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Rigidity results in general relativity: A review
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ABSTRACT. Despite a common perception in the physics community,
the Black Hole Rigidity problem remains wide open when one removes
the highly restrictive real analyticity assumption underlying the classical
results. In this survey we review the progress made in the last ten years
in understanding the conjecture in the more realistic setting of smooth
spacetimes. We review both local and global results and discuss the
new mathematical ideas behind them. We present three types of global
results which assert, under somewhat different assumptions, that any
stationary solution close to a non-extremal Kerr must be isometric to
a non-extremal Kerr, whose parameters a, M are determined by the
ADM mass and angular momentum of the given stationary solution. The
results illustrate an important geometric obstruction in understanding
the full rigidity problem, the possible presence of trapped null geodesics
perpendicular to the stationary Killing vectorfield. The key insight in
all these results is that such null geodesics are non-existent in any non-
extremal Kerr and thus, roughly, in any small perturbation of it.
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1. Introduction

A fundamental conjecture in General Relativity' asserts that the do-
mains of outer communication of regular?, stationary, four dimensional, vac-
uum black hole solutions are isometrically diffeomorphic to those of Kerr
black holes. One expects, due to gravitational radiation, that general, asymp-
totically flat, dynamic, solutions of the Einstein-vacuum equations settle
down, asymptotically, into a stationary regime. A similar scenario is ex-
pected to hold true in the presence of matter. Thus the conjecture, if true,
would characterize all possible asymptotic states of the general evolution.

So far the conjecture has been resolved, by combining results of Hawking
[18], Carter [8], and Robinson [33], under the additional hypothesis of non-
degenerate horizons and real analyticity of the space-time. The assumption
of real analyticity, however, is both hard to justify and difficult to dispense
of. One can show, using standard elliptic theory, that stationary solutions
are real analytic in regions where the corresponding Killing vector-field T
is time-like, but there is no reason to expect the same result to hold true
in the ergo-region (in a Kerr spacetime K(a,m),0 < a < m the Killing
vector-field T, which is time-like in the asymptotic region, becomes space-
like in the ergo-region). In view of the relevance of the conjectured result
to the general problem of evolution, i.e. the final state conjecture, there
is also no reason to expect that, by losing gravitational radiation, general
solutions become, somehow, analytic. Thus the assumption of analyticity is
a fundamental limitation of the present uniqueness results® Here is a more
precise version of the Carter-Robinson-Hawking result.

THEOREM 1.1 (Carter-Robinson-Hawking). The domain of outer com-
munication of a real analytic reqular, stationary (i.e. there exists a killing
vectorfield T which is timelike in the asymptotic region), asymptotically flat,
four dimensional, vacuum black hole solution is isometrically diffeomorphic
to the domain of outer communication of a Kerr black hole.

The theorem relies on the following steps.

(1) Based on the observation that, though a general stationary space-
time may seem quite complicated, its behavior along the event hori-
zon is remarkably simple, Hawking has shown that in addition to
the original, stationary, Killing field, which has to be tangent to
the event horizon, there must exist, infinitesimally along the hori-
zon and tangent to its generators, an additional Killing vector-field.

!See reviews by B. Carter [7] and P. Chrusciel [11], [13], for a history and review of
the current status of the conjecture.

2The notion of regularity needed here requires a careful discussions concerning the
geometric hypothesis on the space-time.

3The results based on analyticity can be reformulated as a proof of the fact that there
can be no other explicit stationary solutions. Note also that the case of static solutions has
been treated in full generality, without assuming analyticity, by Israel [24] and Bunting-
Masood ul Alam [6].
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(2) In the case of a non-degenerate horizon the Hawking vectorfield
can be extended, by standard hyperbolic PDE techniques, to the
full domain of dependence of the horizon, see [17].

(3) The extension problem is however ill posed in the complement of the
domain of dependence, i.e. in the domain of outer communication
of the black hole. To overcome this difficulty Hawking assumes
analyticity and extends the vectorfield by a Cauchy-Kowalewski
type argument. In this step the field equations are no longer used;
the assumption of analyticity, which in effect replaces the Einstein
equations by the Cauchy-Riemann equations, completely trivializes
the problem.

(4) As a consequence of the previous step, the space-time under con-
sideration is not just stationary but also axi-symmetric, a situation
for which Carter-Robinson’s uniqueness theorem [8], [33] applies.
It is interesting to remark that this final step does not require an-
alyticity.

A similar result holds for the Einstein-Maxwell equations. Namely the only
real analytic, stationary, regular asymptotically flat solutions of the Einstein-
Maxwell equations belong to the Kerr-Newman family. The reduction to the
axially symmetric case, due to Hawking, follows precisely the same argument
as in the vacuum case. The rigidity of stationary, axially symmetric solutions
is due to Mazur [30], see also [13].

The goal of this article is to review recent results which aim to prove the
conjecture without appealing to analyticity. We focus our discussion to the
case of the vacuum, but we will also mention some of the more interesting
extensions to the case of the Einstein-Maxwell equations.

We start with a discussion, in section 2, of local extension results
for Killing vectorfields. The setting is very general; we consider a Killing
vectorfield Z defined in a domain O of a Ricci flat, smooth, semi-riemannian
manifold (M, g) and consider the question of whether Z admits a smooth
Killing extension in a full neighborhood of a point p in the boundary 00.
It turns out that the answer is affirmative if the boundary verifies what
we call the strict null convexity condition. This condition, concerning the
behavior of null geodesics tangent to O at p, is automatically satisfied on
a Riemannian manifold, but imposes a serious restriction if g is Lorentzian.
If in addition the manifold admits a nowhere vanishing* Killing vectorfield
T, which commutes with Z in O, we show that Z can be extended past p
under a weaker assumption which we call T-strict null convexity. This is a
condition which affects only the null vectors at 7),(0O) orthogonal to T.

It is important to stress here that in the particular case of Kerr space-
time KC(a,m), domains of the form r, < r < R with r the usual Boyer-
Lindquist coordinate and r, its value on the horizon are not, in general,

41t suffices to consider a Killing vectorfield defined in a neighborhood of the point
p € 00.
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strictly null-convex at » = R but are all strictly T-null convex, where T is
the stationary Killing field of the Kerr solution. This fact, first discovered in
[20],[21], plays a fundamental role in the global results discussed in section
3 of this paper.

The null convexity condition is a particular instance of the more general
pseudoconvexity condition® of Calderon-Hérmander. It is a necessary condi-
tion to derive uniqueness results for ill posed problems® based on Carleman
type estimates. It is not a priori clear that the same necessary condition
is relevant to our extension problem. The main goal of section 2 is to de-
scribe the geometric ideas by which the extension problem can in fact be
turned into an unique continuation problem. The results are stated in the-
orems 2.3, 2.4. Though they are both very general (they hold for arbitrary
semi-Riemannian manifolds!) they rely in an essential way on the Ricci flat
condition. We also review related local extension results, see theorems 2.19,
2.20, for the Hawking vectorfield in a neighborhood of a bifurcate horizon.

In section 3 we discuss three global results, see [20], [2], [3], concerning
the black hole uniqueness problem, which assert, under somewhat different
assumptions, that any stationary solution close to a non-extremal Kerr must
be isometric to a non-extremal Kerr, whose parameters a, M are determined
by their ADM mass and angular momentum. They are all based on specific
regularity, non-degeneracy and asymptotic flatness assumptions discussed in
subsection 3.2.

The first two results are based on the local characterization of the Kerr
solution, due to Mars [27], by the vanishing of the so called Mars-Simon
tensor S. In theorem 3.14 we make an assumption on the bifurcation sphere
of the horizon which implies that S vanishes along the horizon. We then
derive a wave equation for & and show, by unique continuation results, that
S must vanish everywhere. In theorem 3.14 we assume instead that S is
sufficiently small and rely on the extension results discussed in section 2 to
show that the spacetime is axially symmetric. The rigidity result then follows
by applying the Carter-Robinson theorem. Both results assume the presence
of a unique non-degenerate horizon. This condition was later removed by
Wong and Yu in [40] by an ingenious argument based on the mountain pass
lemma.

The third rigidity result differs substantially from the other two in that
we only make a smallness assumption on the bifurcate sphere. More pre-
cisely we assume that the stationary vectorfield is small on the bifurcate
sphere and deduce that the entire domain of outer communication is iso-
metric to that of a Kerr solution with small angular momentum. This is the
first uniqueness result, in the framework of smooth, asymptotically flat, sta-
tionary solutions, which combines local considerations near the horizon, via
Carleman estimates, with information obtained by global elliptic estimates.

5Which applies to general, scalar linear partial differential operators
6Problems where existence is by no means guaranteed.
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These results illustrate an important geometric obstruction in under-
standing the full rigidity problem, the possible presence of trapped null
geodesics perpendicular to the stationary Killing vectorfield. The key in-
sight” in all these results is that such null geodesics are non-existent in any
non-extremal Kerr and thus, roughly, in any small perturbation of it.

In the last section we formulate, together with S. Alexakis, a general
conjecture which illustrates the importance of trapped null geodesics per-
pendicular to T and thus the importance of developing strategies based on
global considerations, not just on unique continuation methods starting from
the horizon.

2. Local rigidity results

In this section we revisit the extension problem for Killing vector-fields
in smooth Ricci flat Lorentzian manifolds and its relevance to the black hole
rigidity problem. In the most general situation the problem can be stated
as follows:

Assume (M, g) is a given smooth semi-riemannian manifold, O C M
is an open subset, and Z is a smooth Killing vector-field in O. Under what
assumptions does Z extend (uniquely) as a Killing vector-field in M ?

A classical result® of Nomizu establishes such a unique extension pro-
vided that the metric is real analytic, M and O are connected and M is
simply connected. The result has been used, see [18] and [13], to reduce
the black hole rigidity problem, for real analytic stationary solutions of the
Einstein field equations, to the simpler case of axial symmetry treated by
the Carter-Robinson theorem. This reduction has been often regarded as
decisive, especially in the physics literature, without a clear understanding
of the sweeping simplification power of the analyticity assumption. Indeed
the remarkable thing about Nomizu’s theorem, to start with, is the fact the
metric is not assumed to satisfy any specific equation. Moreover no assump-
tions are needed about the boundary of O in M and the result is global with
only minimal assumptions on the topology of M and O. The result is clearly
wrong in the case of smooth manifolds (M, g) which are not real analytic.
To be able to say anything meaningful we need to both restrict the metric
g by realistic equations and make specific assumptions about the boundary
of O. Local and global assumptions are also need to be carefully separated.

In this section we limit our attention to a purely local description of
the extension problem in the smooth case. We assume that (M, g) is a non-
degenerate Ricci flat, semi-riemannian metric i.e.

(2.1) Ric(g) =0,

A related fact plays a fundamental role in recent linear stability results concerning
solutions of the scalar wave equation in a non-extremal Kerr, see [15] and the references
therein.

8See [31]. We rely here on the version of the theorem given in [13] .
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and denote by D the Levi-Civita connection induced by g.
We define the following crucial concept®.

DEFINITION 2.1. A domain O C M is said to be strictly null-convex at a
boundary point p € 00 if there exists a smooth function h, defined in a small
neighborhood U of p, such that dh(p) # 0 and ONU ={x € U : h(z) < 0}
(i.e. h is a nondgenerate defining function for O at p) which verifies the
following null convexity property at p:

(2.2) D*h(X,X)(p) <0
for all null vectors X (i.e. g(X,X) = 0) tangent to 00 at p (i.e. X(h) =0
at p).

It is easy to see that (2.2), does not depend on the choice of the defining
function h. The strict null-convexity condition is automatically satisfied if
the metric g is Riemannian. It is also satisfied for Lorentzian metrics g
if JO is space-like at p, but it imposes serious restrictions for time-like
hypersurfaces. It clearly fails if 9O is null in a neighborhood of p. Indeed in
that case we can choose the defining function h to be optical, i.e.,

(2.3) D*hDyh = 0

at all points of JO in a neighborhood of p, and thus, choosing X = D%h,
we have,

1
X°XPD,Dsh = 5X(D%DOJL) =0.

One can also show that unique continuation fails in this case.
Under the assumption that M contains a Killing vectorfield T we also
define the following variant of the null convexity condition.

DEFINITION 2.2. The domain O C M is said to be strict T- null-convex
at a boundary point p € 00 if the defining function h at p is T invariant
and wverifies the convexity condition (2.2) for all null vectors X € T,(00)
which are orthogonal to T.

The following general extension principle was proved in [22]. A previous,
related, version appeared in [1]. We note however that the version used in
[1] applies to a bifurcate null hypersurface which fails to be smooth at all
points on the bifurcate sphere. The results mentioned in theorems 2.3, 2.4,
based on unique continuation, can however be extended to cover that case,
see [20].

THEOREM 2.3. Assume that (M, g) is a smooth d-dimensional Ricci flat,
semi-riemannian manifold and O C M is a strictly null-conver domain at
a point p € 00. We assume that Z is a Killing vectorfield in O. Then Z
extends as a Killing to a neighborhood of the point p in M.

Using similar techniques one can also prove the following.

9n our previous papers we have used the broader terminology of pseudo-convezity
condition, which applies to a given scalar linear PDE.
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THEOREM 2.4. If (M, g) admits a (nowhere vanishing) Killing vector-
field Tand Z is a Killing vectorfield in O which commutes with T, then
the same extension result holds true if we replace strict null convexity by the
weaker strict T-null convezity condition. Moreover the extended Z continues
to commute with T.

The proof of both theorems is based on the following ideas'®.

(1)

Extend the vectorfield Z in a full neighborhood of the point p by
solving a Jacobi type equation along a family of congruent geodesics
transversal to 0O. In the case of theorem (2.4) one needs to make
sure that extended Z still commutes with T. This can easily be
done by choosing a congruence left invariant by T, i.e. such that
the generator L of the congruence commutes with T. We note that
(unlike other contexts in the GR literature where L denotes a null
vectorfield) L here does not have to be null.

Derive a closed system of covariant wave equations for a modified
version of the Lie derivative of the curvature tensor R, denoted W,
coupled with transport equations for the deformation tensor %)z
of the extended Z.

Use a unique continuation argument to show that both W and
()7 have to vanish in a full neighborhood of p. To implement the
continuation criterion one needs the strict null convexity conditions
in the definitions 2.1 and 2.2.

We start with a few general results:

LEMMA 2.5. For arbitrary k-covariant tensor-field V. and vector-field X

we have,

(2.4)

where (

x)

k
Dﬁ(ﬁXVal.,.ak) - £X(DﬁVa1...ak> = Z (X)Fajﬁpval.., P Qg
j=1

m = Lxg is the deformation tensor of X and,

}(Da (X)Wﬁu +Dg (X)Wocu - Dy, (X)Waﬂ)~

(X)Paﬁ# = 2

LEMMA 2.6. Let X be a vectorfield with deformation tensor )7 and

define,

Then,

(2.5)

NPy = (1/2)(Dg P7g, — D O7y,).

D, (X)Paﬂu -D, (X)paﬂy
= (EXR)(XBW —(1/2) (X)”Ot pRpﬁW - (1/2) (X)Trﬁ pRapw/

where R is the Riemann curvature tensor of the metric g.

101, [1] similar results were proved using a frame dependent approach.
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Note that,
1
(2.6) (X)Fauﬁ = (X)Paﬁu T §Du o

Recall that a Weyl field on M is a four covariant trace-less tensor,
verifying all the symmetries of the Riemann curvature tensor. Note that
the Lie derivative of a Weyl field may fail to have vanishing trace. The leads
us to the following modified definition.

DEFINITION 2.7. Given a Weyl field W, X an arbitrary vectorfield and
wag an arbitrary 2-form on M, we define,

EAXMW = LxW — %( (X) 7 +w) oW
where, for any 2-tensor B, B ® W denotes the tensor,
(B O W)agys := Ba *"Wagys + Bs Warys + By *Wagas + Bs *Waga.-
LEMMA 2.8. The tensor EXMW defined above is a Weyl field.

2.1. Proof of Theorem (2.3). To prove the theorems we first extend
Z past p according to the following equation

(2.7) D;D.Z =R(L,2)L,

Let Y7 = £zg be the deformation tensor of Z. To show that (D7 =0 in
a neighborhood U of p we need to prove that (Y, (YD) P, £,R all vanish,
simultaneously in U. The idea is to try to derive transport equations for
D7 and D) P, along the geodesics generated by L, coupled to a covariant
wave equation for LzR. To do this we will need however to redefine slightly
the main quantities. The crucial ingredient which makes possible to derive
useful transport equations is the following.

LEMMA 2.9. If Z is extended according to (2.7) then the deformation
tensor ™ := Dx of Z verifies

(2.8) Tapl? = 0.

2.1.1. The main coupled system. To derive the desired transport equa-
tions we would also need that P = (9P verifies Pogu Lt = 0. This is not
true however and we are forced to introduce the modification,

1
(2.9) Paﬁu = Paﬁu — iDﬂwaﬁ = (1/2)(Da775u — Dﬁﬂ'au — Duwaﬁ)

with w a 2-form chosen precisely such that P,g,L* = 0. This leads to the
following.

LEMMA 2.10. If we define w in M as the solution of the transport
equation

(2.10) Diwapg = TapDgL’ — m5,DoLF,
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with w = 0 in O, then
(211) L'Pap, =0,  LPwas =0, LFB,,=0=L'B,, in M.
where B = (7 + w),

With these preliminaries one can easily derive transport equations for
the tensors B and P along the geodesics generated by L.

ProprosIiTION 2.11. Let B, P as above and W := EAZ’WR. We have,

(2.12) D;B.s +D.L'B,g = L°P,z,
(2.13) D P.g, + D, L°Pns, = L"Wgg, +L'B,"Ragy
PROOF OF PROPOSITION 2.11.  Using the above properties of m,w
and P we calculate
2L°D,Bng = L’D, 73, + LD ,wap
= LP(2P 30 + Dowys + Dpmpa) + mapyDgL? — m3,D0 LP
= 2LP 50 — 2B,3D, L7,

and the desired identity (2.12) follows.
To prove (2.13), we rely on the following identity:

(2.14)
DVPaBu — Dupaﬁy = (ﬁzR)aﬁw, — (1/2)7TapRngV — (1/2)7rﬁpRapwj.
Paﬁu = (1/2)(D017T5M — Dﬁﬂ'au) = Paﬁﬂ + (1/2)Duwa5.

Assuming (2.14) we easily prove now (2.13). Indeed, relying on the defini-
tions above and the cacellation properties of m and P we calculate

L"(D,Pup, — D,Pagy)

1 1 1
=LY bDuDvwaﬁ — §D,,Duwa5 + Waﬁuy + (B : R)aﬁ/u/ - §7TapR,05NV

1
— §7rﬁpRapuu]
= LVWaglw + LVB#pRa/gpl,.

The identity (2.13) is now an immediate consequence of (2.11). The proof
of the identity (2.14) is a simple verification. O

DEFINITION 2.12. By convention, we let M((VB, ..., ¥)B) denote any
smooth “multiple” of the tensors VB, ..., ¥)B, i.e. any tensor of the form

(215)  M(WB,... . WB)s, o, =VBg, 5, Vo, a0
+...+ (k)BﬁL.ﬂmk (k)Cal...aTﬁl"ﬂmk?

for some smooth tensors VC, ..., K)C in M.
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With this definition proposition 2.11 takes the form,
DB = M(W,B,P), D;P=M(W,B,P),

To get a closed system it remains to establish an equation for W = L zwR.
This is achieved by the following.

LEMMA 2.13. Let W := Lz R, with w an arbitrary 2 form. Then, with
the definitions made above,
(2.16) DaWag,yg = Jgys
where,
I516 = BYDuRy535 + 8" PR 55 + Py R 55
+ PR 575 4 Poy R 5, 7
PRrooF. Follows easily from the definition of W and lemma 2.5 applied

to the curvature tensor R and vectorfield Z.
O

Differentiating (2.16) and using the symmetries of W we easily deduce
(see equation 7.1. in [20]),
D’D,W,3,, = M(B,DB,P, DP,W),3,..

We have thus derive the closed system,

DB = M(W,B,P)

D;P = M(W,B,P),

OW = M(W,B,DB,P DP)
with the notation M (W, B, P) explained above.

2.1.2. Unique continuation argument. Once we have our coupled system
it remains to prove the simultaneous vanishing of B, P, W by a unique
continuation argument. More generally we consider solutions of systems of
equations of the form,

OgS = M(WB,...,®B S DS)
(2.17) . ‘
DB =M(WB,... WB S DS), i=1,..., k.

Theorem 2.3 is now an immediate consequence of the following.

PROPOSITION 2.14. Let (M, g) be a general semi-riemannian manifold,
O a domain in M wverifying the strict null-convexity condition at p € 00.
Assume given a collection of tensorfields S,B on M, and a vectorfield
L werifying (2.17) in a neighborhood of p. Then, if (S,B) wvanish in a
neighborhood of p intersected with O, they also vanish in a full neighborhood

of p.
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Expressing the equations (2.17) in local coordinates'!, we can easily
reduce the statement of proposition 2.14 to the following statement.

PRrROPOSITION 2.15. Assume that h is a strictly null convex defining
function for O in a neighborhood U of p € 00. Assume given smooth
function G, H; « = 1,...,1, 7 = 1,...,J, which satisfy the following
differential inequalities in U of p € 00,

UGl < MZ{?l(‘Gl‘ +[0GI|) + MZ;]?]zl | Hypl;

L(H)| < MY (G + 109G + M Y5,y [Hol,
foranyi=1,...,1,7=1,....J. Then, if the function G, H vanish in UNO
then they also vanish in o full, small, neighborhood of p.

(2.18)

The proof of the proposition is based on Carleman estimates. The first
step is to obtain a quantitative version of our null-convexity condition.

LEMMA 2.16. Assume the defining function h is strictly null-convex
at p. There exists a constant M > 0, depending only on bounds for the
metric g and its derivatives (with respect to our fized coordinate system in
a neighborhood V' of p) and p € [—M, M| as well as a small neighborhood
U CV of p such that, for any vectorfield Y = Y0,

\dh| > M~

2.19
(2.19) { YV (ugap — DaDph) + M|Y (R)2 > M~V |2

uniformly, at all points of U, with [Y|> = (Y°)2 + (Y1)2 + ... + (Y92
Here is also a quantitative version of the T-null-convexity condition.

LEMMA 2.17. Assume the defining function h is strictly T-null-convex
at p There exists a constant M > 0, depending only on bounds for the metric
g and its derivatives in a fized coordinate neighborhood V' of p, a constant
w € [—M,M] and a sufficiently small neighborhood U C V' of p such that,
for any vectorfield Y = Y0,

(2.20)
\dh| > M1
YYP(jugag — DaDgh) + M (Y (W) +[g(T,Y)]*) > MY P,
uniformly, at all points of U, with |Y|?> = (Y?)?2 + (Y12 + ...+ (Y9)? and
|dh’2 = Zgzo(aah)2-
The proof of proposition (2.15) can be reduced to two Carleman esti-
mates. The first, and by far the more important one, concerns the scalar

wave operator [g. To state it we assume that the defining function h of the
domain O, near p € 90, verifies (2.19) in a full neighborhood U; of a point

11Using definition 2.12 and also enlarging M and restricting the neighborhood U of
P as necessary.
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p with h(p) = 0. Let U, be small neighborhoods of p such that |h| < 2 1€ in
U, and define the weight functions, f.: U, — R

fe:=log(e+h+ep)

with e, is a small perturbation such that the weights e/c verify (2.19) in U.,
uniformly in € > 0

We are now ready to state our main Carleman estimate, see also the
more precise statement and its proof in proposition A.1 in the Appendix.
For a full account of the more general Carleman estimates, which are also
adapted to T null-convexity, see [20, section 3.2].

PROPOSITION 2.18. If f. are as above, there exists a sufficiently small
€ > 0 and a large constant C. > 0 such that, for all ¢ € C3(U.) and all
sufficiently large X > 0,

(2:21) A~ [le™Me-gl| 2 + [leNe - Dol 2 < CAT2 - le™Me - O 2,
where, |Dg|? = 3" _ |0ad|® relative to the given coordinate system.

We also need a Carleman estimate to deal with the ODE part of our
system. This is considerably easier, no additional restrictions are needed,
see [1, Lemma 3.4].

2.2. Existence results in a neighborhood of the horizon. The
methods discussed in the previous subsections can be applied to construct
Killing vectorfields in a neighborhood of a bifurcate horizon of stationary
vacuum solutions. One can in fact present the result without reference to
stationarity as follows.

Let (M, g) to be a smooth'? vacuum Einstein space-time. Let S be an
embedded spacelike 2-sphere in M and let A/, N be the null boundaries of
the causal set of S, i.e. the union of the causal future and past of S. We fix U
to be a small neighborhood of S such that both N', N are regular, achronal,
null hypersurfaces in U spanned by null geodesic generators orthogonal to
S. We say that the triplet (S, N, N) forms a local, regular, bifurcate, non-
expanding horizon in U if both A/, N are non-expanding null hypersurfaces
in U. This simply means that the traces of the null second fundamental
forms of N and NV, called expansions, are both vanishing respectively on A/
and A. Our main results are the following:

THEOREM 2.19. Given a local, regular, bifurcate (S, N'; N) in a smooth,
vacuum Einstein space-time (M, g), there exists an open neighborhood V. C
U of S and a non-trivial Killing vector-field K in M, which is tangent to the
null generators of N' and N'. In other words, every local, reqular, bifurcate,
non-expanding horizon is o Killing bifurcate horizon.

12V is assumed to be a connected, oriented, C°° 4-dimensional manifold without
boundary.
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THEOREM 2.20. Under the same assumptions as above, if in addition
there exists a Killing vectorfield T in U tangent to NUN and not identically
vanishing on S, then there exists an open neighborhood V. .C U and a non-
trivial rotational Killing vector-field Zi in U which commutes with T.

It was already known, see [17], that such a Killing vector-field exists in
a small neighborhood of S intersected with the domain of dependence of
N UN, which we could call O in reference to theorem 2.3. The extension
of K to a full neighborhood of S has been known to hold only under the
restrictive additional assumption of analyticity of the space-time (see [18],
[23], [17]). The novelty of both theorems is the ability to construct these
local Killing fields in a full neighborhood of the 2-sphere S, without making
any analyticity assumption. Both theorems can be viewed as applications
of theorems 2.3, 2.4 to domains O which are obtained by intersecting
neighborhoods of S in M with the domain of dependence of the bifurcate
sphere S. The strict null convexity condition is an easy consequence of the
bifurcation (non-degeneracy) property of the boundary (M UN)NU of O.
Note however that O is not smooth at points of S. This requires a slight
modification of the Carleman estimates needed in the proof of theorems 2.3,
2.4. A full account of such Carleman estimates is given in [20, section 3.2].

2.3. Counterexamples. We review a counterexample to Haking’s
rigidity theorem in the non-analytic case. Let (K(m,a),g) denote the
(maximally extended) Kerr space-time of mass M and angular mo-
mentum Ma, 0 < a < M. Let M© denote an asymptotic region,
E = 7~ (M) n 7+ (M) the corresponding domain of outer com-
munication, and H~ = §(Z1(M("®) the boundary (event horizon) of the
corresponding white hole!3. Let T = d/dt denote the stationary (timelike
in M("d)) Killing vector-field of (K(m,a),g), and let Z = d/d¢$ denote its
rotational (with closed orbits) Killing vector-field. The following theorem
was proved in [22].

THEOREM 2.21. Assume that 0 < a < M and Uy C K(m,a) is an open
set such that UyNH™ NE # (. Then,
(1) There is an open set U C Uy, UNH™ # 0, and a smooth Lorentz
metric g in U such that,
(2.22) 8Ric =0 in U, Lrg=0 inU, g=g inU\E;
(2) The vector-field Z = d/d¢ does not extend to a Killing vector-field

for g, commuting with T, in U.

In other words, one can modify the Kerr space-time smoothly, on one
side of the horizon H ™, in such a way that the resulting metric still satisfies
the Einstein vacuum equations, has T = d/dt as a Killing vector-field, but
does not admit an extension of the Killing vector-field Z. The crucial point

13 A similar statement can be made on the future event horizon H™.
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here is that the neighborhood under consideration is away from the bifurcate
sphere, where theorems 2.19 - 2.20 apply. The result illustrates one of the
major difficulties one faces in trying to extend Hawking’s rigidity result to
the more realistic setting of smooth stationary solutions of the Einstein
vacuum equations: unlike in the analytic situation, one cannot hope to
construct an additional symmetry of stationary solutions of the Einstein-
vacuum equations (as in Hawking’s Rigidity Theorem) by relying only on
the local information provided by the equations.

The proof relies on a symmetry reduction induced by the Killing vec-
torfield T. We denote the fixed Kerr metric by g and define the reduced
metric

hag = Xgapg — TaTs, where X = g(T, T),

on a hypersurface Il passing through the point p and transversal to T. The
metric h is nondegenerate (Lorentzian) as long as X > 0 in II, which explains
our assumption 0 < a < m. It is well-known, see for example [37, Section
3], that the Einstein vacuum equations together with stationarity Lrg =0
are equivalent to the system of equations

, 1
"Ricq, = 7z (VaX VX + VY VY),

(2.23) 1
hOxX +iy) = }habaa(x +iY)Op(X + 1Y),
in II, where X + iY is the complex Ernst potential associated'* to T.

We then modify the metric A and the functions X and Y in a neighbor-
hood of the point p in such a way that the identities (2.23) are still satisfied.
The existence of a large family of smooth triplets (ﬁ, X, 17) satisfying (2.23)
and agreeing with the Kerr triplet in IT\ E follows by a classic local existence
result, solving a characteristic initial-value problem, using, for example, the
main existence result in [32].

One can then we construct the new space-time metric g,

gab :X_lhabJrXAvaAvb» §a4 :)Zgaa g44 :Xa a,b: 1,2,3,
associated to the triplet (ﬁ,)N(, EN/), the vector-field T = Jy4, and a suitable
1-form A which is defined in II. By construction (see [37, Theorem 1]) this
metric verifies the identities 8Ric = 0 and L1g = 0, in a suitable open set
U. Finally one can show that we have enough flexibility to choose initial
conditions for X ,}7 such that the vector-field Z cannot be extended as a
Killing vector-field for g commuting with T, in the open set U.

REMARK 2.22. Note that the construction of the extended metric in
theorem 2.21 relies in an essential way on the fact that a # 0 to allow
for a non-trivial ergo-region near the horizon where T is space-like. No such
result is known for a = 0.

14Gee section 3.1
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3. Mars-Simon tensor and global results

3.1. Killing vector-fields. In what follows we consider 1 + 3 dimen-
sional Lorentzian manifolds endowed with a Killing vectorfield K, i.e.
(3.1) DaKﬁ + DgKa =0
We define the 2-form,

1
F.s=D.Ks = 5(DaKﬁ —DsKa)
as well as its Hodge dual,

*Faﬁ —

2

Note that *(*F) = —F. We also define the left and right Hodge duals of the
curvature tensor,

Cap “VFW,

* 1 v * 1 v
Raﬁ'yé = 5 €ap K Ruu'y&a RQ[}»y& = §Ro¢ﬁuu et ~6

and note that for a vacuum manifold, i.e. Ric(g) = 0, we have *R = R*,
“(*R) = —R. We also define the complex tensors,

]:aﬁ = Foeﬂ +1 *Faba Ra,@'y& = Raﬁ'y& + *Raﬁ'yé
Note that R verifies all the symmetries of the curvature tensor as well
as'® g*"R,pys = 0. Note also that both 7 and R are self dual i.e *F =
—iF, "R = —iR.
We recall the following well known,
LEMMA 3.1. For all tensor-fields U in M, if K is Killing we have,
(3.2) D,D.K; = Ry..sK*
(3.3) Lk, DU = 0
In particular, if (M, g) has vanishing Ricci curvature then,
D, Fos = RyuasK*
COROLLARY 3.2. If (M, g) is a vacuum Lorentzian manifold endowed
with a Killing vectorfield K we have,
D, Fog =DuFap + DaFpu + DpFpa =0, DPF,5=0.
We define also the Ernst 1-form associated to the Killing vector-field K,
(34) 0, = 2(ixFa) = 2K F,, = D, (-KK,) —i €,5,s K'D'K?.
PRrROPOSITION 3.3. The following are true,
D,o, — Dyo, = 0;
(3.5) Dto, = —F?;
oot = g(K,K)F2.

156 R is a complex valued Weyl tensor.
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ProOF. We have,

27'(Dyo, —Dyo,) = K*(DyFou —DuFou) + DK F,, — DK Fp
= _KaDaJT,ul/ — D#Kafal/ - DVK(X\F“Q == —ACKqu
= 0.

Also,
27-'D"0, = K°DMFu,+ DMK Fopy = —F* Fop=—2""F

The last formula in (3.5) follows easily from the lemma below. ]

LEMMA 3.4. Introduce the decomposition

iK(F)o =K'Fua, ikK("F)a=K""'Fo, ik(F)a=K'Fu.
Clearly, ix (F),ix (*F), ix(F) are orthogonal to K and,
(3.6) g(K,K)Fo3 =K.ik(F)s — Kgik(F)a+ €apu K ik (*F)”
Also,
(3.7) 9(K,K)Fop = Kaix(F)s — Kpix(Fa — @ Capu K ik (F)”
In particular,
(3.8) 9K, K)F? = dig(F)ig(F), = oto,

REMARK 3.5. Since d(o,dzt) = 0, if M is simply connected, we infer
that there exists a function o : M — C, called the Ernst potential, such that
o, = Dyo. Note also that D,g(K,K) = 2F,,K* = —Ro,,. Hence we can
choose the potential o such that,

(3.9) Ro = —g(K,K).

Moreover, if (M, g) is asymptotically flat, we can choose o = 1 at space like
infinity.

As a corollary of the lemma we also deduce,

(3.10) O = —g(K,K) 'D,0D!s

or, writing 0 = —f — i f* we deduce,

(3.11) Of = f'(D"fD.f—D*f*D,f*)
(3.12) Of* = f'D'fD,f*

In other words the pair (x = f,y = f*) defines, whenever f = g(K, K) # 0,
a wave map to the Poincaré plane H := {(z,y)/x > 0} with metric,

B dz? + dy?
=

ds>
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3.2. Stationary Vacuum Spacetimes. We consider vacuum, asymp-
totically flat, 1 + 3 dimensional spacetimes which are stationary, i.e. they
possess a smooth, non degenerate, Killing vectorfield T which is timelike in
the asymptotic region (i.e. a neighborhood of null infinity). More precisely
we make the following assumptions:

(1) (Asymptotic flatness.) We assume that there is an open subset
M(") of M which is diffeomorphic to R x ({z € R? : || > R}) for
some R sufficiently large. In local coordinates {¢, '} defined by this
diffeomorphism, we assume that, with r = /(z1)2 + (22)2 + (23)2,

(3.13)
2M _ _ 257 ¥ _
goo = *1+T+O(T %), gy =6+00Y),  goi= *Ez‘jkTJrO(?“ %),
for some constants M > 0, S1, Sz, S3 such that J = [(S1)2+(5?)% +
(8%)2)1/2 ¢ [0, M?). We also assume T = 9; with t = z0. We
define the domain of outer communication (exterior region)

E-7" (M(end)) N I—i—(M(end))‘

(2) (Completeness.) We also assume that E is globally hyperbolic and
every orbit of T in E is complete and intersects transversally a given
spacelike Cauchy hypersurface ¥g. We also assume, for convenience,
that % is diffeomorphic to {x € R? : |z| > 1/2} and agrees with
the hypersurface corresponding to ¢ = 0 in M(€"d),

(3) (Smooth bifurcate sphere.) Let Sy = d(Z~ (M) N
8(Z+(M(e"d))). We assume that Sy € X and Sp is an imbed-
ded 2-sphere which agrees with the sphere of radius 1 in R? under
the identification of X with {x € R? : |z| > 1/2}. Furthermore, we
assume that there is a neighborhood O of Sy in M such that the
sets

Ht=0na@IZ (M) and H =0naTH(MeED)

are smooth imbedded hypersurfaces diffeomorphic to Sy x (—1,1),
We assume that these hypersurfaces are null, non-expanding and
intersect transversally in Sj.

(4) (Tangency at Horizon'® ) Finally, we assume that the vector-field
T is tangent to both hypersurfaces H* = O N §(Z~ (M("))) and
H™ =0 N§I+HMlend)),

DEFINITION 3.6. A space-time verifying the above assumptions will be
called a regular, nondegenerate stationary vacuum spacetime.

REMARK 3.7. Note that the definition pre-supposes the presence of a
unique connected horizon.

161t can be shown in fact that this assumption follows from the first two, using in
particular the completeness of T.
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3.3. Kerr spacetime. In Boyer-Lindquist coordinates the Kerr metric
takes the form,

(3.14)
2 2 (ain )2 2
o A o, X(sind) ~ 2aMr N2 pT oo oo
ds? = g (i + = (d¢ - dt) + K (dr)? + ¢2(d6)?,
where,

¢* =% 4 a® cos? 0, A=7r2+a®>—-2Mr,

Y% = (r* + a?)¢* + 2Mra*(sin 0)>.
On the horizon we have r =r := M + v M? — a? and A = 0. The domain
of outer communication E is given by r > r,. One can show that the

complex Ernst potential ¢ and the complex scalar F? associated to the
Killing vectorfield T = 9, are given by

2M 4M>
3.15 = 1 - — jEQ - -
(3.15) 7 r+iacosf’ (r +iacosf)*
Thus,
(3.16) —AM*F? = (1-o)*

everywhere in the exterior region. Writing y 4+ iz := (1 — o)~! we observe
that,
T T4+ 1
=—2>— > .
V=oM< aMm 7 2
everywhere in the exterior region.

3.4. Mars-Simon. In [27] M. Mars gave a very useful local character-
ization of the Kerr family in terms of the vanishing of complex 4-tensor S,
called the Mars-Simon tensor. In other words § plays the same role in de-
tecting a Kerr spacetime as the Riemann curvature tensor plays in detecting
flat space.

DEFINITION 3.8. Given a stationary spacetime with Killing field T and
associated Ernst potential o, we define the Mars-Simon tensor'”,

Sapur = Raguw +6(1 —0) "' Qapu-

where,

1
Qa,@uy = Faﬁfuu - §f2z—aﬂ,u,u
and,
Ia,@;w = (gaugﬁu — 8aw8pu T { Eaﬁ;w)/4

REMARK 3.9. Note that R, Q,S are all complex, self dual Weyl fields in
the sense defined above.

1Tip regions where o # 1.
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Here is an important property of S, derived and made use of in [20].

PROPOSITION 3.10. The tensor S verifies the equation,
o g 5, 2 5
D Sa,@uu = _6(1 - U) T SUP’Y5 [‘7:5 p 63 51/ + gIP 5#”‘7:7 ]

We give a complete proof of the proposition in appendix B. As a corollary
we derive,

COROLLARY 3.11. The tensor S wverifies a covariant wave equation of
the form,

(3.17) 0S = M(DS, S)

3.5. A Maxwell System. In the appendix we also derive a Maxwell
type equation for the following slightly modified version of the Mars-Simon
tensor,

Sty = Rapur + 6@ Qapuv-
where, for some constant'® C,
(3.18) w = C(-F)/*

PROPOSITION 3.12. The self-dual complex 2-form

HO‘IB = w738&3#l/f'uy,
verifies the Mazwell equations,
(3.19) DHop = —w *T(S" - §)op — 3w 'EFH, 5,
where,
(S/ ’ 8/)0/3 = Slﬁ pHVSc/rp;w
and,
1
(3.20) E,:=0,+D,w= —§C4T°'HU,,

REMARK 3.13. Remark that the right hand side of (3.19) is quadratic
in S and thus, if S = O(e), sufficiently small, we can ignore it in a first
approximation and derive the linearized equation

(3.21) DH, " = 0.

18The precise constant in Kerr is C' = (4M?)"/4
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3.6. Rigidity results based on S.

THEOREM 3.14 (Tonescu-Klainerman [20]). Assume that (M, g) is reg-
ular, nondegenerate stationary vacuum spacetime and that the stationary
Killing vectorfield T does not vanish on the bifurcate sphere. Assume also
that the following conditions are verified

(3.22) —AM?F?=(1—-0)t  on Sy,
and
(3.23) R((1—0)"')>1/2  at some point on Sp.

Then (M, g) is isometric to the domain of outer communication of a Kerr
space-time with mass M and 0 < a < M.

The proof of the theorem is based on the following ingredients:

(1) Assumption (3.22) is used to show that S vanishes along the
horizon®?.

(2) Due to the non-degeneracy of the horizon one can check that the
null convexity condition is verified at all points of the bifurcate
sphere®*. Thus our unique continuation results applied to equation
(3.17) can be applied to prove that S vanishes in a neighborhood
of the horizon.

(3) This is the key step! We define functions y, z such that y + iz =
(1 — o)7L In the particular case of a Kerr space K(a, M) they
are y = (2M)~'r,z = (2M) lacosf. Remarkably the foliation
induced by ¥, in the direction of growing y, verifies the strict T-
null convexity condition. Using some of the main steps of Mars’s
theorem in [27] one can check that this fact remains true as long
as § vanishes. Thus the vanishing of § in a region y < yo leads,
based on our results on unique continuation (applied to equation
(3.17)) to its vanishing in a larger region y < yo + €. Therefore, by
a simple continuity argument, S vanishes everywhere.

(4) According to Mars theorem [27] we conclude that our space-time
is isometric to K(a, M), with a, M determined from the asymptotic
conditions of the metric g.

We now state our second main theorem. Roughly the theorem shows that
any stationary spacetime close to a non-extremal Kerr solution K(a, M),
la| < M, must be a non-extremal Kerr solution. The closeness to Kerr is
expressed in terms of the smallness of the Mars-Simon tensor S.

19We also make use of the fact that, in view of our assumption that T does not vanish
identically on the bifurcate sphere Sy can only vanish at a finite number isolated points
on Sop.

298trictly speaking the classical null-cinvexity condition applies only to smooyh
boundaries. Yet the defintion of null convexity can be extended to our bifurcate horizon
situation.
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THEOREM 3.15 (Alexakis-Ionescu-Klainerman [2]). Assume that (M, g)
is regular, nondegenerate stationary vacuum spacetime verifying all the
assumptions of theorem 3.14 except (3.22) which is replaced by the condition.

(3.24) (1 — 0)S(T, Ea, Eg, E,)| <& onX°NE,

for some sufficiently small constant € > 0 (depending only on our regularity
assumption on the metric g) where Ey, E1, E2, E5 is a fixed orthonormal
frame along o with Eqy the future unit normal. Then the entire domain of
outer communication E is isometric to the exterior region of a Kerr solution
K(a, M).

The proof of the theorem is based on the following ideas.

(1) A simple argument, due to Hawking?' , shows that one can con-
struct a second Killing vectorfield K on the horizon H*UH ™, with
K tangent to the generators.

(2) We check that the strict-null convexity condition is verified at all
point of the bifurcate sphere Sy and extend K in a full neighborhood
of Sp. Moreover K commutes with T, [K, T| = 0.

(3) Introduce the coordinates y, z such that y+iz = (1—0)~! and show,
using the smallness assumption on S, that y verifies the strict T-
null-convexity condition.

(4) Extend K everywhere in E as a Killing vectorfield such that
[K,T] = 0 and find a combination Z of T, K which has closed
orbits.

(5) Use the Carter-Robinson theorem to conclude that E is isometric
to the exterior domain of a Kerr solution.

REMARK 3.16. Theorem 3.15 has been significantly strengthened by
Wong and Yu in [40] in which they show, by a clever application of the
mountain pass lemma, that the assumption of a connected horizon, implicit
in both theorems 3.1/, 3.15, is unnecessary.

REMARK 3.17. The reliance on the Carter-Robinson theorem in the last
step of the proof is somewhat unsatisfactory since we are in a small S regime.
In fact the authors believe that an alternative argument can be given relying
on proposition 3.12 and the study of stationary solutions to the linearized
system (3.21).

3.7. Third rigidity result. In this section we review a recent black
hole rigidity result for slowly rotating stationary solutions of the Einstein
vacuum equations. The result states that the domain of outer communication
of any stationary vacuum black hole, in the sense of definition 3.6, with the
stationary Killing vector-field T being small on the bifurcation sphere of the
horizon, must be isometric to the domain of outer communication of a Kerr
solution K (a, M) with small a. More precisely,

21Hakaing’s original argument also applies to degenerate horizons. In the case of a
non-degenerate horizon, assumed here, the proof is completely trivial.
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THEOREM 3.18 (Alexakis-Ionescu-Klainerman [3]). Assume that (M, g)
1s reqular, nondegenerate stationary vacuum spacetime, as in subsection 3.2.
Assume in addition that there exists a regular mazimal hypersurface ¥
passing through the bifurcation sphere and that

(3.25) 18(T, T)[ oo (s0) <€

where € is a sufficiently small constant*®. Then (M,g) is stationary and
axially symmetric, thus, in view of the Carter-Robinson theorem, isometric
to a Kerr spacetime K(a,m) with small a.

This result should be compared with that stated in theorem 3.15 in
which rigidity was proved, for the entire range 0 < a < M, under a global
smallness assumption on the Mars-Simon tensor associated to the stationary
space-time. We recall that the proof of theorem 3.15 rested on the following
ingredients:

(1) An unconditional local rigidity result, discussed in section 2, ac-
cording to which a second, rotational Killing vector-field Z can be
constructed in a small neighborhood of the bifurcate sphere of the
horizon.

(2) An extension argument for the Killing vector-field Z based on a
global foliation of the space-time with T- conditional pseudo-convex
hypersurfaces. The crucial T- conditional null-convexity condition
is ensured by the assumed smallness of the Mars-Simon tensor.

(3) Once Z is globally extended, and thus the space-time is shown to be
both stationary and axisymmetric, one can appeal to the classical
Carter-Robinson theorem to conclude the desired rigidity.

Theorem 3.18 is still based on the first and third ingredients above but
replaces the second one with a new ingredient inspired from the classical
work of Sudarsky and Wald [36] (see also [7]) on the staticity of stationary,
axially symmetric, black hole solutions with zero angular momentum. The
Sudarski-Wald result was based on a simple integral formula linking the
total extrinsic curvature of a regular maximal hypersurface ¥ imbedded in
the space-time and passing through the bifurcate sphere, with the angular
momentum of the horizon. It can be easily shown?? that zero ADM angular
momentum implies vanishing angular momentum of the horizon and thus,
in view of the above mentioned formula, the maximal hyper-surface has to
be totally geodesic. This then implies the desired conclusion of [36], i.e the
space-time is static. The main observation in the proof of theorem 3.18 is
that a simple smallness assumption of T on the bifurcate sphere?* implies

22\e note that the smallness depends on the entire geometry of (M, g), in particular
on its ADM mass M.

23This step is based on the additional assumption of axial symmetry.

24T his is equivalent with a small angular momentum assumption on the horizon. It
remains open whether this condition can be replaced with a smallness assumption of the
ADM angular momentum.
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the smallness of the total curvature of the maximal hypersurface. This can
then be combined with a simple application of the classical Hopf Lemma
to conclude that the entire ergo-region of the black hole can be covered
by the local neighborhood of the horizon in which the second, rotational,
Killing vector-field Z has been extended, according to step (1) above. Away
from the ergo-region T is time-like and thus T-conditional null-convexity is
automatically satisfied. Thus, the second Killing vector-field Z can be easily
extended to the entire space-time by the results discussed in section 2.

3.8. Einstein-Maxwell case. The results of theorems 3.14, 3.15 pre-
sented in this section have been extended to the Einstein-Maxwell equations
by W. Wong and P. Yu. The analogue of the Mars Simon tensor was dis-
covered by Wong in [38]. It consists of a pair of tensors, one related to
the curvature tensor and the second related to the Maxwell field. A Kerr-
Newman solution is characterized by their simultaneous vanishing. A slight
modification of the pair appears in [40]. The applications to the rigidity
problem appear in [40] as well as [39] and [41].

4. Conclusions

Despite statements to the contrary made often in physics literature,
the rigidity conjecture remains wide open. Though a lot of progress was
made in the last ten years, the full scope of the conjecture remains out
of reach. The global results presented in this survey are mostly limited
to perturbative regimes. Under somewhat different assumptions they all
assert that that stationary solutions closed to a non-extremal Kerr must
be isometric to a non-extremal Kerr whose parameters a, M are determined
by their ADM mass and angular momentum. Despite their limitations they
offer however a perspective of what one might expect to encounter in the
general case. To start with, the results illustrate the important role played by
null geodesics perpendicular to the stationary Killing vectorfield T. Based
on the experience we have accumulated so far, we conjecture, together with
our collaborator Spyros Alexakis, the following general conjecture.

Conjecture|Alexakis-Ionescu-Klainerman]. Any asymptotically flat, regu-
lar, stationary vacuum solution, as as in subsection 3.2, which admits no
trapped null geodesics perpendicular to 'T must be isometric to the exterior
part of a non-extremal Kerr solution.

All the three global results discussed in the survey are based on the fact
that small, stationary perturbations of a non-extremal Kerr spacetime®’ ver-
ifies the hypothesis of the conjecture. It is conceivable that the conjecture
can be proved with current techniques, based on unique continuation meth-
ods. The conjecture leaves however open the question whether such null
geodesics can be ruled out in general. It thus illustrates an important aspect
of the general case, namely the fact that we cannot hope to prove the full

25Note however that the Kerr family admits plenty of trapped null geodesics.
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rigidity conjecture based only on a continuation argument starting form the
horizon. Indeed such an argument may not distinguish between the given
stationary Killing vectorfield T and any other possible Killing vectorfield,
such as T + ¢Z in Kerr. While, in Kerr, there are no trapped null geodesics
perpendicular to T there are plenty of those perpendicular®® to T+ c¢Z. Thus
a full proof of the rigidity conjecture must rely on global properties of the
space-time.

Appendix A. Proof of proposition 2.18

We first restate the proposition in a general setting of an arbitrary
Lorentzian manifold (M, g), a domain O C M, p € 90 and h a defining,
nondgenerate, function for O in a full neighborhood Uy of p, i.e. h < 0
in ONU; and h = 0 on 00 N U;. Moreover we assume that h verifies the
condition (2.19) in Uj.

|dh| > M1
Y°Y? (ugap — DaDsh) + M|Y (h)|> > MY |?,
uniformly, at all points of U, with |Y[? = (Y?)2 + (Y1)2 + ...+ (Y9)2..
Let U, be small neighborhoods of p such that |h| < 27 !¢ in U, and define
the weight functions, f.: U, — R
fe :=log(e +h+ep)

where e, is a small perturbation. More precisely, we say that e, is a negligible
perturbation if

(A1)

sup |Die| <€ for j =0,1,2.
Ue

In particular the weights fe verify (2.19) in U, uniformly in ¢ > 0. Also,
uniformly in U,

|Dfe| < Ce!
ProposITION A.1. If f. are as above, there exists a sufficiently small

€ > 0 and a large constant C. > 0 such that, for all ¢ € C3(U.) and all
sufficiently large A > 0,

(A2)  A-lle™e-gllpe + lle™< - Dgll e < CATV2 - [l - O 2,

REMARK A.2. Note that C. denotes a constant which depends only on
the small parameter € but not on \. Throughout the proof below we shrink
€ > 0 whenever necessary and enlarge the constant C'.

Proor. We first fix € > 0. Since all derivatives of f = f. are bounded
on U = U, it suffices to prove ( with a different C, !),

(A3)  A-fle™ - glle + 1D - )12 < CA™V2 - e - Ogll 2

261 fact for any given trapped null geodesic we can find a constant ¢ such that T+ cZ
is perpendicular to it.
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Note that in (A.3), as well as in all similar places below, | D| 2 :=
|| Dy]|| 2 with |[Dy|? = 3" _, |0a9|* as in proposition 2.18.
To prove estimate (A.3) we start by setting,

(A.4) ¢ =M
Observe that,
e NO(MNy) = Oy +A2D° fDgp + Of ) + X(DP fDy f )
Ly 4+ Ofp

where,

Lip = Ohp + 20X (¢) + A\2Gy, X = D“fd,, G =D"fDgf.
Thus estimate (A.3) follows from,
(A.5) AWl gz + 1DVl 2 < CAT?| Ll 2,

Recall the energy momentum tensor of [ = [,
Quv = DDt = 39 D76 D).
Given a vectorfield X and a scalar function w we define P, = P,[X, w]
Pui = QuX¥—wgdo+ L 0uuwd”

LEMMA A.3. The one form P, = P,[X,w] verifies the identity,
(A6) DBy = (X() — wi)T0 + 5 Qun + L Ouwns? — wo(d, d)

In our case we have () = Ly) — 2AX (¢) — A\2Gp. Hence,

D'P, = (X(¢) —wy) (L — 20X () — A°G))
3 Qu O — wDeD, + - Ogull?

or,

(Div P) + N X (¢)]> — %QW X)ph 4 wDMpD,p = E

B o= (X() - wy) (L~ DX @) ~ ¥Go) + NX@) + 50wl
= (X(W) —wp) L+ (X() — wp) [AXW) —w) = MX () +wy) — R G)
+OAX@) + L Ogulyl?
= (X(@) — w) L~ NX (W) —w)? = A (X ~w*e?) + NX @) + 5 Ogulyf
= NGU(X () —wy)
= ()~ wp) L~ A () — w4 1P (M 4 0, ) RGUC () — )
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Note that,
GUOX(W) ~ ) = 5GX" Du(v?) — Gt = D, (JOX"7) = J* [DL(GX") + 26
Thus,

LEMMA A.4. We have the point wise identity,
wpt 21 (X) v Iz A2 2 Iz
DHBL+ NX ()P — 5Qu X 4 wD gDy — % [Du(GXH) 4 2Gu)
o
where,

1
P, =P, + ixzaxﬂwﬂ

and,
B = (X() = w) Lo~ AX() —wn + o (S + 30
Now,
(X (%) — wp) Lap < ATYLY[* + AX (1) — wip|?
Hence,

1
E' < XYLy + [y <)\w2 + 2Dgw>
Since by integration D*P!, disappears, it suffices to check that the desired
inequality
N[@l7z + 1 DY]IZe < CATHLyIZ
for A sufficiently large, follows by integrating the following pointwise inequal-
ity,
o 1 (x)_w Aoy
)\\X(1/1)| - iQ“V T+ wD#@Z)D/ﬂ/J - ?7/} [DM(GX”) + QGUJ}
1
< ALY+ )2 (/\w2 + 2Dgw>

It thus suffices?” to prove the following two inequalities, for C, sufficiently
large and )\ large,

1 _
)‘|X(¢)|2 - §Qw/ (X)T"MV + wD“?ﬁDW > Ce 1|D1/J|2

1
=5 [Du(GX") + 2Gu] > c!

2"Note indeed that the remaining term |4|? ()\w2 + %Dgw) on the right of the above
inequality is lower order and can be easily absorbed.
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Recalling the definition of X = D*f0, and G = D, fD*f we write,

1 1
—5Quy NI - wD" D, = |=DID"f + S (2w + Of) | DD

D, (GX") +2Gw = X(G) + GD, X" 4+ 2Gw
= D*fDo(D°fDgf) + G(Of + 2w)
=2D°fDPfDoDgf + D*f Do f(Of + 2w)
Hence, it suffices to show the inequalities (with 2w’ = Of + 2w ),
(A7) AD*fDat|* + [=DaDgf + w'gag) D*¢D% > C7'|Dy|?
(A.8) — (DaDgf +w'gag) D*fD°f > C!
Now recall that f = f. = log(h + €). Therefore,
Dof = (h+e) 'Dyh
DoDsf = (h+e€) 'DaDsh— (h+¢€) 2DyhDgh
The inequality (A.7) becomes,
(A+1)(h 4 €) D hDyp|* + [~ Do Dsh + w(h + €)gag) D D54
> CH(h+€)| Dyf”
which follows if,
Q%MD%DQW + [w(h + €)gap — DaDsh)| D) DPeh > 2eC | Dep|?

for some C. large. The inequality (A.8) becomes,

— [(h+ €)' DaDgh — (h + €)"2DyhDgh] D*hDPh — w'g,3D*hD"h

> C M (h+e)?

or,
(h+ €)Y (DuhD*h)? — Do DghDhDPh — w'(h + €)(DohD*h) > C7 1 (h + €)?
It thus suffices to have, with a slightly different C,,

1

2e
It thus remains to show that, with the right choice of € sufficiently small and
A sufficiently large we can verify the inequalities,

(A.9)

(DahD®h)? — DuDghD*hDPh — w'(h + €)(DuhD%h) > O 1

%A\DahDan + [w'(h + €)gag — DaDgh)|D%DP ey > 2¢Cy| D
(A.10)

€

1
?(DahDahF — Do DghD*hDPh — w'(h + €)(DyhD*h) > clé
€
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In view of the quantitative strict null convexity condition (2.19) we have,
for a sufficiently large M, u € [—M, M| and for all vector fields Y in U,

(A.11)
YOY?(ugas — DaDgh) + M|YR> > M~'Y|?,  |Dh|> M~
Hence with Y = D), A > M,

DD p(pgas — DaDgh) + AID*$Da(h)[* > MM DY,
Therefore, choosing w' = (h+ €)'y, i.e. w = (h+€) 'y — $0f., we deduce
that (A.9) holds true provided that e < M 1.

If D*hD,h(p) # 0, we can also find e sufficiently small such (A.10) holds

uniformly on U = U,. Once again we need ¢ < M 1. If DohD*h = 0 holds
at p, we take Y = D*hd,, in (A.11) and derive, at p,

(A.12) —DoDghDahDgh(p) > M~ |dh(p)|?
On the other hand the inequality (A.10) becomes, at p.

—~DoDghD*hDPh > 20713
In view of (A.12) this last inequality is satisfied if,

M~ dh(p)* > 207163,
Since |dh(p)| > M~ we need M3 > C.e3. Thus, to have both inequalities
satisfied on U, we need,
e M1

for a sufficiently large C¢ In other words given M, such that (A.11) is verified,
we first choose € << M1 and then choose C. sufficiently large.

O
Appendix B. Proof of Proposition 3.10
We give a slightly modified definition of the Mars-Simon tensor.
(B.1) Sopur: = Rapuw + 6@ Qappus
Qapur + = FapFuw — %f “Lopuv:
Lo : = (BapBpy — BavBu T 1 Capuv)/4
with an arbitrary complex function .
ProprosiTIiON B.1. The tensor S verifies the equation,
DSapuy = —6w T8,y [ Fa" 6] 85 + 20 s F ] — 6w 2EP Q5

3

where,
E,=D,w+ 0o,

REMARK B.2. Note that proposition 3.10 is an immediate consequence
of the above proposition for the special case h = (1 — o).
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PRrROOF. In view of (3.2) and the definitions of S and o,
DoF5, = T Raagy = T Snapy — 60 T Qrap,
= T Srapy — 6@ " TN (FraFsy — %ﬂzmm)
= T)\S/\ozﬁ'y — 3w_1aa.7-"57 + 2w_1.7:2T)‘I>\a57
i.e.,
(B2) DuoFs, = 2w 'F’T Iy, — 3w '0aFs, + T Snas,
Thus,
D,[w 3 Fs,] = @ |20 '\ F*T gy — 30 '0aFsy + T Srapy
—3w D Fs,

= 20 *F T T,05, — 3w (00 + Dah)Fay + @ 2T Shapy
= 20 Y P2 05, — 3w 1 EaFpy + @ ST Srapy

We record this result for future reference,

(B.3)
D,[w3Fs]= 20 ' F’T L 05, — 30 ' EaFp, + @ 3T Srap,

Since Trag, F? = Fras

FODFs, = —3w lo,F+ 20 '\ FITAE, + T Syup, F
By By
= 2w o, F2+ T)‘S,\agv}“ﬁv

Thus,
(B.4) D, (F%) = —dw loaF? 4+ 2T Spap, FH
We now calculate, using (B.2), (B.4) and (3.19),

DQupu = 8"D, (}-aﬁ}—uv - (1/3)~7:2Iaﬂm/)
= g"FupDpFuw + 8" FwDpFap — (1/3)gpa1aﬁuva}—2
= 8" FosDypFu — (1/3)8" Topuw D, F>
= —F3"20 ' F* T T pp — 30 0o F s + TS0 pul
— (1/3)Zapu|—4o 10" F? + 28 (TS, py5) F°]
= 20 '\ FPF T Lo + 3w Fpp0” Fu
+(4/3)w L F2 T 0 0®
— [F5PTSopr + (2/3) T8 F 1T Syps) -
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We deduce,
D*Qap = w_lAﬁW + By
Ay = —2F2F3 T Lopp + 3F 30" Fruw + (4/3) F*Ly30”.
Bgu, = — []: 37T Sopuv + (2/3)Zapu g™ F 6T05¢7m5]

Recalling the definition of O we derive,
Apuy = _2'7:2]:ﬁ PT Lopp + 2Fp0" Fv + }—QI/JBWUP — 0" QB
= Kpguw — 0" Qv
where,
Kg = —2F °F 8" T Loppr + 2Fpp0" Frw + F 2Ipﬁwap

Making use of the identity,

1 1
(B5) fuazuaaﬂ + fygz,uoaﬂ = §gw/péz'y§aﬁ = ig;w]:aﬂ-

and o, = 2T?F,, we derive,
Koy = —2F2F3PT Lopuw + F2Lppu0’ + 2F5,0° Fru
= —2FX(F5° T Loppw — Lppuw T Fop) + AT Fo P F3p F
= —2}—2’1‘0(}—5 pIUpAw + 75 pzﬁpuu) + 4T F; p}-ﬂp}—#v
= —2F*T7 - (1/2)gs0Fyuw + AT Fp - (1/4)g0pF?
= 0.
Consequently,
D*Qup = _w_lapgpﬁuv + By
from which we deduce, recalling o, + D,h = E,
D* (w_l Qapuv) = —w_Qa”ngw, + w‘lB@»W - w_QDthpBW
= w_lBﬂW - w_2EprBW
Finally, recalling the definitions of S and B, we deduce,
D“Sagu,, = DaRag/w + 6D (wilQagu,,) = walew — 6w72Eprgm,
= 6w [F5 T Sopu + (2/3)I° 5 F 0T S pys]
—6@72Eprgwj

_ 2 -
= —6w 1T080p~y§ [fﬁp(slz (52 + gl'p BMVFWS] — 6w QEPQpﬁMU

]
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B.1. Second Mars Tensor. In [28] Mars was able to give an alterna-
tive, stronger, characterization of the Kerr solution in terms of the vanishing
of the tensor Sup,, F*¥. In what follows we show that a simple modification
of that tensor verifies a Maxwell equation. We choose,

(B.6) w = C(=F)/4

in the generalized definition of S in (B.1), where C' is a constant to be
determined. With this choice of h we define the complex self-dual 2-form,

(B.7) Hap = w_?’SagW}"W.
Since Qng, FH = %]—“2}“&5 we also have,
(B.8) Hag = @ RapuwF" —4C * Fop.

ProrosiTION B.3. The self-dual complex 2-form H.g defined above
verifies the Mazwell equations,

(B.9) D*Hop = — "T(S - S)os — 3w ' EPH,p,
where,
(S 8)op = Sp pWSUﬁW
and,
1
(B.10) E,:=0,+D,w = —§C4T0H0p
PRrROOF. Recall (B.4),
D, (F?) = —dw 0o F? + 2T Srap, F77 = 4w oo (hC™H + 2TAS) 05, F7
A0 B304 + 2T S\, FP

Hence,
C'Daw = Dy [(-F)] = IDLF(-F) VN = L O D)
1 . . 1 g a4
_ *ZCSW J(DQFQ):*ZCJw A0 P00 + 2T Srapy F)
= 70710()‘7%03'1‘)\7-[)\0‘
or,
1 Ao
(B.11) Dgw = —o5— 50 T Hop.
We deduce,
1
(B.12) Es = _§C4TU'HJB

We now calculate,
D*Hap = D[Sapuw - w ) = D*Sasu - w S FH 4 SaﬁuuDa[w%s}"“V].
Using proposition 3.10 ,

_ 2 _
DSapuy = —6@ T8,y [F57 8] 5§+§I” s F] — 6w 2EP Q5
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we deduce,

DOSupu - @ SFM = 6w F [Fp T Sopu + (2/3)I° 50 F T S s
— Gw_2Epr5Ww_3.7:“”
= —6w P [‘7:5 PTSoppw +(2/3)I° ﬁuvpéTUSffmﬁ]

1
— 6w "B (f,,ﬁfw - ngI,,WV) FH

= —6w 'F3 T Hop + 4w ' F3 T H,,
—4w (FAE P F,p
= 2w 'F3PT H,p + 4w 2(FAEFs,
—2w ' F3 T ) + 4w (—h*/CH)EP F,
= 2w 'F3 T Hy, + 4w 'C T EPFg,
= 2w 'F5? (T Hop + 2C1E))
Thus, in view of (B.12),
DSapy - w PFH = 0.
On the other hand, recalling (B.3)
D,[w 3 Fu] = 20 ' F* T, p — 3w E, T + @ 2 TAS)
we have,
SppuDP [ P FM = 8 5" 20 FPT Ly + @ T Spppr — 3w *E,pFu ]
Observe that S "1, = 0 Thus,
Sy D[ 3 F] = S 5w TS, — 3w Y HP BE,
Finally we deduce,
DHop = DSapuy - @ *F* + SapuD[w > FH*]
= S “”wiST"SUpW — 3w tHP sE,
= —w TS 8)op — 3w "EFH,p
O
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