (WbS + qdeWeUbd>
T
+5 (¢ = g™ ) BB || (95)
c 1 2 ab 1 ab cd
Tc = (Tl—4) 55 —q VaWb_Zq q UacUbd
—4
_ 5 ) o [2aq“bWaWb +2¢™8, <Wb5 + quWdch)
+r (q“bq“l —~ q“qbd> 5a6chWd] : (96)
where
1 1 1
T Fes = q"VaWy = 58 + 24°¢" U Uea
+ 7 | g™ W Wy + ¢%B. (WbS + qdeWeUbd>
T
_1_5 <qachd _ qacqbd> ﬁaﬁchWd ] (97)

C Analyticity of f and h

In this Appendix, we prove the following lemma, which establishes that if the spacetime
(M, gqp) and horizon H are analytic, then the candidate Killing field K also is analytic.
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Lemma 3: If the spacetime as well as 3 and H are analytic, then the functions f,h :
Y — R given by eqs. [B2) and ([BY) are real analytic.

Proof: Consider first the function p(z,0) on ¥ x R defined above in eq. B3). Let zp € X
be fixed, and choose Riemannian normal coordinates y',...,y" 2 around zg, so that the
coordinate components y4p(xg) are given by dap. If & = (a1,...,ap—2) € NS_Q is a

multi-index, we set |a] = > a;, and a! =[] a;!, as well as
olel

MNCTERRCT T .

We will show that, for y in a sufficiently small ball around xg, and for sufficiently large o
we have the following estimate:

0%p(y, )| < AlCR™1le=R/2 (99)

with C' and R being some constants independent of «. This implies that f(y) has a con-
vergent power series representation near xy. Using Einstein’s equation as in the proof of
Lemma 1, we have

ayiAp@, o) = 1Ba(y) — (G804 )] (v, ) - (100)

Now we complexify ¥ and consider a complex multi-disk around zg of radius R. Then,
using the multi-dimensional version of the Cauchy inequalities, we furthermore have the
estimate

0“Ba(y)| < !CR7I, (101)

where C' is now taken as the supremum of 84 in the complex multi-disk around xg. Fur-
thermore, because ¥ is compact, and because QAS(, is an isometry, we can find the same type
of estimate in also for %(¢* 3) 4(y) uniformly in ¢ and y in a ball around . Finally, from
Lemma 1, we have the estimate

p(y,0)] < et (102)

for arbitrary small € > 0 for any y in a ball around g, and for sufficiently large 0. Ap-
plying now further derivatives to eq. () and using the above estimates, we obtain the
estimate ([@9).

In order to prove the analyticity of h, we must look at the explicit construction of that
function given in the proof of Lemma 2. That construction shows that h will be analytic, if
we can show that the vector field 5*(x) defined by the integral ([EH) is analytic. This follows
from the fact that the Taylor coefficient of the integrand 9*(¢*3) 4 (y) satisfies an estimate
of the form ([ uniformly in 7 and y in a ball around zy. O
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