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Abstract. We show the existence of the Hawking vector field in a full
neighborhood of a local, regular, bifurcate, non-expanding horizon embed-
ded in a smooth Einstein-Maxwell space-time without assuming the
underlying space—time is analytic. This extends a result of Friedrich et al.
(Commun Math Phys 204:691-707, 1971), which holds in the interior of
the black hole region. Moreover, we also show, in the presence of an
additional Killing vector field 7" which is tangent to the horizon and not
vanishing on the bifurcate sphere, then space—time must be locally axi-
ally symmetric without the analyticity assumption. This axial symmetry
plays a fundamental role in the classification theory of stationary black
holes.

1. Introduction

Let (M, g, F') be a smooth and time oriented Einstein-Maxwell space-time of
dimension 3 + 1 with electromagnetic field F. Let S be a smoothly embedded
space-like 2-sphere in M and H™, H~ be the corresponding null boundaries
of the causal future and the causal past of S. We also assume that both H™
and H~ are regular, achronal, null hypersurfaces in a neighborhood O of S.
The triplet (S, HT, H™) is called a local, reqular bifurcate horizon in O. The
main result of the paper asserts if (S, H", H ™) is non-expanding (see Defini-
tion 2.1), then it must be a Killing bifurcate horizon. More precisely, we have
the following theorem:

Theorem 1.1. Given a local, regular, bifurcate, non-expanding horizon
(S,H*,H™) in a smooth and time oriented Finstein—Mazwell space-time
(0,9, F), there exists a neighborhood O C O of S and a non-trivial Kill-
ing vector field K in O, which is tangent to the null generators of H* and
H~. Moreover, the Maxwell field F' is also invariant with respect to K, i.e.,
LixF =0.
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The vector field K is called the Hawking vector field in the literature.
Its existence is already known (see [6]) under the assumption that the space—
time is real analytic. In the work of Friedrich et al. [5], the authors showed,
by solving wave equations, the existence of the Hawking vector field K with-
out the analyticity assumption, but K could only be constructed inside the
domain of dependence of HTUH ™ due to the fact that the corresponding wave
equations are not well-posed outside this region. The new ingredient in this
paper is to extend the Hawking vector field K to a full neighborhood of the
bifurcate sphere S, without making any additional regularity assumptions on
the underlying space-time (M, g). We shall achieve this goal following an idea
of Alexakis et al., who proved a corresponding result for vacuum space-times
in [2].

We also prove the following theorem:

Theorem 1.2. Given a local, regular, bifurcate and non-erpanding horizon
(S,H*,H™) in a smooth and time oriented FEinstein—Mazwell space—time
(0,9, F). Assume there is a Killing vector field T tangent to HY UH™ which
does not vanish identically on S. Then there is a neighborhood O C O of S,
such that we can find a rotational Killing vector Z in O, i.e., the orbits of Z
are closed. Moreover, [Z,T] = 0. If in addition L F =0, then LzF = 0.

In reality, when one tries to prove global rigidity theorems for stationary
space-times, one does not make the non-expanding assumption on the horizon
‘HT UH™, since it is well-known that the non-expansion is a consequence of
the fact that the Killing vector field T is tangent to HT UH ™, see [6]. So the
first theorem will produce a Hawking vector field K in a full neighborhood of
S. The rotational vector field given by Theorem 1.2 then can be written as a
linear combination of T and K, i.e., there exists a constant A such that the
one parameter group of diffeomorphism on M generated by the vector field

Z =T+ K

is a rotation with a period tg. The part Lz F = 0 in the theorem follows imme-
diately. In the proof, we will focus on the geometric construction of Z. We
show that the period t; is exactly the period of rotations generated by T on
the bifurcate sphere S, while to determine A, it suffices to know the action of
T and K on a particular null geodesic on H™ U H~, see the proof for more
details.

Once more, under the restrictive additional assumption of analyticity of
the space-time (M, g), this second theorem is also known for Einstein vac-
uum space-times. It is usually called Hawking’s rigidity theorem, see [6], which
asserts that under some global causality, asymptotic flatness and connectivity
assumptions, a stationary analytic black hole whose horizon is non-degenerate
must be axially symmetric. In the smooth category, one can find a proof in
[2] based on the idea that, under a suitable conformal rescaling of null genera-
tors on the bifurcate sphere, the level sets of the affine parameters of the null
generators on the horizon should represent the integrable surface ruled by the
closed rotational orbits.
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These two theorems play an important role in the classification theory of
stationary black holes, since they reduce the classifications to the cases which
are covered by the well-known uniqueness theorems for electro-vac black holes
in general relativity, see [3,4,6,9,11]. For more a historical account of this
issue, we refer the reader to the paper [2].

We now describe the main ideas of the proofs. The first step towards the
proof of Theorem 1.1 is to construct the Hawking vector field K. Since K is a
Killing vector field, K satisfies the following covariant linear wave equations:

O,Ka0 = —R."Kg3 (1.1)

where R,z is the Ricci curvature tensor for the Lorentzian metric g. We hope
to reconstruct K by solving this wave equation. This is precisely the strategy
used in [5]. According to a famous result of Rendall (see [10]), the equation
can be solved in the domain of dependence if initial data is prescribed on
the characteristic hypersurfaces, see [10] for the proof. So one needs to find
the correct initial data for (1.1) on H+* UH ™. The choice of the data can be
rediscovered by the following heuristic argument: because K is Killing, the
restriction of K to a geodesic should be a Jacobi field, so one may guess the
initial data on H™ should be the non-trivial parallel Jacobi field uL where L is
a null geodesic generator on H* and u is the corresponding affine parameter,
i.e., L(u) = 1; another way to guess the initial data is to compute the explicit
formula for the exact Kerr or Kerr—Newman families of black holes. The sec-
ond step is to extend the vector field K to the bad region, i.e., the region
with is not covered by the domain of dependence. While the Cauchy problem
for (1.1) is ill-posed on the bad region, solving (1.1) will no longer work. We
have to rely on the new techniques used in [2]. A careful calculation shows K
also solves an ordinary differential equation (ODE) which is well-posed in the
ill-posed region for (1.1). So one can extend K into the bad region by solving
this ODE. This is the way we construct K in a full neighborhood of S. Notice
that although K is constructed, we still need to check that K is Killing since
to derive Eq. (1.1) and the ODE we have already ignored a certain amount of
information. One turns to proving the one parameter group ¢; generated by K
acts isometrically. We need to show that, for each small ¢, the pull-back metric
¢;g must coincide with g, in view of the fact that they are both solutions
of Einstein—Maxwell equations and coincide on H* U H~. Now the Carleman
type uniqueness techniques come into play, see also the results of Alexakis [1],
Alexakis et al. [2] and Ionescu and Klainerman [7,8].

The paper is organized as follows. In Sect. 2, we construct a canonical null
frame associated with the bifurcate horizon (S, H",H~) and derive a set of
partial differential equations (PDE) for various geometric quantities, as conse-
quences of the non-expansion condition and the Einstein—-Maxwell equations;
in Sect. 3, we give a self-contained proof of Theorem 1.1 in the domain of
dependence of H* UH ™, which is Proposition B.1 in [5]; in Sect. 4, based on
the Carleman type estimates proved in [7,8], we extend the Hawking vector
field to a full neighborhood of & which completes the proof of Theorem 1.1;
the last section is devoted to a geometric proof of Theorem 1.2.
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Notations

The Greek indices a, (3,7, d, p ranging from 1 to 4, and the Roman letters a, b, ¢
from 1 to 2; one uses D, to denote the covariant derivative D, ; the curva-
ture tensor is defined by Rngys = g(DaDgey—DgDge, e5), where D, DX =
Do(DsX)—Dp,c,X; repeated indices are always understood as subject to the
Einstein summation convention; since during the proof of our main theorems,
we will keep shrinking the open neighborhood O of S, we will keep denoting
such neighborhoods by the same O for simplicity; we will often use the nota-
tion X <Y whenever there exists some constant C' so that X < CY,C can
depend on some given background metrics ¢ and g’ and background fields F
and F’. To simplify the formulas, without losing information, we will use the *
notation. The expression A * B is a linear combination of tensors, each formed
by starting with A ® B, using the metric to take any number of contractions.
So A x B should be treated as a quadratic expression in A and B, while the
exact numerical coefficients are irrelevant.

2. Preliminaries

We first set up the double null foliation in @. One can choose a smooth future-
directed null pair (L, L) along S with normalization

g(L,L)=g(L,L)=0, g(L,L)=-1

such that L is tangent to H* and L is tangent to H~. In a small neigh-
borhood of S, we extend L along the null geodesic generators of HT via
parallel transport; we also extend L along the null geodesic generators of
‘H~ via parallel transport. So DL = 0 and Dy L = 0. We now define
two optical functions w and w near S. The function u (respectively, ) is
defined along H™ (respectively, H™) by setting initial value u = 0 (respec-
tively, u = 0) on S and solving L(u) = 1 (respectively, L(u) = 1). Let S,
(respectively, S,,) be the level surfaces of u (respectively, u) along H' (respec-
tively, H™). We define L (respectively, L) on each point of the hypersurface
H* (respectively, H™) to be unique, future directed null vector orthogonal
to the surface S, (respectively, S,,) passing though that point and such that
g(L, L) = —1. The null hypersurface H, (respectively, H;') is defined to
be the set of null geodesics initiating on S, C H™T (respectively, S, C H™)
in the direction of L (respectively, L). We require the null hypersurfaces H,,
(respectively, H;) to be the level sets of the function u (respectively, u). By
this condition, u and u are extended into a neighborhood of S from the null
hypersurface H™ UH ™. Then we can extend both L and L into a neighborhood
of S as gradients of the optical functions v and u:

L=-g"0,ud,, L=-g'"0,ul,.
Since u and w are null optical functions, we know

g(L,L) = g(L, L) =0
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while g(L, L) = —1 only holds on the null surface H™ U H~. Moreover, we
have
Lu)=1 onH' and L(u)=1 onH .
We define Sy, = H} N'H, . Using the null pair (L, L) one can choose a null
frame {e;.ea,e3 = L,eq = L} such that
g(eaaeb) :6ab7 g(ea,€3) :g(ea7€4) :05 aab: 172

At each point p € Sy, C O, e1, e2 form an orthonormal frame along the 2-sur-
face Syyu. It is easy to see that we have a lot of freedom to choose e; and e3. To
make use of this point, we shall modify the frame by Fermi transport later.
Recall the null second fundamental forms x,x and torsion ( are defined on
H*T UH™ via the given null pair (L, L):

Xab = 9(De,Lyes), X, =9(De, Liey), Ca=9g(De,L, L).
The traces of x and x are defined by try = 5%y qp and trx = (WbXab'

Definition 2.1. We say that H™T is non-expanding if trxy = 0 on H*; similarly
H~ is non-expanding if trx =0 on H~. The bifurcate horizon (S, H*, H™) is
called non-expanding if both H*, H~ are non-expanding.

The non-expanding condition imposes a very strong restriction on the
geometry of the Einstein—-Maxwell space—time. We recall the Einstein—Max-
well equations:

Rap — 5Rgap = Tap
DiaFpy =0
D*Fo3 =0
where T3 = F,'Fg, — igaﬁF“”FW is the energy—momentum tensor for the
corresponding electromagnetic field. Since the dimension of the underlying
manifold is four, the field theory is conformal, i.e., t7T = 0. So by tracing the

first equation in the system, we know the scalar curvature R = 0. One then
rewrites the system as

Rag = Faquu — %gaﬂF‘wFMV
D[aFﬁ,y] =0 (2.1)
D®Fl3=0

We recall that the positive energy condition is valid for Einstein—-Maxwell
energy—momentum tensor, i.e., T(X,Y) > 0 where (X,Y) is an arbitrary pair
of future-directed causal vectors. Let

R 1

Xab = Xab — §trX6ab

be the traceless part of x, so on H™, according to the Raychaudhuri equation:

1
L(trx) = =Ras = [X)* = 5 (trx)?,
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The non-expansion condition on H* implies
Ry + [XI* =0,
Thanks to the positive energy condition, one knows Ry4 = Ty4 > 0, so
Ryy=0 x=0 onH" .
So x = 0 on H™. According to the untraced formulation of the Raychaudhuri
equation:
L(x) +x* + R(~, L)L =0,
we know for all X € THT,
R(X,L)L=0
In view of the first equation in (2.1), R4q = 0 implies Fy, = 0, and the van-
ishing of these quantities implies Ry, = 0. Combined with R(X, L)L = 0, we

know R4gp, = 0. To summarize, the non-expansion condition implies, on the
null hypersurface H*, that

x=0
Ry, =0
Ruabe = 0 (2.2)
R3440 = 0
Fy, =0

Similar identities hold on H~™ when one replaces the index 4 by 3 in this set
of equations. It is precisely this set of geometric information that we shall use
in the proof of our main theorems. Recall also our choice of the frame ey, s is
arbitrary on H™. Since we know x = 0, we can make this choice more rigid by
using Fermi transport along L, i.e., we first pick a local orthonormal basis on
the bifurcate sphere S, then use the Lie transport relation Lre, = 0 to get a
basis on S, (which is not an orthonormal frame in general), the vanishing of
x on H* guarantees {ey, ez} is still an orthonormal frame. On H™, by virtue
of the frame {e;.e3,e3 = L,eq = L}, we have the following Ricci equations:

DysL =0, D,L=-(L,
DyL=—Caea DoL=x, 5+l (2:3)
Dyeq, = —Co L Dgey, = Ve +KabL

where V, ey is the projection of D,ep, onto the surface S,,. A corresponding set
of equations hold on H~. We shall use the following lemma:

Lemma 2.2. On ‘H™, we have
R(—,L,L,—)=-V(— Vax+¢®¢
i.e.,
Raazp = —=VaGo — Vax , + Calp-

where V denotes the projection of D onto S,; a corresponding result holds

on H™.
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Proof. For X,Y € T'S,,, by definition, one has
R(X,L, L,Y)
=9g(DxDyL,Y) = g(DsDx L,Y) = g(Dpy1r L,Y) + 9g(Dp,x L,Y)
We replace X and Y by e, and e, so
Raazp = g(Da(C%ec), e0) — g(Da(xa“€c + Ca L), €n) + Cag(Da L, ep)
+9(Dv4e,—¢.r L ep)
= —(VO)(ea ev) — 9(Da(xa‘ec), ) + 9(Dvie, Ly er) — Cag(Ds L, ep)
= —Valp — Vax,, + CaGo-

This completes the proof. O

3. The Hawking vector Field Inside the Black Hole

We define the following four regions Z++,7-=,Z7~ and Z~:
I = {p € Olu(p) > 0 and u(p) > 0},
Z=" ={p € Olu(p) < 0 and u(p) < 0},
I+ = {p € Olu(p) > 0 and u(p) < 0},
I ={p € Olu(p) <0 and u(p) > 0}.

(3.1)

In this section, we prove the following proposition:

Proposition 3.1. Under the assumptions of Theorem 1.1, in a small neighbor-
hood O of S, there exists a smooth Killing vector field K in ON(ZTTUZ )
such that

K=uL—-uL on(H"UH )NO.
Moreover, Lk F =0 and [L, K| = — L.

The region O N (ZTT UZ~ ) is the domain of dependence of H* U H ™.
As we mentioned in the introduction, by using the Newman—Penrose formal-
ism, the first part of the proposition is shown by Friedrich et al. [5]. For the
sake of completeness, we provide a direct proof without using Newman—Pen-
rose formalism. As mentioned in the introduction, we consider the following
characteristic initial value problem

O,Ko = —Ro"Kp,

K=uL—-—uL on(HT"UH )NO.
According to [10], this system of equation is well-posed in O N (ZTT UZ~ 7).
A smooth vector field K is now constructed by solving (3.2) in the domain of
dependence of H™ UH ™. To show K is indeed a Killing vector field, one has
to show the deformation tensor of K

TaB = Lxg= DaKg + DgKa
iszeroin ON(ZTTUZ 7).

(3.2)
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Since K solves (3.2), by commuting derivatives, we know the deformation
tensor 7w, solves the following covariant wave equation:

Dgﬂ'aﬁ = —QRpagéﬂ'p(; + Rapﬂ'pﬁ + Rgpﬂ'pa - 2‘CKRIXB
The geometric part of Einstein-Maxwell equations (2.1) provides
LxRag =LrThs
= FapﬁxF,gp + FBPLKFap - Fnga/)Fgé

1 1 1
=T Fu " = S gap P LicFu + 5 0apmps PO P

Combined with the electromagnetic part of the Einstein—-Maxwell equations
(2.1), this formula allows one to derive a set of PDEs satisfied by £y F,g:

DioLxFpy =0
DLk Fop = TayDVEF%g + %(Daﬂ'ﬁy + Dgmay — D,yﬂ'aﬁ)

Put all the equations together, one concludes that 7,3 and Lx F,s solve the
characteristic initial value problem for the following closed symmetric hyper-
bolic system:

Ugmag = —2Rpa567rp5 + Ropm’g + RgpmP o
—2(FoPLiFa,+ FsP L Fop — mps FuP F%)
+37apFu F' + gopF" L Fly — gapmpsF°,FPY (3.3)
D[aﬁKFﬁ’y] =0
DYLgFop = TayDYFg + £(Damgy + DpTay — DyTag)

So to show a3 = 0 and L F = 0in O, it suffices to show
Toap =0 LxgF=0 onHTUH . (3.4)

We only check (3.4) on HT; on H ™, the argument is exactly the same. In view
of the expression of K = ulL on H™ (since u = 0 on H™) and (2.3), it is easy
to show
D Ky, =DyK, =D,K,=DyK, =0, DyK3=-1
D.D,Ky, =DyD,K, = DyDsK, = DsDsK, = D, Dy K4 =0, (3.5)
DyD,Ky =D,DyK4y = DyDyK4y = DyDyK3 = D,DyK35 = 0.

We see immediately that as long as a component of 7,3 does not involve the
direction L, it is zero. More precisely,
Tab — TMaq — T44 = 0 on H+ (36)

To prove the remaining components of 7 vanish, we need to make serious use
of (3.2) to get derivatives in the L direction. Equation (3.2) gives

2
D3DyKj+ DyDsKg => DaDoKp+ Rs"K,
a=1
Combined with the curvature identity D3 Dy Kg — DyD3Kg = —Rz4p” K, we
have
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2
2D4D3Ks =Y DaDuKp + Rp,K? + Raup, K” (3.7)

a=1
Claim 3.2. We have D3K4 = 1, DaD3K4 = D4D3K4 =0.
Proof. We set =4 in (3.7), it is easy to check the left hand side of (3.7) is
2D, D3 K, = 2L(D5 K)

while the right-hand side is 0 by (2.2). So L(D3K4) = 0 on H*. It implies the
value of D3K, on ‘HT is determined by its value on S which is 1. The other
two identities can also be proved in a similar way. U

In particular, Claim 3.2 implies 734 = 0.
Claim 3.3. We have D, K3 = u(, and D3sK, = —u(,.

Proof. The first identity in the claim is easy to check by direct computations;
we now prove the second one. We first show that

L(Ca) = 0. (3.8)

We use (2.2):
L(Ca) = L(g(DaL7 L)) = g(DaL7 Dy L) + g(D4DaL7 L) (39)
= g(D4D,L, L) = Ryaa3 = 0 (3.10)

We now set = b in (3.7), this implies DyD3K}, = 0, in view of D3 Ky = 1, we
can show

L(D3K,) = —(q
Combined with (3.8), this shows D3 K, = —u(,. O
In particular, Claim 3.3 implies 73, = 0.
Claim 3.4. We have w33 = 2D3K3 = 0.

Proof. To prove the claim, one needs help from the Einstein-Maxwell equa-
tions (2.1). Since Fy, = 0, we have

L(Ryy) = L(F,) = 2Fy, L(Fy,) =0

which implies

L(Ryga4) =0 (3.11)
Recall the second Bianchi identity
D4R3aa4 + DBRa4a4 + DaR43a4 = 0 (312)

A simple computation with the help (2.2) and (3.11) shows the last two terms
in (3.12) are zero. So we have

L(R3444) = D4R3aa4 = 0. (3.13)
We compute L(try) along H*:
L(trx) = L(g(Da L, €a)) = g(DaDa L, €a) + g(Da L, Dsea)
= Riyasa + 9(DaDs L, eq) + |¢* = Raaza + ¢ — g(DaC*, ea)
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where ¢* is the dual vector field of ¢. In view of (3.13) and (3.8), we have
L(L(trx))
= ~L(9(Da¢*, ea)) = —9(DaDaC?,e0) = —Raava” = 9(DaDaC?, e0)
= —9(DaDa(C"er), €a) = —("9(Da(GL); €a)
This shows
L(L(trx)) = 0. (3.14)
Now we are ready to prove the claim. We set 5 = 3 in (3.7), so
2D4D3K3 = Do Do K3 + R3, K” + Ray3,K” = DDy K3 + ulRzy + uR3434
= DyDo K3 + uR3q44
By Lemma 2.2, we have
Rsaas = —Vala = Vax,, + ¢ = —(Ve,0)(ea) = Valtry) +[¢]?
= —div¢ + ((Vaeq) — L{try) + [¢?
We also compute
DoDaly = u(div — ((Vaea) = [C*) + trx
The previous computations showed
2Dy D3 K3 = trx — uL(try)
So in view of (3.14)
L(DyD3K3) = —uL(L(trx)) =0 (3.15)

On 8, it is easy to see D4 D3K3 = 0, so D4D3K3 = 0 on H', which once again
implies D3K3 = 0 by solving transport equations along L. 0

So we proved a5 = 0 on HT. One still needs to show Lx Fpp = 0.

Claim 3.5. We have the following identities:

DyFy, = DyFy, = DyFop = DyFy3 =0 (3.16)
Proof. We will use (2.2) repeatedly:

D.Fy, = (D, F)(L ® ey) = eq(Fap) — F(DoL ® e) — F(L ® Dyep) = 0.
Same argument shows D4 Fy, = 0. We use Bianchi identity:
DyFop = —DoFpg — DpFyq = 0.
We now use the divergence free equation in Einstein-Maxwell equations (2.1):
D%y =0= DyFyy — DyF3,=0
so DyF34 = D,F,y = 0. O
Claim 3.6. On H*, we have
LikF =0 (3.17)
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Proof. Recall that
LxFup = DgFos+ g DoKsFy5 + g”° DgKsF,,.

We show each component of £ F vanishes on HT. The following three terms
are relatively easy:

LiFay = DicFap+ g Do K5 Fpy + 9" Dy K3 Fapy = uDyFop = 0.
L Fas = DicFoa + 9 Do K5 Fpu + 9"’ DaKsFop = uDyFos = 0.
LxFy3 = D Fiz + g DyKsF,5 + g*° DsK5Fy,
= DgFys — DyK3Fy3 — D3KyFy3 = uDyFyz — ma3Fy3 =0
We need some preparation to show that the most difficult term Lx F3, van-

ishes. From the electromagnetic part of the Einstein-Maxwell equations (2.1),
we have

DyF3p — D3Fyy + DpFy3 =0

and
—(DyFsy + D3Fyp) + Do Fop = 0
So one has
9D, Fyy = Dy Fyy — DyFis (3.18)
Apply the vector field L on (3.18), we have
2L(D4Fsp)

= L(DaFup) — L(DyFu3) = DyDoFop — DyDyFy3
= (DoD4Fop — Riaa”Fpp — Raav’Fap) — (DyDyFyz — Rapa” Fp3— Rya3”Fy,)
=DyDyFop — Dy Dy Fys
= ea(D4Fap) — DyF(Dgeq,ep) — DyF(eq, Daey)]
—les(DaFy3) — DyF(DyL, L) — DyF(L, D, L))
In view of (2.3), one concludes that
L(D4Fy) =0 (3.19)
Now we compute
L Fy, = D Fyy + g D3 K, Fsy + g*° DyK, Fys
=uDyF3p + D3 Ko Fap — D3 Ky F3, — Dy K3F3y
= uDyF3p — uCoFop — F3p — uCpFsq
In particular, this shows LxF3, = 0 on S. Notice that L(Fy) = L(Fu) =
L(Fy3) = 0, now apply L on Lk F3yp, so we have
L(Lk Fp)

= L(uD4Fsp) — L(uCo Fop) — L(Fsp) — L(uCpFs4)

3.19
CL D Fyy — CaFay — [DaFsp + F(Da L, Ey) + F(L, Daey)] — CyFsq = 0

Now solving this ODE on H* completes the proof. O
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Remark 3.7. Tt follows from the previous computation that D,mg, = 0 on H™.
In fact, Dymap = 0 and Dymap = 0 trivially comes from the fact that o3 =0
on H*; to see D3map = 0, we need to investigate the first equation in (3.3), in
view of the facts that m,3 = 0 and Lx F' = 0, this gives

DyDsmog + D3Dymg = 0.
Combined with the curvature identity
DyD3mog — D3Damag = —R340"mps — R348"T0p = 0,
it gives L(D3ma3)=0. Once more, by solving an ODE on H*, Dsmap = 0

follows from the fact that Dsm,z vanishes on S.

We now prove the last statement of Proposition 3.1: [L, K] = — L in the
domain of dependence. We claim that
DsW =—-Dw L where W =[L, K]+ L,
W=0 onH"NO.
Since K is Killing vector field, for arbitrary vector fields X and Y, we have

,CK(DXy) = Dx(ﬁKY) + D,/;ny.

(3.20)

Therefore,
D3sW = D3(~Lxg L+ L) = —D3(Lx L) = —(Lx (D3 L) — Dz, 1 L)
=DerL=-DiprjyrL=-DwlL
It remains to show W =0 on H ™.
W=D3sK—-DgL+ L=D3K—-uDyL+ L

Since we have already computed the components D3 K, it is straightforward
to show that W = 0 on H™. By solving the ODE (3.20), we get W = 0 in the
domain of dependence. This completes the proof.

4. The Hawking Vector Field Outside the Black Hole

In the previous section we constructed the Hawking vector field K inside the
black hole region. To extend K to a full neighborhood of the bifurcate sphere
S, because the characteristic initial value problem is not well-posed on the
full neighborhood as we explained in the introduction, we need to rely on a
completely different strategy. The idea is, instead of solving a hyperbolic sys-
tem, we now solve the ODE [L, K] = — L for K. This ODE is well-posed in
the complement of the domain of dependence since L is transversal to H™.
That is the construction of K. One has to show that K constructed in this
way is a Killing vector field. Let ¢; be the one parameter family of diffeomor-
phisms generated by K. When ¢ is small, both of (g, F') and (¢} g, ¢; F') solve
the Einstein-Maxwell equations and they coincide on H+ UH~. To prove K is
Killing, it suffices to show (g, F') and (¢} g, ¢; F) coincide in a full neighborhood
of S.

We first define a vector field K’ by setting K’ = ulL on HT N O and
solving the ODE [L, K'| = — L. The vector field K’ is defined and smooth in
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a full neighborhood O of S (since L # 0 on §). Moreover, in view of Proposi-
tion 3.1, K’ coincides with K in Z¥TUZ~~. Thus K := K’ defines the desired
extension. This construction is summarized in the following lemmas:

Lemma 4.1. There exists a smooth extension of the vector field K to a full
neighborhood O of S such that

[L,K]=—L inO. (4.1)
Let g = ¢fg and L, = (¢—¢)« L. In view of (4.1) of K, we know that

%Lt = — L,. This implies that

<8

L,=e'L. (4.2)

Let D! be the Levi-Civita connection of ¢;, by the tensorial nature, we know
that DtLt L, =Dy L =0, (4.2) implies that 0 = DtLt L, = e_ztDtLL. This
proves the following lemma

Lemma 4.2. Assume K is the smooth vector field constructed in (4.1) and D*
the Levi—Clivita connection of the metric ¢;g. We have

DY L=0 inO. (4.3)

To summarize, let F; = ¢f F, then we have a family of metrics and two
forms (g, F}) which solves the Einstein—-Maxwell equations (2.1). Moreover,
they coincide in the domain of dependence of H* U H™ and for each ¢, one
has D% L = 0. So Theorem 1.1 is a consequence of the following uniqueness
statement:

Proposition 4.3. Assume in a full neighborhood O of S, g’ is a smooth Lorentz-
ian metric and F’' is a smooth two form, such that (¢', F') solves Einstein—
Mazwell equations (2.1). If

Jd=g and F'=F in(ZTTUZI~")NO,
D’LL:O in O,

where D' denotes the Levi—Civita connection of the metric g'. Then g’ = g and
F' = F in a full neighborhood O' C O of S.

The corresponding proposition for Einstein vacuum space-times was first
proved in [1]. A simplified version can be found in [2]. In [7], the authors
proved uniqueness results for covariant semi-linear wave equations of a fixed
metric. But for the uniqueness at the level of metrics, since the corresponding
PDEs are quasi-linear, one has to couple the system with a system of ODEs to
recover the semi-linearity. In this section, we use this idea to prove uniqueness
for the full curvature tensor and the electromagnetic field. Since the metric is
uniquely determined by the curvature tensor, that will prove Proposition 4.3.

Proof. We first derive a system of covariant wave equations for the full curva-
ture tensor Rqgys of the metric g and F, 3. Recall the second Bianchi identity:

DO‘RQ’ﬂKs + DﬁR'YOt;ﬁ + D’yRaﬁpé =0 (44)
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Taking the divergence of (4.4) and commuting derivatives, we have
DaDaRﬂﬂmé
= —[D%, DB]R%WS - [D%, Dv]Raﬁpé - DﬂDaRvapé - DvDaRaﬁpé
= RaﬁwRHapﬁ + RaﬁauRvupé + RaﬁpuRw% + RaﬁMRvapu
"‘RavauR”sz? + RavﬁuRaNPJ + Raquaﬁ“& + RavéuRaﬁpM
+DgDsR,y, + DyD,Rsg — DgD,Rsy — DyDsR,3
Schematically, we can write the previous formula as

DQRQB’WS = (R * R)aﬁ'yé + D’yD(SRaﬁ (45)

where the last term denotes a linear combination of certain components of the
Hessian of the Ricci curvature. In this expression, only the structure of the
terms is important, the exact numerical coefficients are irrelevant. To have a
closed system, we need to compute the Hessian of the Ricci tensor. By the
gravitational part of (2.1), we have the following schematically expression:
D\DsR.p
= FgﬂDngFa“ + Fa”D,YDgFgH + D(;FQMDWF,@M + DA/FQHD(;FIQH

f%gaﬁ(F“”DvD(;FW + D, F,,DsF*")
= (F % D*F)opys + (DF % DF) 055
Plugging this into (4.5), we have
OgRapys = (R* R)agys + (F + D*Fapys + (DF + DF)agys  (4.6)

This equation involves two derivatives of F. In principle, the electromagnetic
part of the Einstein-Maxwell equations (2.1) controls only one derivative of F
through the second order system:
D*DyFgy = —D*DgFyo — D*D,Fog
= —[D%,Dg|Fyo — [D%, D|Fog — DgD“F,, — DyD“F,og
= Ryt o + R gap Fy"
which can be expressed in the following schematic form:

OgFap = (R* Fag (4.7)

Since for the Einstein—-Maxwell equations, the electromagnetic part of is almost
decoupled from the gravitational part, we can actually control second deriv-
atives of F' by a cost of one derivative on the curvature tensor R,gys. More
precisely, we apply the covariant derivative D, on the second equation of (2.1):
d(D(;F)ag = DQD(;F[;»Y + D[;D(;nya + D»YDgFag
= [Dou Dé]Fﬁ'y + [D,Ba Dé]F'ya + [D'yv Dé]Faﬁ + Dp(D[aFﬂ'y])
= _RaﬁﬁuFﬂv - RaéwFB“ - RBMMFMa - Rﬁéaquu
_R'VMALFMB - R'yw#Fa”
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where d stands for the exterior derivative on two forms. Schematically, this
gives
Dia(DF)gy) = (R * Fagpy
Similarly, we have
Da(DF)ag = (R * F)ﬁ
Applying covariant derivative on these last two equations gives
Oy(DF)ap = (R* DF)ap+ (DR * F)ap (4.8)
We summarize (4.6), (4.7) and (4.8) in the following system of equations
OgRapys = (R* R)apys + (F # D*Fapys + (DF % DF)agys
DgFaﬂ = (R*F)ag (49)
Oy(DF)ap = (R+ DF)ag + (DR % F)ap
We have a corresponding system of equations for foﬁ'yé and F (;,3.
We shall prove Proposition 4.3 in a neighborhood O(p) of a point p € S.
To do so, we first introduce a fixed coordinate system (zy) for k = 1,2, 3,4.
We emphasize that the coordinate () is chosen for both metrics g and ¢’. In
the proof we shall keep shrinking the neighborhoods of p; to simplify notations
we keep denoting such neighborhoods by O(p).
We now fix the null frame {ej,e2,e3 = L,eq = L} on the null hyper-

surface HT N O(p). We use two different Levi-Civita connections to parallel
transport the given null frame along L:

{DLvao with vy, =eo, on HTNO(p)

D/LU/Q = 0 Wlth ’U& = € on H+ N O(p) (410)

The frames {v,} and {v/,} are smoothly defined in O(p). We will express all
the geometric quantities in these frames. Let gap = 9(va, v8), 905 = 9' (V4 Vj).
Since D pva = D'pv, = 0, we know L(gag) = L(g,5) = 0, 80 gap = g5 We
define
hag = gap = gap L(hag) =0 in O(p). (4.11)
We define the Christoffel symbols, curvature tensors and their differences
Flg = Q(Dvavﬁav'y)a Fgg = g/(D;)gvzivvﬁy)v 5Fl[3 = F/Jg - Flg
Rapys = 9(R(va, Uﬁ)v’yv vs), R;,B'yé = g/(R,(U;, 'U/ﬁ)vfya 1}:;),
0Rapys = Rogys — Rapys

We also introduce 6 R and JF' to denote the collections of all the § R g+s5’s and
0T} 5’s. One observes that I'y; = Fgfﬂ = 035 = 0. In view of D v, = 0, we
drive a system of ODEs for T') ; and Fg’ﬁ:

L(Flg) = L(9(Dy,vp,v4)) = g(Duy Dy, v5,05) + g(Dy, v, Duyv)
= R3apy + g(D[USa'Ua]/Uﬁ’ vy) + g(Dy,vg, Dygvs)

S
= R30¢5’Y + FgaFZB - FZSFZB + gP5Faﬁrg'y
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Schematically, we have
L(I' ) = Rzapy + (D' * 1)) (4.12)
Similarly, we have
L(Fgﬁ) - g’)aﬁv + (Fl * F/)Zzﬁ (413)
Taking the difference of (4.12) and (4.13), one has
LT 5) = 0Rzapy + (I +T" = T'xT)] 5
= 0R3ap, + (I" % 0T)] 5 + (T % 0T) ) 4

Since the smooth metrics g and ¢’ are given, so their corresponding Christoffel
symbols are also fixed in the given coordinate (zj). One treat these objects
as given backgrounds data, in particular, one can bound these objects in L>°-
norm, so we have:

| L(6T)| < [0T[ + [ R|. (4.14)

Now we also need to express the frames {v,} and {v/,} in terms of the
fixed coordinate vector fields J;, relative to our local coordinates xp. We define

k ’ 1k k 1k k
Vo = VO, v, =050k (d0)g ="y, — vy

Consider [v3,v] = =D, v3 = _FZ3U6 = —F§3v[’§’3;€, it implies
v40;(vE) — v,0;(vf) = —T'h0f
so we have
L(vh) = 0;(v§)v], — Thyvf (4.15)
Similarly, we have
rky 1ky 1 Bk
L(U a)_aj(q)B)Ua_FOchﬁ (416)

Notice that 0;(vh) = 0;(v'5) are fixed functions (since vs = vy = L), so by
taking the difference, we have the following differential inequality
L(6v) <[0T + |0v]. (4.17)

where we use dv to denote the collection of all the (v)k’s. We can also apply
coordinate derivatives 9y to (4.12), (4.13), (4.15) and (4.16), after taking the
differences, one has the following estimates

| L(O0T)| < |0T| 4 |01 + |6 R| + |0 R)|. (4.18)

| L(O6v)| < 0T + |90T| + |dv| + |9dv]. (4.19)
Now we derive a set covariant of wave equations for R and 0F,0DF (where
OF is defined in an obvious way). In view of (4.9), when we take the differences,
the following terms may cause trouble

(0, -04)R, (O,-04)F and (O,—-0,)DF

The estimates are the same for all of them, to illustrate the idea, we now deal
with the first one. Since gog = ¢/, 5, 1t is easy to see it has the following form

(O, — Oy )R| S |6 + |06
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Similar relations hold for the other terms. Together with (4.14), (4.17), (4.18)
and (4.19), we have the following system of differential inequalities:

| L(6T)| < [0T| + [0 R,
| L(OST)| < |0T| + |00T| + |SR| + |03 R,
| L(dv)| < [0T] + [dv],
| L(O6v)| < |6T| + |06T| + |dv| + |9dv], (4.20)
|040R| S [0R| + [0F| + [0DF| 4 |00 DF| 4 |6T| + |04T|,
|840F| S [0R] + [0F| + |6T| + |06T |,
|040DF| S |0R| + [0DF| 4 |00R| 4 |6 F| + |0T'| + [06T|.

Since in ZttUZ~~,g=g' and F'=F", on the bifurcate horizon HT UH ",
the following functions 0T, 96T, dv,ddv,dR,0F and dDF vanish to infinite
order. We now show that they vanish completely in a full neighborhood of S. It
is an immediate consequence of the following uniqueness theorem, based on the
Carleman estimates developed in [7], due to Alexakis [1], see also Lemma 4.4

of [2].

Proposition 4.4. Assume G;,H; : O(p) — R are smooth functions, i =
1,...7I,j = 1,...,J. Let G = (Gl,...,G1)7H = (Hl,...,HJ), 0G =
(01G1,02G1, 03G1,04G1, . .., 04G) and assume that in O(p),

{ DGl < |G+ |0G| + |H;
| L(H)| < |G| + 0G| + |H].

Assume that G = 0 and H = 0 on (HTUH ™ )NO(p). Then, there exists a neigh-
borhood O'(p) C O(p) of x¢ such that G =0 and H = 0 in (ZT-UZ~T)NO’(p).

In particular, applied to (4.20), Proposition 4.4 implies 0R = 0 and 6 F =
0 in a full neighborhood of S, which shows that the vector field K is Killing
in a full neighborhood of § and LxF = 0. U

Remark 4.5. The vector field K is time-like in O N (Zt~ UZ~*) which follows
directly from the fact that L(g(K, K)) > 0.

5. The Rotational Killing Vector Field

We prove Theorem 1.2 in this section. In addition to the Hawking vector field
K constructed in Theorem 1.1, we assume (O, g, F') has another Killing vec-
tor field 7' which preserves F' (i.e., LgF = 0 ) such that it is tangent to
‘H*T UH™ and it is not identically zero on S. We will find a constant A, such
that Z = T + AK is a rotational Killing vector field, i.e., all the orbits of Z
are closed circles.

We study the action of T" on the bifurcate sphere S. Because T is a smooth
vector field tangent to the bifurcate horizon H* U™, it must be tangent to
S. Since T is not identically zero, thanks to Lemma A.1 in “Appendix”, the
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restriction of the metric g on S is rotational symmetric. In particular, the vec-
tor field X = T'|s on S has a period ¢y and has two zeroes. One fixes one of the
zeroes and denotes it by p € S. Let v be the null geodesic emanating from
p on ‘HT; similarly, we define y~. On ", we define a function A(u) = g((;‘gi))
which measures the projection of T in the K direction. The key observation is

Claim 5.1. On v, A(u) is a constant.

Proof. We show that [T, L] is parallel to L on H™T, i.e., there is a function
f:HT — R, such that

[T,L] = fL.

Since both vectors are tangent to H™T, so is [T,L]. It suffices to show
9([T, L],eq) = 0.
9(IT, L}, ea) = g(DrLea) — g(DLT,e0) =" g(DrL, eq) + g(DaT, L)
=g(DrL,eq) = g(T, DaL) = X(T, €q) — x(€a, T) = 0.
We claim that L(f) = 0 which follows from the
0=Lr(DpLL)=DgprL+ Dr(LrL) = Dy L+ Dr(fL) = L(f)L.

When one restricts f to v, this implies that f(u) = f(p) is a constant. On
the bifurcate sphere S, we can compute

f= L) = [T, L)(w) = = L(T(u))

so on yT

=

T(u) = —f(p)
We turn to L(A(u)):
row) -2 (458 = -2 (1) — 10 -0

u

This shows A(u) is a constant on 7. O

Remark 5.2. One can construct A(u) on v~ and show that A(u) = A(u) = A(p)
is a constant.

Now we can define the rotational vector field Z:

Claim 5.3. Let A = —f(p), then Z =T + AK is a rotational vector field with
period tg.

Proof. Since K =0o0n S, Z|s = T|s has the same period t;. We denote 1); the
one parameter isometry group generated by Z on O. To show Z is rotational,
it suffices to show v, = id.

We study the action of 7); on the null geodesic vT. For all ¢, since p is a
fixed point of 1y and ¢, is an isometry, we know that t;(y) C + is a reparamet-
rization of v*. In particular, it implies Z|,+ is proportional to K|,+. In view
of the definition of A\, we know that Z|y* = 0 since we have subtracted the

corresponding portion of K from T'. So 9|+ = id. In particular, ¢, |+ = id.

o Iy
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We turn to the action of 1, on the full tangent space of p. The pre-
vious argument shows (t4,).L = L; the same considerations on v~ shows
(¥1,)« L = L. We also know that (¢4,)«e, = e, because p is a zero on T on
S and K vanishes on S. (4, ). is the identity map on the tangent space of p.
We can use Lemma A.2 in “Appendix” to conclude that 1, is the identity in
a small neighborhood of p. Finally, we can use the compactness of S and the
standard open-closed argument on S to conclude 1)y, is the identity map in a
small neighborhood of S. g

To finish the proof of Theorem 1.2, we have:
Claim 5.4. [Z, K] = 0.

Proof. Tt suffices to show [T, K| = 0. Since both K and T are Killing, in view
of the fact that all the Killing vector fields on a manifold form a Lie algebra
under [—, —], we know that W = [T, K] is also Killing, so it solves the following
equation:

O,Wa = —R."Wp (5.1)
We show that
W=0 on HYUH .
It is an easy consequence of the calculations in the proof of Claim 5.1:
W =T, K] = [T,uL] = u[T, L} + T(w)L = ufL —ufL =0

By solving (5.1), we know that W = 0 in Zt+ UZ~~. To show W = 0 in
a full neighborhood of S, once again we have to use Proposition 4.4 in the
straightforward way. This completes the proof. O
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Appendix A: Two Lemmas on Geometry

Lemma A.1. Assume h is a Riemannian metric on the topological sphere S?
which admits a non-trivial Killing vector field X, then (S%,h) is a Riemann-
ian warped product ([0, 1], dr?) x4, (S*,do?). In particular, each orbit of X
1s closed and has a common period tg.

Proof. First, we observe that, if X is non-trivial, then the set Z(X), which
consists all zeroes of X, is discrete. It follows from the fact that, the zero locus
of a Killing vector field is a disjoint union of totally geodesic sub-manifolds
each of even dimension. Since we are on a surface, the zeroes must be discrete.
In particular, since the S? is compact, X has only finite many zeroes.
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The second observations is that, for each zero p of X, indx (p) the index
of X at p is either 1 or —1. It following from the fact that, X induces an
isometry on T},82, which is a 2D rotation. So its index must be 1 or —1.

Now we can apply the Poincaré—Hopf index theorem:

Y indx(p) = x(5%) = 2.

pEZ(X)

The previous observation imply that the cardinal number |Z(X)| > 2. We can
pick up two points p, ¢ € Z(X). Now let us fix a minimal geodesic y(t) between
p and g. Let ¢ be the flow generated by X. Since on T, M, (¢;)+ is a rotation,
it has a period ty. Let x # p,q be a point on . We show that the orbit of
z under ¢, is a closed non-degenerate circle, more precisely, it is the image
{pe(2)|t € [0,10)}. It trivially holds when z is close to either p or ¢, i.e., in the
normal coordinate of p or ¢, since it will stay on the geodesic sphere which is
a circle around either p or ¢. Since v is minimal and X (q) = 0, so ¢¢(7) is also
a minimal geodesic between p and g. When ¢ varies, ¢¢(v) sweeps the whole
S2, we know that all points except ¢ is in the normal coordinate of p, so the
orbit x is closed. This finishes the proof of the lemma. O

Lemma A.2. Assume (M,g) is a Lorentzian manifold, ¢ : M — M is an
isometry and p € M is a fived point of ¢. If ¢, = id, then ¢ = id locally
around p.

Proof. In Riemannian geometry, this is easy since we have the concept of
length; in our case, the difficulty comes from the fact that on the light-cone,
the length is not well defined. But the proposition holds inside the light-cone
since we can consider maximal time-like geodesics. Since locally the light-cone
is the boundary of the future of the point p, the identity map can be continued
to the boundary. O
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