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Chapter 1

Introduction

General Relativity, formulated by Einstein in 1915 [52], is up to the present date
the most accurate theory to describe gravitational physics. Roughly speaking,
this theory establishes that space, time and gravitation are all of them aspects of
a unique structure: the spacetime, a four dimensional manifold whose geometry is
closely related to its matter contents via the Einstein field equations. One of the
most striking consequences of General Relativity is the existence of black holes,
that is, spacetime regions from which no signal can be seen by an observer located
infinitely far from the matter sources. Black holes in the universe are expected
to arise as the final state of gravitational collapse of sufficiently massive objects,
such as massive stars, as the works by Chandrasekhar, Landau and Oppenheimer
and Volkoff already suggested in the decade of the 1930’s. Despite the fact
that many astronomical observations give strong indication that black holes really
exist in nature, a definitive experimental proof of their existence is still lacking.
Although black holes arose first as theoretical predictions of General Rela-
tivity, its modern theory was developed in the mid-sixties largely in response
to the astronomical discovery of highly energetic and compact objects. During
these years the works of Hawking and Penrose [93] showed that singularities (i.e.
“points” where the fundamental geometrical quantities are not well-defined) are
commonplace in General Relativity, in particular in the interior of black holes.
Singularities have the potential danger of breaking the predictability power of a
theory because basically anything can happen once a singularity is visible. How-
ever, for the singularities inside black holes the situation is not nearly as bad,
because, in this case, the singularity is not visible from infinity and hence the
predictability capacity of the observers lying outside the black hole region re-
mains unaffected. This fact led Penrose to conjecture that naked singularities
(i.e. singularities which do not lie inside a black hole) cannot occur in any rea-
sonable physical situation [94]. This conjecture, known as the cosmic censorship

hypothesis, protects the distant observers from the lack of predictability that oc-



curs in the presence of singularities. Whether this conjecture is true or not is at
present largely unknown (see for an account of the situation in the late 90’s).
Rigorous results are known only in spherical symmetry, where the conjecture has
been proven for several matter models [37, 49]. In any case, the validity of (some
form) of cosmic censorship implies that black holes are the generic end state of

gravitational collapse, and hence fundamental objects in the universe.

Of particular importance is the understanding of equilibrium configurations
of black holes. The uniqueness theorems for static and stationary black holes,
which are considered one of the cornerstones of the theory of black holes, also
appeared during the sixties mainly motivated by the early work of Israel [69].
These theorems assert that, given a matter model (for example vacuum), a static
or a stationary black hole spacetime belongs necessarily to a specific class of
spacetimes (in the vacuum case, they are Schwarzschild in the static regime and
Kerr for the stationary case) which are univocally characterized by a few pa-
rameters that describe the fundamental properties of the black hole (for vacuum
these parameters are the mass and the angular momentum of the black hole).
Since, from physical principles, it is expected that astronomical objects which
collapse into a black hole will eventually settle down to a stationary state, the
black hole uniqueness theorems imply that the final state of a generic gravita-
tional collapse (assuming that cosmic censorship holds) can be described by a
very simple spacetime geometry characterized by a few parameters like the total
mass, the electric charge or the angular momentum of the collapsing astronomical
object (or, more precisely, the amount of these physical quantities which is kept
by the collapsing object and does not get radiated away during the process). The
resulting spacetime is therefore independent of any other of the properties of the
collapsing system (like shape, composition, etc.). This type of result was, some-
what pompously, named “no hair” theorems for black holes by Wheeler [101]. In
1973 Penrose [95] invoked cosmic censorship and the no hair theorems to deduce
an inequality which imposes a lower bound for the total mass of a spacetime in
terms of the area of the event horizon (i.e. the boundary) of the black hole which
forms during the gravitational collapse. This conjecture is known as the Penrose
mequality.

The Penrose inequality, like the cosmic censorship conjecture on which it is
based, has been proven only in a few particular cases. Both conjectures therefore
remain, up to now, wide open. One of the intrinsic difficulties for their proof
is that black holes impose, by its very definition (see e.g. Chapter 12 of [109]),

very strong global conditions on a spacetime. From an evolutive point if view,
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these objects are of teleological nature because a complete knowledge of the fu-
ture is needed to even know if a black hole forms. Determining the future of an
initial configuration (i.e. the metric and its first time derivative on a spacelike
hypersurface) requires solving the spacetime field equations (either analytical or
numerically) with such initial data. The Einstein field equations are non-linear
partial differential equations, so determining the long time behavior of its solu-
tions is an extremely difficult problem. In general, the results that can be obtained
from present day technology do not give information on the global structure of
the solutions and, therefore, they do not allow to study black holes in an evolu-
tive setting. As a consequence, the concept of black hole is not very useful in this
situation because, what does it mean that an initial data set represents a black
hole? Since the concept of black hole is central in gravitation, it has turned out
to be necessary to replace this global notion by a more local one that, on the one
hand, can be studied in an evolutionary setting and, on the other, hopefully has
something to do with the global concept of black hole. The objects that serve this
purpose are the so-called trapped surfaces, which are, roughly speaking, compact
surfaces without boundary for which the emanating null rays do not diverge (all
the precise definitions will be given in Chapter [2). The reason for this bending
of light “inwards” is the gravitational field and, therefore, these surfaces reveal
the presence of an intense gravitational field. This is expected to indicate that
a black hole will in fact form upon evolution. More precisely, under suitable en-
ergy conditions, the maximal Cauchy development of this initial data is known
to be causal geodesically incomplete (this is the content of one of the versions of
the singularity theorems, see for a review). If cosmic censorship holds, then
a black hole will form. Moreover, it is known that in any black hole spacetime
the subclass of trapped surfaces called weakly trapped surfaces and weakly outer
trapped surface lie inside the black hole (see e.g. chapter 9.2 of and chapter
12.2 of [109]), and so they give an indication of where the back hole event horizon
should be in the initial data (if it forms at all). In fact, the substitution of the
concept of black hole by the concept of trapped surface is so common that one
terminology has replaced the other, and scientists talk about black hole colli-
sion, of black hole-neutron star mergers to refer to evolutions involving trapped
surfaces. However, it should be kept in mind that both concepts are completely
different a priori.

In the context of the Penrose inequality, the fact that, under cosmic censor-
ship, weakly outer trapped surfaces lie inside the black hole was used by Penrose

to replace the area of the event horizon by the area of weakly outer trapped sur-




faces to produce inequalities which, although motivated by the expected global
structure of the spacetime that forms, can be formulated directly on the given
initial data in a manner completely independent of its evolution. A particular case
of weakly outer trapped surfaces, the so-called marginally outer trapped surfaces
(MOTS) (defined as compact surfaces without boundary with vanishing outer
null expansion 6), are widely considered as the best quasi-local replacements for
the event horizon. From what it has been said, it is clear that proving that these
surfaces can replace black holes is basically the same as proving the validity of
cosmic censorship, which is beyond present day knowledge. The advantage of see-
ing the problem from this perspective is that it allows for simpler questions that
can perhaps be solved. One such question is the Penrose inequality already men-
tioned. Another one has to do with static and stationary situations. One might
think that, involving no evolution at all, it should be clear that black holes, event
horizons and marginally outer trapped surfaces are essentially the same in an
equilibrium configuration. However, although certainly plausible, very little is

known about the validity of this expectation.

The aim of this thesis is precisely to study the properties of trapped surfaces
in spacetimes with symmetries and their possible relation with the theory of black
holes. Even this more modest goal is vast. We will concentrate on one aspect of this
possible equivalence, namely whether the static black hole uniqueness theorems
extend to static spacetimes containing MOTS. The main result of this thesis states
that this question has an affirmative answer, under suitable conditions on the
spacetime. To solve this question we will have to analyze in depth the properties
of MOTS and weakly outer trapped surfaces in spacetimes with symmetries, and
this will produce a number of results which are, hopefully, of independent interest.
This study will naturally lead us to consider a second question, namely to study
the Penrose inequality in static initial data sets which are not time-symmetric.
Our main result here is the discovery of a counterexample of a version of the
Penrose inequality that was proposed by Bray and Khuri [19] not long ago. It
is worth to mention that most of the results we will obtain in this thesis do
not use the Einstein field equations and, consequently, they are also valid in any

gravitational theory of gravitation in four dimensions.

In the investigations on stationary and static spacetimes there has been a
tendency over the years of reducing the amount of global assumptions in time
to a minimum. This is in agreement with the idea behind cosmic censorship of
understanding the global properties as a consequence of the evolution. This trend

has been particularly noticeable in black hole uniqueness theorems, where several
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conditions can be used to capture the notion of black hole (see e.g. Theorem [2.4.2]
in Chapter[2). In this thesis, we will follow this general tendency and work directly
on slabs of spacetimes containing suitable spacelike hypersurfaces or, whenever
possible, directly at the initial data level, without assuming the existence of a
spacetime where it is embedded. It should be remarked that the second setting is
more general than the former one. Indeed, in some circumstances the existence
of such a spacetime can be proven, for example by using the notion of Killing
development (see [12] and Chapter [4) or by using well-posedness of the Cauchy
problem and suitable evolution equations for the Killing vector [45]. The former,
however, fails at fixed points of the static isometry and the second requires spe-
cific matter models, not just energy inequalities as we will assume. Nevertheless,
although most of the results of this thesis will be obtained at the initial data
level, we will need to invoke the existence of a spacetime to complete the proof
of the uniqueness result (we emphasize however, that no global assumption in
time is made in that case either). We will also try to make clear which is the
difficulty that arises when one attempts to prove this result directly at the initial

data level.

The results obtained in this thesis constitute, in our opinion, a step forward
in our understanding of how black holes evolve. Regarding the problem of es-
tablishing a rigorous relationship between black holes and trapped surfaces, the
main result of this thesis (Theorem [5.4.1) shows that, at least as far as unique-
ness of static black holes is concerned, event horizons and MOTS do coincide.
Our uniqueness result for static spacetimes containing MOTS is interesting also
independently of its relationship with black holes. It proves that static config-
urations are indeed very rigid. This type of result has several implications. For
instance, in any evolution of a collapsing system, it is expected that an equilib-
rium configuration is eventually reached. The uniqueness theorems of black holes
are usually invoked to conclude that the spacetime is one of the stationary black
holes compatible with the uniqueness theorem. However, this argument assumes
implicitly that one has sufficient information on the spacetime to be able to apply
the uniqueness theorems, which is far from obvious since the spacetime is being
constructed during the evolution. In our setting, as long as the evolution has a
MOTS on each time slice, if the spacetime reaches a static configuration, then
it is unique. Related to this issue, it would be very interesting to know if these
types of uniqueness results also hold in an approximate sense, i.e. if a spacetime
is nearly static and contains a MOTS, then the spacetime is nearly unique. This

problem is, of course, very difficult because it needs a suitable concept of “being




close to”. In the particular case of the Kerr metric, there exists a notion of an
initial data being close to Kerr 7], which is based on a suitable characterization
of this spacetime [79]. This closeness notion is defined for initial data sets with-
out boundary. It would be of interest to extend it to the case with a non-empty
boundary which is a MOTS.

The static uniqueness result for MOTS is only a first step in this subject. Fu-
ture work should try to extend this result to the stationary setting. The problem
is, however, considerably more difficult because the techniques known at present
to prove uniqueness of stationary black holes are much less developed than those
for proving uniqueness of static black holes. Assuming however, that the spacetime
is axially symmetric (besides being stationary) simplifies the black hole unique-
ness proof considerably (the problem becomes essentially a uniqueness proof for
a boundary value problem of a non-linear elliptic system on a domain in the Eu-
clidean plane, see [65]). The next natural step would be to try and extend this
uniqueness result to a setting where the black hole is replaced by a MOTS. The
only result we prove in this thesis in the stationary (non-static) setting involves
MOTS lying in the closure of the exterior region where the Killing is timelike.
We show that in this case the MOTS cannot penetrate into the timelike exterior
domain (see Theorem [3.4.10]).

In the remaining of this Introduction, we will try to give a general idea of the

structure of the thesis and to discuss its main results.

In rough terms, the typical structure of static black holes uniqueness theorems

is the following:

Let (M, g®)) be a static solution of the Einstein equations for a given matter
model (for example vacuum) which describes a black hole. Then (M, g™) belongs
necessarily to a specific class of spacetimes which are univocally characterized by
a number of parameters that can be measured at infinity (in the case of vacuum,
the spacetime is mecessarily Schwarzschild and the corresponding parameter is
the total mass of the black hole).

There exist static black hole uniqueness theorems for several matter models,
such as vacuum ([69], [87], [98], [22], [38]), electro-vacuum ([70], [88], [106], [100],
182], [39], [44]) and Einstein-Maxwell dilaton ([83], [81]). As we will describe in
more detail in Chapter 2 the most powerful method for proving these results
is the so called doubling method, invented by Bunting and Masood-ul-Alam [22]
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to show uniqueness in the vacuum case. This method requires the existence of
a complete spacelike hypersurface ¥ containing an exterior, asymptotically flat,
region X! such that the Killing is timelike on X! and the topological boundary
OPyet is an embedded, compact and non-empty topological manifold. In static
spacetimes, the condition that (M, g¢®) is a black hole can be translated into
the existence of such a hypersurface X. In this setting, the topological boundary
otoryeet corresponds to the intersection of the boundary of the domain of outer
communications (i.e. the region outside both the black hole and the white hole)
and Y. This equivalence, however, is not strict due to the potential presence of
non-embedded Killing prehorizons, which would give rise to boundaries 9%t
which are non-embedded. This issue is important and will be discussed in detail

below. We can however, ignore this subtlety for the purpose of this Introduction.

The type of uniqueness result we are interested in this thesis is of the form:

Let (M,g(4)) be a static solution of the Finstein equations for a given matter
model. Suppose that M possesses a spacelike hypersurface ¥ which contains a
MOTS. Then, (M,g") belongs to the class of spacetimes established by the

uniqueness theorem for static black holes for the corresponding matter model.

The first result in this direction was given by Miao in 2005 [86], who extended
the uniqueness theorems for vacuum static black holes to the case of asymptoti-
cally flat and time-symmetric slices > which contain a minimal compact boundary
(it is important to note that for time-symmetric initial data, a surface is a MOTS
if and only if it is a compact minimal surface). In this way, Miao was able to
relax the condition of a time-symmetric slice ¥ having a compact topological
boundary 9'Y. where the Killing vector vanishes to simply containing a com-
pact minimal boundary. Miao’s uniqueness result is indeed a generalization of the
static uniqueness theorem of Bunting and Masood-ul-Alam because the static vac-
uum field equations imply in the time-symmetric case that the boundary 9Pyt
is necessarily a totally geodesic surface, which is more restrictive than being a
minimal surface.

Miao’s result is fundamentally a uniqueness result. However, one of the key
ingredients in its proof consists in showing that no minimal surface can penetrate
into the exterior timelike region X¢**. As a consequence, Miao’s theorem can
also be viewed as a confinement result for minimal surfaces. As a consequence,
one can think of extending Miao’s result in three different directions: Firstly, to

allow for other matter models. Secondly, to work with arbitrary slices and not




just time-symmetric ones. This is important in order to be able to incorporate so-
called degenerate Killing horizons into the problem. Obviously, in the general case
minimal surfaces are no longer suitable and MOTS should be considered. And
finally, try to make the confinement part of the statement as local as possible and
relax the condition of asymptotic flatness to the existence of suitable exterior
barrier. To that aim it is necessary a proper understanding of the properties of
MOTS and weakly outer trapped surfaces in static spacetimes (or more general,
if possible).

For simplicity, let us restrict to the asymptotically flat case for the purpose
of the Introduction. Consider a spacelike hypersurface > containing an asymp-
totically flat end X3°. In what follows, let A be minus the squared norm of the
static Killing E So, A > 0 means that E is timelike. Staticity and asymptotic
flatness mean that this Killing vector is timelike at infinity. Thus, it makes sense
to define {\ > 0}°** as the connected component of {\ > 0} which contains the
asymptotically flat end 35 (the set X" in the Masood-ul-Alam doubling method
is precisely {\ > 0}¢*"). Since we want to prove the expectation that MOTS and
spacelike sections of the event horizon coincide in static spacetimes, we will firstly
try to ensure that no MOTS can penetrate into {\ > 0}¢**. This result will gen-
eralize Miao’s theorem as a confinement result and will extend the well-known
confinement result of MOTS inside the black hole region (c.f. Proposition 12.2.4
in [109])) to the initial data level. The main tool which will allow us to prove
this result is a recent theorem by Andersson and Metzger on the existence,
uniqueness and regularity of the outermost MOTS on a given spacelike hypersur-
face. This theorem, which will be essential in many places in this thesis, requires
working with trapped surfaces which are bounding, in the sense that they are
boundaries of suitable regions (see Definition [2.2.25]). Another important ingre-
dient for our confinement result will be a thorough study of the causal character
that the Killing vector is allowed to have on the outermost MOTS (or, more,
generally on stable or strictly stable MOTS — all these concepts will be defined
below —). For the case of weakly trapped surfaces (which are defined by a more
restrictive condition than weakly outer trapped surfaces), it was proven in
that no weakly trapped surface can lie in the region where the Killing vector is
timelike provided its mean curvature vector does not vanish identically. Further-
more, similar restrictions were also obtained for other types of symmetries, such
as conformal Killing vectors (see also for analogous results in spacetimes

with vanishing curvature invariants).

Our main idea to obtain restrictions on the Killing vector on an outermost
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MOTS S consists on a geometrical construction [23] whereby S is moved first to
the past along the integral lines of the Killing vector and then back to X along
the outer null geodesics orthogonal to this newly constructed surface, produc-
ing a new weakly outer trapped surface S’, provided the null energy condition
(NEC) is satisfied in the spacetime. If the Killing field € is timelike anywhere on
S then we show that S’ lies partially outside S, which is a contradiction with the
outermost property of S. This simple idea will be central in this thesis and will
be extended in several directions. In particular, we will generalize the geometric
construction to the case of general vector fields 5, not just Killing vectors. To
ensure that S’ is weakly outer trapped in this setting we will need to obtain an
explicit expression for the first variation of the outer null expansion % along E
in terms of the so called deformation tensor of the metric along E (Proposition
3.3.1). This will allow us to obtain results for other types of symmetries, such as
homotheties and conformal Killing vectors, which are relevant in many physical
situations of interest (e.g. the Friedmann-Lemaitre-Robertson-Walker cosmolog-
ical models). Another relevant generalization involves analyzing the infinitesimal
version of the geometric construction. As we will see, the infinitesimal construc-
tion is closely related to the stability properties of the the first variation of %
along ¥ on a MOTS S. This first variation defines a linear elliptic second order
differential operator [3] for which elliptic theory results can be applied. It turns
out that exploiting such results (in particular, the maximum principle for elliptic
operators) the conclusions of the geometric construction can be sharpened con-
siderably and also extended to more general MOTS such as stable and strictly
stable ones. (Theorem and Corollaries[3.4.3 and [3.4.4).

As an explicit application of these results, we will show that stable MOTS can-

not exist in any slice of a large class of Friedmann-Lemaitre-Robertson-Walker
cosmological models. This class includes all classic models of matter and radiation
dominated eras and also those models with accelerated expansion which satisfy
the NEC (Theorem 3.4.6). Remarkably, the geometric construction is more pow-
erful than the elliptic methods in some specific cases. We will find an interesting
situation where this is the case when dealing with homotheties (including Killing
vectors) on outermost MOTS (Theorem|[3.4.8). This will allow us to prove a result
(Theorem [3.4.10) which asserts that, as long as the spacetime satisfies the NEC,
a Killing vector or homothety cannot be timelike anywhere on a bounding weakly
outer trapped surface whose exterior lies in a region where the Killing vector is

timelike.

Another case when the elliptic theory cannot be applied and we resort to the
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geometric procedure deals with situations when one cannot ensure that the newly
constructed surface S is weakly outer trapped. However, it can still occur that
the portion of S” which lies in the exterior of S has ™ < 0. In this case, we can
exploit a result by Kriele and Hayward [75] in order to construct a weakly outer
trapped surface S” outside both S and S’ by smoothing outwards the corner where
they intersect. This will provide us with additional results of interest (Theorems
3.5.2 and [3.5.4)). All these results have been published in and [26] and will be
presented in Chapter (3.

From then on, we will concentrate exclusively on static spacetimes. Chapter [4
is devoted to extending Miao’s result as a confinement result. Since in this chap-
ter we will work exclusively at the initial data level, we will begin by recalling
the concept of a static Killing initial data (static KID), (which corresponds to
the data and equations one induces on any spacelike hypersurface embedded on
a static spacetime, but viewed as an abstract object on its own, independently
of the existence of any embedding into a spacetime). It will be useful to intro-
duce two scalars I, I which correspond to the invariants of the Killing form
(or Papapetrou field) of the static Killing vector E It turns out that I, always
vanishes due to staticity and that [; is constant on arc-connected components
of 9"P{\ > 0} and negative on the arc-connected components which contains at
least a fixed point (Lemma [4.3.5)). Fixed points are initial data translations of
spacetime points where the Killing vector vanishes and, since I; turns out to be
closely related to the surface gravity of the Killing horizons, this result extends a
well-known result by Boyer [16] on the structure of Killing horizons to the initial

data level.

The general strategy to prove our confinement result for MOTS is to use
a contradiction argument. We will assume that a MOTS can penetrate in the
exterior timelike region. By passing to the outermost MOTS S we will find that
the topological boundary of 9"P{\ > 0}°*' must intersect both the interior and
the exterior of S. It we knew that 9"P{\ > 0}°** is a bounding MOTS, then we
could get a contradiction essentially by smoothing outwards (via the Kriele and
Hayward method) these two surfaces. However, it is not true that 9"°P{\ > 0}
is a bounding MOTS in general. There are simple examples even in Kruskal
where this property fails. The problem lies in the fact that 9"P{\ > 0}** can
intersect both the black hole and the white hole event horizons (think of the
Kruskal spacetime for definiteness) and then the boundary 9P{\ > 0} is, in
general, not smooth on the bifurcation surface. To avoid this situations we need

ext

to assume a condition which essentially imposes that 9'P{\ > 0}°* intersects
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only the black hole or only the white hole region. Furthermore, the possibility
of 9"P{\ > 0}°*! intersecting the white hole region must be removed to ensure
that this smooth surface is in fact a MOTS and not a past MOTS. The precise
statement of this final condition is given in points (i) and (ii) of Proposition
4.3.14} but the more intuitive idea above is sufficient for this Introduction. Since
we will need to mention this condition below, we refer to it as (x). In this way, in
Proposition[4.3.14] we prove that every arc-connected component of 9*P{\ > 0} is
an injectively immersed submanifold with 6+ = 0. However, injectively immersed
submanifolds may well not be embedded. Since, in order to find a contradiction
we need to construct a bounding weakly outer trapped surface, and these are
necessarily embedded, we need to care about proving that the injective immersion
is an embedding (i.e. an homeomorphism with the induced topology in the image).
In the case with I; # 0 this is easy. In the case of components with I; = 0 (so-
called degenerate components), the problem is difficult and open. This issue is
very closely related to the possibility that there may exist non-embedded Killing
prehorizons in a static spacetime which has already been mentioned before. This
problem, which has remained largely overlooked in the black hole uniqueness
theory until very recently [40], is important and very interesting. However, it is
beyond the scope of this thesis. For our purposes it is sufficient to assume an

¢t which easily implies

extra condition on degenerate components of 9"P{\ > 0}
that they are embedded submanifolds. This condition is that every arc-connected
component of 9"P{\ > 0}°** with I; = 0 is topologically closed. This requirement
will appear in all the main results in this thesis precisely in order to avoid dealing
with the possibility of non-embedded Killing prehorizons. If one can eventually
prove that such objects simply do not exist (as we expect), then this condition
can simply be dropped in all the results below. Our main confinement result is

given in Theorem 4.4.1. The results of Chapter 4/ have been published in and
[24].
Theorem leads directly to a uniqueness result (Theorem/[5.1.1) which al-

ready generalizes Miao’s result as a uniqueness statement. The idea of the unique-
ness proof is to show that the presence of a MOTS boundary in an initial data
set implies, under suitable conditions, that 9"?{\ > 0}**" is a compact embed-
ded surface without boundary. This is precisely the main hypothesis that is made
in order to apply the doubling method of Bunting and Masood-ul-Alam. Thus,
assuming that the matter model is such that static black hole uniqueness holds,
then we can conclude uniqueness in the case with MOTS. The strategy is there-

fore to reduce the uniqueness theorem for MOTS to the uniqueness theorem for
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black holes. This idea is in full agreement with our main theme of showing that

MOTS and black holes are the same in a static situation.

Theorem 5.1.1 is, however, not fully satisfactory because it still requires con-
dition (x) on 9"P{\ > 0}¢*. Since 9"P{\ > 0}** is a fundamental object in the
doubling method, it would be preferable if no conditions are a priori imposed
on it. Chapter 5 is devoted to obtaining a uniqueness result for static space-
times containing weakly outer trapped surfaces with no a priori restrictions on
0"P{\ > 0} (besides the condition on components with /; = 0 which we have
already mentioned). In Chapter [4 the fact that 9"P{\ > 0} is closed (i.e.
compact and without boundary) is proven as a consequence of its smoothness.
However, when condition () is dropped, we know that 9"P{\ > 0}¢*! is not
smooth in general, and in principle, it may have a non-empty manifold bound-
ary. Therefore, we will need a better understanding of the structure of the set
0"P{\ > 0} when (%) is not assumed. In this case, our methods of Chapter 4 do
not work and we will be forced to invoke the existence of a spacetime where the
initial data set is embedded. By exploiting a construction by Récz and Wald in
[96] we show that, in an embedded static KID, the set 9"P{\ > 0} is a finite union
of smooth, compact and embedded surfaces, possibly with boundary. Moreover,
at least one of the two null expansions % or §~ vanishes identically on each one
of these surfaces (Proposition 5.3.1). With this result at hand we then prove that
the set 9"P{\ > 0}*** coincides with the outermost bounding MOTS (Theorem
5.3.3) provided the spacetime satisfies the NEC and that the past weakly outer
trapped region T~ is included in the weakly outer trapped region T™T. It may seem
that the condition T~ C T is very similar to (x): In some sense, both try to
avoid that the slice intersects first the white hole horizon when moving from the
outside. However, it is important to remark that 7+ and 7~ have a priori nothing
to do with Killing horizons and that the condition T~ C T is not a condition
directly on §"P{\ > 0}***. Our main uniqueness theorem is hence Theorem [5.4.1]
which states that, under reasonable hypotheses, MOTS and spacelike sections of
Killing horizons do coincide in static spacetimes. If the static spacetime is a black
hole (in the global sense) then the event horizon is a Killing horizon. This shows
the equivalence between MOTS and (spacelike sections of) the event horizon in

the static setting.
The last part of this thesis is devoted to the study of the Penrose inequality

in initial data sets which are not time-symmetric. The standard version of the
Penrose inequality bounds the ADM mass of the spacetime in terms of the small-

est area of all surfaces which enclose the outermost MOTS. The huge problem
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in proving this inequality has led several authors to propose more general and
simpler looking versions of the Penrose inequality (see [78] for a review). In par-
ticular, in a recent proposal by Bray and Khuri [19], a Penrose inequality has
been conjectured in terms of the area of so-called outermost generalized apparent
horizon in a given asymptotically flat initial data set. Generalized apparent hori-
zons are more general than weakly outer trapped surfaces and have interesting
analytic and geometric properties. The Penrose inequality conjectured by Bray
and Khuri reads
|Sout’

MADM Z 16—7'(’ (1'1)

where M,p,, is the total ADM mass of a given slice and |S,,| is the area of
the outermost generalized apparent horizon S,,;. This new inequality has several
appealing properties, like being invariant under time reversals, the fact that no
minimal area enclosures are involved and that it implies the standard Penrose in-
equality. On the other hand, this version is not directly supported by any heuristic
argument based on cosmic censorship, as the standard Penrose inequality. In fact,
as a consequence of a theorem by Eichmair [51] on the existence, uniqueness and
regularity of the outermost generalized apparent horizon, there exist slices in the
Kruskal spacetimes (for which 9"P{\ > 0}°** intersects both the black hole and
the white hole event horizons), with the property that its outermost generalized
apparent horizon lies, at least partially, inside the domain of outer communica-
tions. In Chapter [6l we present a counterexample of (1.1) precisely by studying
this type of slices in the Kruskal spacetime.

The equations that define a generalized apparent horizon are non-linear elliptic
PDE. Thus, we intend to determine properties of the solutions of these equations
for slices sufficiently close to the time-symmetric slice of the Kruskal spacetime.
Since the outermost generalized apparent horizon in the time-symmetric slice is
the well-known bifurcation surface, we can exploit the implicit function theorem
to show that any solution of the linearized equation for the generalized apparent
horizon corresponds to the linearization of a solution of the non-linear problem
(Proposition 6.2.2). With this existence result at hand, we find a generalized ap-
parent horizon S which turns out to be located entirely inside the domain of outer
communications and which has area larger than 167M?2,,,, this violating (1.1).
This would give a counterexample to the Bray and Khuri conjecture provided S
is either the outermost generalized apparent horizon S,,; or else, the latter has
not smaller area than the former one. Finally, we will prove that the area of S,

is, indeed, at least as large as the area of S , which gives a counterexample to (1.1)




14

(Theorem [6.1.1)). It is important to remark that the existence of this counterex-
ample does not invalidate the approach given by Bray and Khuri in [19] to prove
the standard Penrose inequality but it does indicate that the emphasis must not
be on generalized apparent horizons. This result has been published in [27] and
28].

Before going into our new results, we start with a preliminary chapter where
the fundamental definitions and results required to understand this thesis are
stated and briefly discussed. This chapter contains in particular, a detailed sketch
of the Bunting and Masood-ul-Alam method to prove uniqueness of electro-
vacuum static black holes. We have preferred to collect all the preliminary ma-
terial in one chapter to facilitate the reading of the thesis. We have also found it
convenient to include two mathematical appendices. One where some well-known
definitions of manifolds with boundary and topology are included (Appendix[A))
and another one that collects a number of theorems in mathematical analysis

(Appendix [B)) which are used as tools in the main text.




Chapter 2

Preliminaries

2.1 Basic elements in a geometric theory of
gravity

The fundamental concept in any geometric theory of gravity is that of space-
time. A spacetime is a connected n-dimensional smooth differentiable man-
ifold M without boundary endowed with a Lorentzian metric ¢™. All man-
ifolds considered in this thesis will be Hausdorff and paracompact (see Ap-
pendix [A| for the definitions). A Lorentzian metric is a metric with signature
(—,+,+,...,+). The covariant derivative associated with the Levi-Civita connec-
tion of ¢ will be denoted by V™ and the corresponding Riemann, Ricci and
scalar curvature tensors will be denoted by Rl(f;)aﬂ, R,([f,) and R™, respectively
(where p, v, o, 3 = 0,...,n — 1). We follow the sign conventions of [109]. We will
denote by T,M the tangent space to M at a point p € M, by T'M the tangent
bundle to M (i.e. the collection of the tangent spaces at every point of M) and
by X(M) the set of smooth sections of T'M (i.e. vector fields on M).

Definition 2.1.1 According to the sign of its squared norm, a vector v € T,M

1S8.

> 0.

Spacelike, if g viv”
p

Timelike, if g\ viv”

< 0.
P

=0.
p

Null, if g\)vro”

Causal, if gWvt?| < 0.

Definition 2.1.2 A spacetime (M, g™) is time orientable if and only if there
exists a vector field i@ € X(M) which is timelike everywhere on M.

15
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Consider a time orientable spacetime (M, g"™). A time orientation is a selec-
tion of a timelike vector field ©w which is declared to be future directed.
A time oriented spacetime is a time orientable spacetime after a time orienta-

tion has been selected.

In a time oriented manifold, causal vectors can be classified in two types:

future directed or past directed.

Definition 2.1.3 Let (M, g™) be a spacetime with time orientation . Then, a

causal vector v € T,M s

e future directed if gfﬁ)u“v” <0.
p
e past directed if gfﬁ)u“v” > 0.
p

Throughout this thesis all spacetimes are oriented (see Definition in Ap-
pendix[A) and time oriented.

General Relativity is a geometric theory of gravity in four dimensions in
which the spacetime metric ¢* satisfies the Einstein field equations, which in
geometrized units, G = ¢ = 1 (where G is the Newton gravitational constant and
¢ is the speed of light in vacuum), takes the form:

G+ Agly) = 8nT,

ns

(2.1.1)

n_ 1R )¢\ (in n dimen-

where Gfﬁ,) is the so-called Einstein tensor, Gfﬁ,) = R
sions), A is the so-called cosmological constant and 7),, is the stress-energy tensor
which describes the matter contents of the spacetime. In such a framework, freely
falling test bodies are assumed to travel along the causal (timelike for massive
particles and null for massless particles) geodesics of the spacetime (M, g™¥).
Due to general physical principles, it is expected that many dynamical pro-
cesses tend to a stationary final state. Studying these stationary configurations is
therefore an essential step for understanding any physical theory. This is the case,
for example, in gravitational collapse processes in General Relativity which are
expected to settle down to a stationary system. Since the fundamental object in
gravity is the spacetime metric g the existence of symmetries in the spacetime
is expressed in terms of a group of isometries, that is, diffeomorphisms of the
spacetime manifold M which leave the metric unchanged. The infinitesimal gen-

erator of the isometry group defines a so-called Killing vector field. Conversely,




2. Preliminaries 17

a Killing vector field defines a local isometlry7 i.e. a local group of diffeomor-
phisms, each of which is an isometry of (M, ¢™). If the Killing vector field is
complete then the local group is, in fact, a global group of isometries (or, simply,
an isometry). Throughout this thesis, we will mainly work at the local level with-
out assuming that the Killing vector fields are complete, unless otherwise stated.
More precisely, con51der a spacetime (M, g™) and a vector field S € X(M). The
Lie derivative Eg g,,,l, describes how the metric is deformed along the local group
of diffeomorphisms generated by £. We thus define the metric deformation

tensor associated to &, or simply deformation tensor, as

ayu(é) gg/,u/ - uéu + Vué;u (212)

where, throughout this thesis, V will denote the covariant derivative of ¢¥. If
aW(g) = 0, then the vector field gis a Killing vector field or simply a Killing
vector.

If the Killing field is timelike on some non-empty set, then the spacetime is called

stationary. If, furthermore, the Killing field is integrable, i.e.

£[Mvufa] =0 (213)

where the square brackets denote anti-symmetrization, then the spacetime is
called static.

Other important types of isometries are the following. If the Killing field is
spacelike and the isometry group generated is U(1), then the spacetime has
a cyclic symmetry. If, furthermore, there exists a regular axis of symmetry,
then the spacetime is axisymmetric. If the isometry group is SO(3) with
orbits being spacelike 2-spheres (or points), then the spacetime is spherically
symmetric.

Other special forms of aw(g ) define special types of vectors which are also
interesting. In particular, aw,(g )= 2gzﬁg,(ﬁ) (with ¢ being a scalar function) defines
a conformal Killing vector and am,(g) = 209;(5,9 (with C' being a constant)

corresponds to a homothety.

Regarding the matter contents of the spacetime, represented by 7}, we will
not assume a priori any specific matter model, such as vacuum, electro-vacuum,
perfect fluid, etc. However, we will often restrict the class of models in such a way
that various types of so-called energy conditions are satisfied (c.f. Chapter 9.2 in
109]). These are inequalities involving 7}, acting on certain causal vectors and

are satisfied by most physically reasonable matter models. In fact, since in General
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Relativity without cosmological constant, the Einstein equations impose G,(fy) =
87T, these conditions can be stated directly in terms of the Einstein tensor. We
choose to define the energy conditions directly in terms of fol,) . This is preferable
because then all our results hold in any geometric theory of gravity independently
of whether the Einstein field equations hold or not. Obviously, these inequalities
are truly energy conditions only in specific theories as, for instance, General
Relativity with A = 0. Throughout this thesis, we will often need to impose the
so-called null energy condition (NEC).

Definition 2.1.4 A spacetime (M, g™) satisfies the null energy condition
(NEC) if the Finstein tensor Gfﬁ,) satisfies Gfﬁ)k“kﬂp > 0 for any null vector
ke T,M and all p € M.

Other usual energy conditions are the weak energy condition and the dominant
energy condition (DEC).

Definition 2.1.5 A spacetime (M, g") satisfies the weak energy condition
if the Einstein tensor Gﬁﬁj) satisfies that Gfﬁ)t“t”h > 0 for any timelike vector
te T,M and all p € M.

Definition 2.1.6 A spacetime (M, g™) satisfies the dominant energy con-
dition (DEC) if the Einstein tensor G,(fl,,) satisfies that —G(4)Zt“|p is a future
directed causal vector for any future directed timelike vector t € T,M and all
pe M.

Remark. Obviously, the DEC implies the NEC. 0

2.2 Geometry of surfaces in Lorentzian spaces

2.2.1 Definitions

In this subsection we will motivate and introduce several types of surfaces, such
as trapped surfaces and marginally outer trapped surfaces, that will play an
important role in this thesis. We will also discuss several relevant known results
concerning them. For an extensive classification of surfaces in Lorentzian spaces,
see [104]. Let us begin with some previous definitions and notation.

In what follows, M and ¥ are two smooth differentiable manifolds, ¥ possibly

with boundary, with dimensions n and s, respectively, satisfying n > s.
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Definition 2.2.1 Let & : X — M be a smooth map between > and M. Then o

is an immersion if it has mazimum rank (i.e. rank(®) = s) at every point.

The set ®(X) is then said to be immersed in M. However ®(X%) can fail to be
a manifold because it can intersect itself.
To avoid self-intersections, one has to consider injective immersions. In fact, we
will say that ®(X) is a submanifold of M if ¥ is injectively immersed in M.
All immersions considered in this thesis will be submanifolds. For simplicity, and
since no confusion usually arises, we will frequently denote by the same symbol
(X in this case) both the manifold ¥ (as an abstract manifold) and ®(X) (as a
submanifold). Similarly, and unless otherwise stated, we will use the same conven-
tion for contravariant tensors. More specifically, a contravariant tensor defined on
Y, and pushed-forward to ®(X) will be usually denoted by the same symbol. No-
tice however that ®(X) admits two topologies which are in general different: the
induced topology as a subset of M and the manifold topology defined by ® from
Y). When referring to topological concepts in injectively immersed submanifolds
we will always use the subset topology unless otherwise stated.

Next, we will define the first and the second fundamental forms of a subman-

ifold.

Definition 2.2.2 Consider a smooth manifold M endowed with a metric g™
and let 3 be a submanifold of M. Then, the first fundamental form of ¥ is
the tensor field g on ¥ defined as

g=2"(¢"),
where ®* denotes the pull-back of the injective immersion ® : ¥ — M.

According to the algebraic properties of its first fundamental form, a subman-

ifold can be classified as follows.

Definition 2.2.3 A submanifold ¥ of a spacetime M is:
e Spacelike if g is non-degenerate and positive definite.
e Timelike if g is non-degenerate and non-positive definite.
e Null if g is degenerate.

The following result is straightforward and well-known (see e.g. [92])
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Proposition 2.2.4 Let ¥ be a submanifold of M. Then, the first fundamental
form g of ¥ is non-degenerate (and, therefore, a metric) at a point p € ¥ if and
only if

TM =T,X @ (T,2)*, (2.2.1)

where (T,X)* denotes the set of normal vectors to 3 at p.

We will denote (T,M)* by N,M and we will call this set the normal space to 2
at p. The collection of all normal spaces forms a vector bundle over ¥ which is
called the normal bundle and is denoted by N3.. From now on, unless otherwise
stated, we will only consider submanifolds satisfying at every point. Let
us denote by V* the covariant derivative associated with g.

Next, consider two arbitrary vectors X,Y € X(X). According to (2.2.1), the

derivative Vi?)?, as a vector on T'M, can be split according to

where the superindices 7" and L denote the tangential and normal parts with

respect to 2. The following is an important result in the theory of submanifolds

92].

Theorem 2.2.5 With the notation above, we have

(VPv) T =viy,

X

The extrinsic geometry of the submanifold is encoded in its second fundamental

form.

Definition 2.2.6 The second fundamental form K of ¥ in M is a symmetric
linear map K : X(2) x X(X) — N defined by

for all XY € X(%).

Remark. Our sign convention is such that the second fundamental form of a

2-sphere in the Euclidean 3-space points outwards. O

Definition 2.2.7 The mean curvature vector of > in M is defined as H=

treK (where try, denotes the trace with the induced metric g on T,X for any

pe)
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Definition 2.2.8 We will define an embedding ® as an injective immersion
such that ® : X — ®(X) is an homeomorphism with the topology on ®(X) induced
from M. The image ®(X) will be called an embedded submanifold.

Definition 2.2.9 A surface S is a smooth, orientable, codimension two, embed-

ded submanifold of M with positive definite first fundamental form ~y.

From now on we will focus on 4-dimensional spacetimes (M, g). For a surface

S C M we have the following result.

Lemma 2.2.10 The normal bundle of S admits two vector fields {l_;, f_} which
are null and future directed everywhere, and which form a basis of NS in T M at

every point p € S.

Proof. Let p € S and (U,, p,) be any chart at p belonging to the positively

oriented atlas of M. Let us define {f Ve liUO‘} as the solution of the set of equations

gL en)| =0, gV 1| =0,

g(4) (l+Ua ) l—Ua)

(2.2.2)

=2, g(4)(l;U",ﬁ) = -1,
p p

n (Ve [V &, @)L > 0.
where the vectors {€4} (A = 1,2) are the coordinate basis in U,, i is the timelike
vector which defines the time-orientation for the spacetime and n® is the volume
form of (M, g™). It is immediate to check that {f +U“‘, f_U“} exists and is unique.
The last equation is necessary in order to avoid the ambiguity l. +Ua o [ Y= allowed
by the previous four equations.

The set {f +U‘1,l_;U‘”} defines two vector fields if and only if this definition is
independent of the chart. Select any other positively oriented chart (Ug, ¢3) at p.
Let {€/1,¢'5} be the corresponding coordinate basis, which is related with {&}, &}
by e, = AteY (A, B = 1,2), where A" denotes the Jacobian. Since U, and Up
belong to the positively oriented atlas, we have that detA > 0 everywhere.

The first four equations in (2.2.2) force that either I ° = LU or I, * = Z;U“.
However, the second possibility would imply

NI 7 ey, ) = (deta)y® (I, 1Y &, é) <0,
which contradicts the fifth equation in (2.2.2) for Us. Consequently (I, 1} does
not depend on the chart, which proves the result. ]
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Remark. From now on we will take the vectors ljm [ to be partially

normalized to satisfy lﬂtl’i = —2, as in the proof of the lemma. Note that these
vectors are then defined modulo a transformation ll — F ll, I — %li, where F'

is a positive function on S. |

For a surface S, V* will denote the covariant derivative associated with
and IT and H will denote the second fundamental form and the mean curvature
of S in M. The physical meaning of the causal character of His closely related
to the first variation of area, which we briefly discuss next. Let 7/ be a normal
variation vector on S, i.e. a vector defined in a neighbourhood of S in M which,
on S, is orthogonal to S. Choose 7 to be compactly supported on S (which
obviously places no restrictions when S itself is compact). The vector 7 generates
a one-parameter local group {¢,},¢; of transformations where 7 is the canonical
parameter and I C R is an interval containing 7 = 0. We then define a one
parameter family of surfaces S; = ¢, (.5), which obviously satisfies S;—g = S. Let
|S;| denote the area of the surface S;. The formula of the first variation of area
states (see e.g. [35])

d|S,
67| S| = %

= / H,v"'ns. (2.2.3)
7=0 S

Remark. It is important to indicate that, when S is boundaryless, expression
(2.2.3) holds regardless of whether the variation 7 is normal or not. This formula
is valid for any dimensions of M and S, provided dimM > dimS. 0

The first variation of area justifies the definition of a minimal surface as fol-

lows.
Definition 2.2.11 A surface S is minimal if and only z'fﬁ = 0.
According to (2.2.3), if H is timelike and future directed (resp. past directed)

everywhere on S, then the area of S will decrease along any non-zero causal future
(resp. past) direction. If a surface is such that its area does not increase for any
future variation, one may say that the surface is, in some sense, trapped. Thus,
according to the previous discussion, we find that the trappedness of a surface
is intimately related with the causal character and time orientation of its mean
curvature vector H. In what follows, we will introduce various notions of trapped
surface. For that, it will be useful to consider a null basis {ljr, f_} for the normal

bundle of S in M, as before. Then, the mean curvature vector decomposes as

A= —% (0T +0°1), (2.2.4)
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where 6 = [,*H, and §~ = [_"H, are the null expansions of S along l:L and
f_, respectively. It is worth to remark that these null expansions #* are equal
to the divergence on S of light rays (i.e. null geodesics) emerging orthogonally
from S along . Thus, the negativity of both ™ and 6~ indicates the presence
of strong gravitational fields which bend the light rays sufficiently so that both
are contracting.

Thus, this leads to various concepts of trapped surfaces, as follows.
Definition 2.2.12 A closed (i.e. compact and without boundary) surface is a:

e Trapped surface if 67 < 0 and 6~ < 0. Or equivalently, z’fﬁ 15 timelike

and future directed.

e Weakly trapped surface if 67 < 0 and 6~ < 0. Or equivalently, z'fﬁ is
causal and future directed.

e Marginally trapped surface if either, 07 = 0 and 6~ < 0 everywhere,
or, 0t <0 and 0~ = 0 everywhere. Equivalently, if H is future directed and

either proportional to li or proportional to I everywhere.

If the signs of the inequalities are reversed then we have trappedness along

the past directed causal vectors orthogonal to S. Thus,
Definition 2.2.13 A closed surface is a:

e Past trapped surface if 67 > 0 and 0~ > 0. Or equivalently if H is

timelike and past directed.

e Past weakly trapped surface if 6t > 0 and 6= > 0. Or equivalently if

H is causal and past directed.

e Past marginally trapped surface if either, 07 = 0 and 6= > 0 every-
where, or 67 >0 and 0~ = 0 everywhere. Equivalently, H is past directed

and either proportional to li or proportional to I everywhere.

We also define “untrapped” surface as a kind of strong complementary of the

above.

Definition 2.2.14 A closed surface is untrapped if 070~ < 0, or equivalently

if H is spacelike everywhere.
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Notice that, according to these definitions, a closed minimal surface is both
weakly trapped and marginally trapped, as well as past weakly trapped and past
marginally trapped.

Because of their physical meaning as indicators of strong gravitational fields,
trapped surfaces are widely considered as good natural quasi-local replacements
for black holes. Let us briefly recall the definition of a black hole which, as already
mentioned in the Introduction, involves global hypotheses in the spacetime. First,
it requires a proper definition of asymptotic flatness in terms of the conformal
compactification of the spacetime (see e.g. Chapter 11 of [109]). Besides, it also
requires that the spacetime is strongly asymptotically predictable, (see Chapter
12 of [109] for a precise definition). A strongly asymptotically predictable space-
time (M, g®) is then said to contain a black hole if M is not contained in the
causal past of future null infinity J~(.#"). The black hole region B is defined
as B= M\ J (#71). The topological boundary Hg of B in M is called the event
horizon. Similarly, we can define the white hole region ¥V as the complemen-
tary of the causal future of past null infinity, i.e. M \ J*(.# ), and the white
hole event horizon H,y as its topological boundary. Finally, the domain of
outer communications is defined as Mpoc = J~(FT)NJH(# 7). Hawking and
Ellis show (see Chapter 9.2 in [63]) that weakly trapped surfaces lie inside the
black hole region in a spacetime provided this spacetime is future asymptotically
predictable. However, as we already pointed out in the Introduction, the study of
trapped surfaces is specially interesting when no global assumptions are imposed
on the spacetime and the concept of black hole is not available. It is worth to
remark that trapped surfaces are also fundamental ingredients in several versions
of singularity theorems of General Relativity (see e.g. Chapter 9 in [109]).

Note that all the surfaces introduced above are defined by restricting both
null expansions % and #~. When only one of the null expansions is restricted,
other interesting types of surfaces are obtained: the outer trapped surfaces, which
will be the fundamental objects of this thesis.

Again, consider a surface S. Suppose that for some reason one of the future null
directions can be geometrically selected so that it points into the “outer” direction
of S (shortly, we will find a specific setting where this selection is meaningful).
In that situation we will always denote by f+ the vector pointing along this outer
null direction. We will say that li is the future outer null direction, and similarly,
I_ will be the future inner null direction. We define the following types of surfaces
(c.f. Figure :

Definition 2.2.15 A closed surface is:
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e Outer trapped if 67 < 0.
e Weakly outer trapped if 67 < 0.
e Marginally outer trapped (MOTS) if 6* = 0.

e Outer untrapped if 07 > 0.

Figure 2.1: This figure represents the normal space to S in M at a point p € S.
If S is outer trapped, the mean curvature vector H points into the shaded region.
If S'is a MOTS, H points into the direction of the bold line.

As before, these definitions depend on the time orientation of the spacetime.
If the time orientation is reversed but the notion of outer is unambiguous, then
—I_ becomes the new future outer null direction. Since the null expansion of —_
is —0~, the following definitions become natural (c.f. Figure 2.2).

Definition 2.2.16 A closed surface is:
e Past outer trapped if 6= > 0.
e Past weakly outer trapped if 6= > 0.
e Past marginally outer trapped (past MOTS) if 6~ = 0.

e Past outer untrapped if 6= < 0.

As for weakly trapped surfaces, weakly outer trapped surfaces are always in-
side the black hole region provided the spacetime is strongly asymptotically pre-

dictable. In fact, in one of the simplest dynamical situations, namely the Vaidya
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Figure 2.2: On the normal space N,S for any point p € §, the mean curvature
vector H points into the shaded region if S is past outer trapped, and into the
direction of the bold line if S is a past MOTS.

spacetime, Ben-Dov has proved [13] that the event horizon is the boundary of the
spacetime region containing weakly outer trapped surfaces. On the other hand,
Bengtsson and Senovilla have shown [14] that the spacetime region containing
weakly trapped surfaces does not extend to the event horizon. This result sug-
gests that the concept of weakly outer trapped surface does capture the essence
of a black hole better than that of weakly trapped surface.

Two other interesting classes of surfaces that also depend on a choice of outer
direction are the so-called generalized trapped surfaces and its marginal case,
generalized apparent horizons. They were specifically introduced by Bray and

Khuri while studying a new approach to prove the Penrose inequality [19].
Definition 2.2.17 A closed surface is a:

e Generalized trapped surface if 9+|lo < 0 or 6‘|p > 0 at each point
pes.

e Generalized apparent horizon if either 07| = 0 with 67|, < 0 or
0=, =0 with 0[, > 0 at each point p € .

It is clear from Figures 2.1, and 2.3 that the set of generalized trapped
surfaces includes both the set of weakly outer trapped surfaces and the set of past
weakly outer trapped surfaces as particular cases.

In this thesis we will often consider surfaces embedded in a spacelike hyper-

surface ¥ C M. For this reason, it will be useful to give a (3+1) decomposition of
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Figure 2.3: This figure represents the normal space of a surface S in M at a point
p € S. For generalized trapped surfaces, the mean curvature vector H points into
the shaded region. For generalized apparent horizons, H points into the direction
of the bold line.

the null expansions and to reformulate the previous definitions in terms of objects
defined directly on 3.

A hypersurface ¥ of M is an embedded, connected submanifold, possibly with
boundary, of codimension 1. Let us consider a spacelike hypersurface ¥ of M and
denote by ¢ its induced metric, by K its second fundamental form and by K the
scalar second fundamental form, defined as K(X,Y) = —n(K(X,Y)), where n
is the unit, future directed, normal 1-form to > and X , Y e X(X).

Consider a surface S embedded in (3, g, K) As before, we denote by 7, I
and H the induced metric, the second fundamental form and the mean curvature
vector of S as a submanifold of (M, g¥)), respectively. As a submanifold of 3, S
will also have a second fundamental form £ and a mean curvature vector p. From

their definitions, we immediately have
N(X,Y)=KX,Y)+&X,Y),
where X,Y € %(S). Taking trace on S we find
H=p+~v"PK,p, (2.2.5)

where K 4p is the pull-back of I?ij (1,7 = 1,2,3) onto S. Assume that an outer

null direction ll can be selected on S. Then, after a suitable rescaling of l_;r and
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f_, we can define m univocally on S as the unit vector tangent to 3 which satisfies

l

+ i, (2.2.6)
(2.2.7)

Sy

L

o~

S

Sy

By construction, m is normal to S in % and will be denoted as the outer normal.

Multiplying (2.2.5]) by ljr and by I_ we find
0= = +p+q, (2.2.8)

where p = p;m’ and ¢ = v*PK 5. All objects in (2.2.8) are intrinsic to 3. This
allows us to reformulate the definitions above in terms of p and ¢. The following

table summarizes the types of surfaces mostly used in this thesis.

Outer trapped surface p<—q
Weakly outer trapped surface p<—q
Marginally outer trapped surface (MOTS) p=—q
Outer untrapped surface p>—q
Past outer trapped surface p<q
Past weakly outer trapped surface p<gq
Past marginally outer trapped surface (past MOTS) | p = ¢
Past outer untrapped surface p>q
Generalized trapped surface p <|q|
Generalized apparent horizon p=|q|

Table I: Definitions of various types of trapped surfaces in terms of the mean
curvature p of S C ¥ and the trace g on S of the second fundamental form of ¥
in M.

Having defined the main types of surfaces used in this thesis, let us next

consider the important concept of stability of a MOTS.

2.2.2 Stability of marginally outer trapped surfaces
(MOTS)

Let us first recall the concept of stability for minimal surfaces. Let S be a closed
minimal surface embedded in a Riemannian 3-dimensional manifold (¥, g). From
(2.2.3), S is an extremal of area for all variations (normal or not). In order to

study whether this extremum is a minimum, a maximum or a saddle point, it
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is necessary to analyze the second variation of area. A minimal surface is called
stable if the second variation of area is non-negative for all smooth variations.
This definition becomes operative once an explicit form for the second variation
is obtained. For closed minimal surfaces the crucial object is the so-called stability
operator, defined as follows. Consider a variation vector »m normal to S within 3.
Let us denote by a sub-index 7 the magnitudes which correspond to the surfaces
S; = ¢, (S) (where, as before, {¢; },crcr denotes the one-parameter local group
of transformations generated by any vector v satisfying | = m). For any
covariant tensor I' defined on S, let us define the variation of I' along ¥m as
oyl = L [goj(FT)HT:O, where ¢* denotes the pull-back of ¢, (this definition
does not depend on the extension of the vector ¥mi outside S). The stability

operator L™ is then defined as
L2 = §ymp = —Agth — (R¥ym'm? + ki), (2.2.9)

where Ag = Vivs 4 is the Laplacian on S and REU denotes the Ricci tensor of
(33, g). The second equality follows from a direct computation (see e.g. [35]).
In terms of the stability operator, the formula for the second variation of area

of a closed minimal surface is given by
alS| = [ WLz
S

The operator L™ is linear, elliptic and formally self-adjoint (see Appendix
for the definitions). Being self-adjoint implies that the principal eigenvalue A
can be represented by the Rayleigh-Ritz formula (B.2), and therefore the second

variation of area can be bounded according to
05515 > A / vns,
S

where equality holds when ¢ is a principal eigenfunction (i.e. an eigenfunction
corresponding to A). This implies that §3-|S| > 0 for all smooth variations is
equivalent to A > 0. Thus, a minimal surface is stable if and only if A > 0.

A related construction can be performed for MOTS. Consider a MOTS S
embedded in a spacelike hypersurface ¥ of a spacetime M. As embedded sub-
manifolds of >, MOTS are not minimal surfaces in general. Consequently, any
connection between stability and the second variation of area is lost. However,
the stability for minimal surfaces involves the sign of the variation dump (see
(2.2.9)), so it is appropriate to define stability of MOTS in terms of the sign of

first variations of 7.
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A formula for the first variation of " was derived by Newman in [90] for
arbitrary immersed spacelike submanifolds. The derivation was simplified by An-
dersson, Mars and Simon in [3].

Lemma 2.2.18 Consider a surface S embedded in a spacetime (M,g™"). Let
{ljr, li} be a future directed null basis in the normal bundle of S in M, partially
normalized to satisfy l+ul‘i = —2. Any variation vector U can be decomposed on
S as v =l + bf+ — %f_, where 7! is tangent to S and b and u are functions on

S. Then,

+
50T = —%l_%gzm + o007 — b (T a2l Ly, + Gl ML) — Agu

+254V5u + g (Rs — H? — Gl MY — 2s48™ +2V5s?) | (2.2.10)

where Rg denotes the scalar curvature of S, H* = H,H" and s, = —%Z_MVgAlJr“,
with {€4} being a local basis for T'S.

Expression (2.2.10) can be particularized when the variation is restricted to
3, i.e. when v = ¢ym for an arbitrary function . Writing Iy =+ as before,
we have U = %(ljr — li) and hence 7l = 0, b = %, u = 1. As a consequence of
Lemma 2.2.18 we have the following [3].

Definition 2.2.19 The stability operator L, for a MOTS S is defined by
1
Lith = 6pmft = —Agth + 25 V51 + <§R5 —Y —sa50 + vf,&) ¥, (2.2.11)
where

1
2

Y = 141140 L, + Gullin®. (2.2.12)

Remark. In terms of objects on ¥, a simple computation using l; =n+

O =

shows that s, = m'e’, K;.

If we consider a variation along ll, then (2.2.10) implies that, on a MOTS,

0

07 = —uW, (2.2.13)

where
W =TI AP0 L, + G T (2.2.14)

This is the well-known Raychaudhuri equation for a MOTS (see e.g. [109]).
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Note that W is non-negative provided the NEC holds and Y is non-negative
if the DEC holds (recall that 7 is timelike).

The operator L, is linear and elliptic which implies that it has a discrete
spectrum. However, due to the presence of a first order term, it is not formally self-
adjoint (see Appendix/B) in general. Nevertheless, it is still true (c.f. Lemma
in Appendix B)) that there exists an eigenvalue A\ with smallest real part. This

eigenvalue is called the principal eigenvalue and it has the following properties:
1. It is real.

2. Its eigenspace (the set of smooth real functions ¢ on S satisfying Lz = A))

is one-dimensional.

3. An eigenfunction ¢ of \ vanishes at one point p € S if and only if it vanishes

everywhere on S (i.e. the principal eigenfunctions do not change sign).

The stability of minimal surfaces could be rewritten in terms of the sign of the
principal eigenvalue of its stability operator. In [2], [3] the following definition of
stability of MOTS is put forward.

Definition 2.2.20 A MOTS S C ¥ is stable in X if the principal eigenvalue X
of the stability operator L is non-negative. S is strictly stable in X if A > 0.

For simplicity, since no confusion will arise, we will refer to stability in X
simply as stability.

For stable MOTS, there is no scalar quantity which is non-decreasing for
arbitrary variations, like the area for stable minimal surfaces. However, in the

minimal surface case, the formula
<G > A=< Lo, > =< ¢, Lp"p > e,

where ¢ is a principal eigenfunction of L™, implies that if there exists a positive
variation ¢m for which dymp > 0, then A > 0 and the minimal surface is stable.
A similar result can be proven for MOTS [3]:

Proposition 2.2.21 Let S C X be a MOTS. Then S is stable if and only if there
ezxists a function p > 0, ¥ # 0 on S such that dym0"T > 0. Furthermore, S is
strictly stable if and only if, in addition, d,m07 # 0.

Remark. For the case of past MOTS simply change 7 — —, ll — —li,
I — —l,, s4 — —s4 and 0% — —0~ in equations (2.2.11), (2.2.12), (2.2.13),
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(2.2.14) and, also, in Proposition 2.2.21. O

Thus, Proposition[2.2.21 tells us that a (resp. past) MOTS S is strictly stable
if and only if there exists an outer variation with strictly increasing (resp. de-
creasing) 01 (resp. 7). This suggests that the presence of surfaces with negative
Ot (resp. positive 67) outside S may be related with the stability property of S.

This can be made precise by introducing the following notion.

Definition 2.2.22 A (resp. past) MOTS S C ¥ is locally outermost if there
exists a two-sided neighbourhood of S on X whose exterior part does not contain

any (resp. past) weakly outer trapped surface.

The following proposition gives the relation between these concepts [2].
Proposition 2.2.23

1. A strictly stable MOTS (or past MOTS) is necessarily locally outermost.
2. A locally outermost MOTS (or past MOTS) is necessarily stable.

3. None of the converses is true in general.

2.2.3 The trapped region

In this section we will extend the notion of locally outermost to a global concept
and state a theorem by Andersson and Metzger [4] on the existence, uniqueness
and regularity of the outermost MOTS on a spacelike hypersurface . We will
also see that an analogous result holds for the outermost generalized apparent
horizon (Eichmair, ). Both results will play a fundamental role throughout
this thesis.

The result by Andersson and Metzger is local in the sense that it works for
any compact spacelike hypersurface > with boundary 0% as long as the boundary
0% splits in two disjoint non-empty components 0¥ = 9% U 97X, Neither of
these components is assumed to be connected a priori. Andersson and Metzger
deal with surfaces which are bounding with respect to the boundary 0+ which

plays the role of outer untrapped barrier. Both concepts are defined as follows.

Definition 2.2.24 Consider a spacelike hypersurface Y possibly with boundary.
A closed surface Sy, C X is a barrier with interior 2, if there exists a manifold
with boundary S, which is topologically closed and such that 0, = S, | JU(0%),,

where U(0X), is a union (possibly empty) of connected components of O%.
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Remark. For simplicity, when no confusion arises, we will often refer to a

barrier S, with interior €2, simply as a barrier Sj. [

The concept of a barrier will give us a criterion to define the exterior and the

interior of a special type of surfaces called bounding. More precisely,

Definition 2.2.25 Consider a spacelike hypersurface Y possibly with boundary
with a barrier S, with interior . A surface S C  \ S, is bounding with
respect to the barrier S, if there exists a compact manifold Q@ C € with
boundary such that 02 = S U Sy,. The set Q\ S will be called the exterior of S
in Qy and (2 \ Q) U S the interior of S in §2,.

Remark. Note that a surface S which is bounding with respect to a barrier
Sy is always disjoint to S, and that its exterior is always not empty. Again, for
simplicity and when no confusion arises, we will often refer to a surface which
is bounding with respect a barrier simply as a bounding surface. Notice that, in
the topology of €2, the exterior of a bounding surface S in 2, is topologically
open (because for every point p € 0€, there exists an open set U C €, such that
p € U), while its interior is topologically closed. For graphic examples of surfaces
which are bounding with respect to a barrier see figures 2.4 and [2.5! O

The concept of bounding surface allows for a meaningful definition of outer
null direction. For that, define the vector m as the unit vector normal to S in
> which points into the exterior of S in €,. For Sy, m will be taken to point
outside of €2,. Then, we will select the outer and the inner null vectors, 11 and

[_ as those null vectors orthogonal to S or S, which satisfy equations (2.2.6) and
(2.2.7), respectively.

Definition 2.2.26 Given two surfaces Sy and Sy which are bounding with respect
to a barrier Sy, we will say that S, encloses Sy if the exterior of Sy contains the

exterior of Si.

Definition 2.2.27 A (past) MOTS S C ¥ which is bounding with respect to a
barrier Sy is outermost if there is no other (past) weakly outer trapped surface

wn % which is bounding with respect to Sy and enclosing S.

Since bounding surfaces split €2, into an exterior and an interior region, it is
natural to consider the points inside a bounding weakly outer trapped surface S

as “trapped points”. The region containing trapped points is called weakly outer
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Figure 2.4: In this graphic example, the surface S, (in red) is a barrier with
interior €, (in grey). The surface S is bounding with respect to S, with ; (the
stripped area) being its exterior in €),. The surface Sy fails to be bounding with

respect to S, because its “exterior” would contain 0.

trapped region and will be essential for the formulation of the result by Andersson

and Metzger. More precisely,

Definition 2.2.28 Consider a spacelike hypersurface containing a barrier S,
with interior €. The weakly outer trapped region TV of €, is the union

of the interiors of all bounding weakly outer trapped surfaces in €.

Analogously,

Definition 2.2.29 The past weakly outer trapped region T~ of ), is the

union of the interiors of all bounding past weakly outer trapped surfaces in €y,.

The fundamental result by Andersson and Metzger, which will be an impor-

tant tool in this thesis, reads as follows.

Theorem 2.2.30 (Andersson, Metzger, 2009 [4]) Consider a  compact
spacelike hypersurface ¥ with boundary 0%. Assume that the boundary can be
split in two non-empty disjoint components 9% = §~% U 9t (neither of which
are necessarily connected) and take Ot as a barrier with interior 3. Suppose
that 0+[0~%] < 0 and 67[0TX] > 0 (with respect to the outer normals defined
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=1

oty

Figure 2.5: A manifold ¥ with boundary 0% = 0~ X U 9"X. The boundary 9%
is a barrier whose interior coincides with . The surface S; is bounding with
respect to 0%, while S, and S3 fail to be bounding. The figure also shows the

outer normal m as defined in the text.

above). Then the topological boundary O"PT+ of the weakly outer trapped region
of ¥ is a smooth MOTS which is bounding with respect to 7% and stable.

Remark. Since no bounding MOTS can penetrate into the exterior of 9*PT,
by definition, this theorem shows the existence, uniqueness and smoothness
of the outermost bounding MOTS in a compact hypersurface. Note also that
another consequence of this result is the fact that the set 7" is topologically

closed (because it is the interior of the bounding surface 9"PT+). O

The proof of this theorem uses the Gauss-Bonnet Theorem in several places
and, therefore, this result is valid only in (3+1) dimensions.

If we reverse the time orientation of the spacetime, an analogous result for the
topological boundary of the past weakly outer trapped region T~ follows. Indeed,
if the hypotheses on the sign of the outer null expansion of the components of
9% are replaced by 6~ [0~%] > 0 and #~[07%] < 0 then the conclusion is that
d'PT~ is a smooth past MOTS which is bounding with respect to d*% and stable.

As we mentioned before, a similar result for the existence of the outermost
generalized apparent horizon also exists. It has been recently obtained by Eich-
mair [51].

Theorem 2.2.31 (Eichmair, 2009 [51]) Let (3,9,K) be a compact n-
dimensional spacelike hypersurface in an (n+1)-dimensional spacetime, with 3 <
n < 7 and boundary 0. Assume that the boundary can be split in two non-empty

disjoint components 9% = 9~ X UHTY (neither of which are necessarily connected)
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and take Y as a barrier with interior ¥. Suppose that the inner boundary o
is a generalized trapped surface, and the outer boundary satisfies p > |q| with
respect to the outer normals defined above.

Then there exists a unique C** (i.e. belonging to the Holder space C*°, with
0 < a <1, see AppendixB) generalized apparent horizon S which is bounding
with respect to OTY and outermost (i.e. there is no other bounding generalized
trapped surface in 3 enclosing S). Moreover, S has smaller area than any other

surface enclosing it.

The proof of this result does not use the Gauss-Bonnet theorem or any other
specific property of 3-dimensional spaces, so it not restricted to (3+1) dimensions.
However, it is based on regularity of minimal surfaces, which implies that the di-
mension of ¥ must be at most seven (in higher dimensions minimal hypersurfaces
need not be regular everywhere, see e.g. [57]).

The area minimizing property of the outermost bounding generalized appar-
ent horizon makes this type of surfaces potentially interesting for the Penrose

inequality, as we will discuss in the next section.

2.3 The Penrose inequality

The Penrose inequality involves the concept of the total ADM mass of a spacetime,
so we start with a brief discussion about mass in General Relativity.

The notion of energy in General Relativity is not as clear as in other physical
theories. The energy-momentum tensor 7}, represents the matter contents of a
spacetime and therefore should contribute to the total energy of a spacetime.
However, the gravitational field, represented by the metric tensor ¢¥, must also
contribute to the total energy of the spacetime. In agreement with the Newtonian
limit, a suitable gravitational energy density should be an expression quadratic
in the first derivatives of the metric ¢¥. However, since at any point we can
make the metric to be Minkowskian and the Christoffel symbols to vanish, there
is no non-trivial scalar object constructed from the metric and its first derivatives
alone. Therefore, a natural notion of energy density in General Relativity does not
exist. The same problem is also found in any other geometric theory of gravity.
Nevertheless, there does exist a useful notion of the total energy in the so-called
asymptotically flat spacetimes.

The term asymptotic flatness was introduced in General Relativity to express

the idea of a spacetime corresponding to an isolated system. It involves restric-
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tions on the spacetime “far away” form the sources. There are several notions of
asymptotic flatness according to the type of infinity considered (see e.g. Chapter
11.1 of [109]), namely limits along null directions (null infinity) or limits along
spacelike directions (spacelike infinity). The idea is to define the mass as inte-
grals in the asymptotic region where the gravitational field is sufficiently weak
so that integrals become meaningful (i.e. independent of the coordinate system).
According to the type of infinity considered there are two different concepts:
the Bondi energy-momentum where the integral is taken at null infinity and the
ADM energy-momentum where the integral is taken at spatial infinity. Both are
vectors in a suitable four dimensional vector space and transform as a Lorentz
vector under suitable transformations. Moreover, the Lorentz length of this vector
is either a conserved quantity upon evolution (ADM) or monotonically decreas-
ing in advanced time (Bondi). An interesting and more precise discussion about
the definitions of both Bondi and ADM energy-momentum tensors can be found
in Chapter 11.2 of [109]. Because of its relation with the Penrose inequality we
are specially interested in the ADM energy-momentum. To make these concepts

precise we need to define first asymptotic flatness for spacelike hypersurfaces.

Definition 2.3.1 An asymptotically flat end of a spacelike hypersurface
(3,9, K) is a subset X3° C X which is diffeomorphic to R*\ Br, where Bg is
an open ball of radius R. Moreover, in the Cartesian coordinates {x'} induced by
the diffeomorphism, the following decay holds

gij — 0i; = 0P (1/r), K =0®(1/r?), (2.3.1)

where 1 = |z| = /2’27 ;5.
Here, a function f(z%) is said to be O®(r"), k € NuU {0} if f(2') = O(r"),

9;f(z") = O(r"~1) and so on for all derivatives up to and including the k-th ones.

Definition 2.3.2 A spacelike hypersurface (X, g, K), possibly with boundary, is
asymptotically flat if ¥ = KU X, where K is a compact set and ¥>° = UX°

s a finite union of asymptotically flat ends 35°.

Definition 2.3.3 Consider a spacelike hypersurface (X, g, K) with a selected
asymptotically flat end X5°. Then, the ADM energy-momentum P 5, associated

with X3 s defined as the spacetime vector with components
3

1 .
Papro = Lapu = lzm—Z/ (959ij — 0igj;) dS", (2.3.2)
Sr

r—o0 1077 4
Jj=1

1 ‘
Piprri = Dapar; = lzm—/ (K — gijtrK) dS?, (2.3.3)

r—00 87T

T
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where {x'} are the Cartesian coordinates induced by the diffeomorphism which
defines the asymptotically flat end, S, is the surface at constant r and dS* = m'dS
with m being the outward unit normal and dS the area element.

The quantity E,p, is called the ADM energy while papy the ADM spatial

momentum.

Definition 2.3.4 The ADM mass is defined as

MADM - \/EiDM - 6”PAD]\/11'PAD]M]'-

A priori, these definitions depend on the choice of the coordinates {z*}. How-
ever, the decay in g and K at infinity implies that P,,,, is indeed a geometric
quantity provided Gfﬁ,) n#* decays as 1/r* at infinity [5]. The notion of ADM mass
is in fact independent of the coordinates as long as the decay (2.3.1) is replaced
by

gij — 0ij = O (1/r*), Kij = OW(1/rHe), (2.3.4)

with o > 1 [8].

A fundamental property of the ADM energy-momentum is its causal charac-
ter. The Positive Mass Theorem (PMT) of Schoen and Yau [102] (also proven by
Witten [111] using spinors) establishes that the ADM energy is non-negative and
the ADM mass is real (c.f. Section 8.2 of [107] for further details). More precisely,

Theorem 2.3.5 (Positive mass theorem (PMT), Schoen, Yau, 1981)

Consider an asymptotically flat spacelike hypersurface (3, g, K) without boundary
satisfying the DEC. Then the total ADM energy-momentum Poow is a future
directed causal vector. Furthermore, Pipw =0 if and only if (3,9, K) is a slice

of the Minkowski spacetime.

The global conditions required for the PMT were relaxed in [9] where 3 was
allowed to be complete and contain an asymptotically flat end instead of being
necessarily asymptotically flat (see Theorem below). The PMT has also
been extended to other situations of interest. Firstly, it holds for spacelike hy-
persurfaces admitting corners on a surface, provided the mean curvatures of the
surface from one side and the other satisfy the right inequality [85]. It has also
been proved for spacelike hypersurfaces with boundary provided this boundary
is composed by either future or past weakly outer trapped surfaces [55]. Since
future weakly outer trapped surfaces are intimately related with the existence of

black holes (as we have already pointed out above), this type of PMT is usually
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referred to as PMT for black holes. Having introduced these notions we can now
describe the Penrose inequality.

During the seventies, Penrose [95] conjectured that the total ADM mass of a
spacetime containing a black hole that settles down to a stationary state must

satisfy the inequality

M,pny > @, (2.3.5)

167

where || is the area of the event horizon at one instant of time. Moreover, equal-
ity happens if and only if the spacetime is the Schwarzschild spacetime. The plau-
sibility argument by Penrose goes as follows [95]. Assume a spacetime (M, g)
which is globally well-behaved in the sense of being strongly asymptotically pre-
dictable and admitting a complete future null infinity #* (see [109] for defini-
tions). Suppose that M contains a non-empty black hole region. The black hole
event horizon Hp is a null hypersurface at least Lipschitz continuous. Next, con-
sider a spacelike Cauchy hypersurface ¥ C M (see e.g. Chapter 8 of [109] for the
definition of a Cauchy hypersurface) with ADM mass M ,p,,. Clearly Hp and ¥ in-
tersect in a two-dimensional Lipschitz manifold. This represents the event horizon
at one instant of time. Let us denote by .7 this intersection and by || its area
(the manifold is almost everywhere C'! so the area makes sense). Consider now any
other cut J# lying in the causal future of 7. The black hole area theorem [61],
62], [42] states that |.771| > |.7Z| provided the NEC holds. Physically, it is reason-
able to expect that the spacetime settles down to some vacuum equilibrium config-
uration (if an electromagnetic field is present, the conclusions would be essentially
the same). Then, the uniqueness theorems for stationary black holes (which hold
under suitable assumptions [41], [48]) imply that the spacetime must approach

the Kerr spacetime. In the Kerr spacetime the area of any cut of the event horizon
%Kerr takes the value |%Kerr| - 87TMK€T7‘ <MKerr + \/MKSTTQ + L%(QM«/MKerrz)

where Mge,.. and L., are respectively the total mass and the total angular

momentum of the Kerr spacetime (the angular momentum can be defined also
as a suitable integral at infinity). This means that M., is the asymptotic value
of the Bondi mass along the future null infinite .#*. Assuming that the Bondi
mass tends to the M,,,, of the initial slice, inequality (2.3.5) follows because the
Bondi mass cannot increase along the evolution. Moreover, equality holds if and
only if ¥ is a slice of the Kruskal extension of the Schwarzschild spacetime.

It is important to remark than inequality (2.3.5) is global in the sense that,
in order to locate the cut 7, it is necessary to know the global structure of

the spacetime. Penrose proposed to estimate the area || from below in terms
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of the area of certain surfaces which can be defined independently of the future
evolution of the spacetime. The validity of these estimates relies on the validity of
the cosmic censorship. These types of inequalities are collectively called Penrose
inequalities and they are interesting for several reasons. First of all, they would
provide a strengthening of the PMT. Moreover, they would also give indirect
support to the validity of cosmic censorship, which is a basic ingredient in their
derivation.

There are several versions of the Penrose inequality. Typically one considers
closed surfaces S embedded in a spacelike hypersurface with a selected asymp-
totically flat end X§° which are bounding with respect to a suitable large sphere
in 36°. This leads to the following definition:

Definition 2.3.6 Consider a spacelike hypersurface (X, g, K) possibly with
boundary with a selected asymptotically flat end X3°. Take a sphere S, C X§°
with r = ro = const large enough so that the spheres with r > ro are outer un-
trapped with respect to the direction pointing into the asymptotic region in X5°. Let
O, =X\ {r > ro}, which is obviously topologically closed and satisfies S, C 0.
Then Sy is a barrier with interior Q. A surface S C X will be called bounding
if it is bounding with respect to Sy.

Remark 1. It is well-known that on an asymptotically flat end X, the
surfaces at constant r are, for large enough r, outer untrapped. Essentially, this
definition establishes a specific form of selecting the barrier in hypersurfaces

containing a selected asymptotically flat end. [

Remark 2. Obviously, the definitions of exterior and interior of a bounding
surface (Definition 2.2.25), enclosing (Definition 2.2.26), outermost (Definition
2.2.27) and T* (Definitions[2.2.28 and [2.2.29), given in the previous section, are

applicable in the asymptotically flat setting. Moreover, since rg can be taken as

large as desired, the specific choice of .S, and (2, is not relevant for the definition
of bounding (once the asymptotically flat end has been selected). Because of
that, when considering asymptotically flat ends, we will refer to the exterior of
S in , as the exterior of S in X. O

The standard version of the Penrose inequality reads

Appin (0PT)

MADM 2 167T )

(2.3.6)
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Figure 2.6: The hypersurface X possesses an asymptotically flat end X5° but also
other types of ends and boundaries. The surface S;, which represents a large
sphere in ¥5° and is outer untrapped, is a barrier with interior €, (in grey). The
surface Sy is bounding with respect to Sy (c.f. Definition [2.2.25) and therefore is
bounding. The surface S, fails to be bounding (c.f. Figure [2.4).

where A,,;,,(0"PT*) is the minimal area necessary to enclose 9'?T*. This in-
equality (2.3.6) is a consequence of the heuristic argument outlined before be-
cause (under cosmic censorship) 7 encloses "PT+ The minimal area enclosure

of 9"PT* needs to be taken because 7 could still have less area than 9PT+

[67).

By reversing the time orientation, the same argument yields (2.3.6) with
OPT+ replaced by 0'PT~. In general, neither 9?7+ encloses 9'°PT~ nor vice
versa. In the case that K;; = 0, these inequalities simplify because T = T~
and 0'"PT™" is the outermost minimal surface (i.e. a minimal surface enclosing
any other bounding minimal surface in ¥) and, hence, its own minimal area en-
closure. The inequality in this case is called Riemannian Penrose inequality and
it has been proven for connected 9"PT™" in [68] and in the general case in [18]
using a different method. In the non-time-symmetric case, (2.3.6) is not invariant
under time reversals. Moreover, the minimal area enclosure of a given surface S
can be a rather complicated object typically consisting of portions of S together
with portions of minimal surfaces outside of S. This complicates the problem
substantially. This has led several authors to propose simpler looking versions of

the inequality, even if they are not directly supported by cosmic censorship. Two
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of such extensions are

Apin(Otp(T+H U T— oter(T+UT—
MADJVI 2 \/ ( 1(6 ))7 MAD]M Z \/| ( )|7 (237)
™ 167

(see e.g. [73]). These inequalities are immediately stronger than (2.3.6) and have
the advantage of being invariant under time reversals. The second inequality
avoids even the use of minimal area enclosures. Neither version is supported by
cosmic censorship and at present there is little evidence for their validity. However,
both reduce to the standard version in the Riemannian case and both hold in
spherical symmetry. No counterexamples are known either. It would be interesting
to have either stronger support for them, or else to find a counterexample.

Recently, Bray and Khuri proposed [19] a new method to approach the gen-
eral (i.e. non time-symmetric) Penrose inequality. The basic idea was to modify
the Jang equation [72], so that the product manifold ¥ x R used to con-
struct the graphs which define the Jang equation is endowed with a warped type
metric of the form —@?dt? + g instead of the product metric. Their aim was to
reduce the general Penrose inequality to the Riemannian Penrose inequality on
the graph manifold. A discussion on the type of divergences that could possi-
bly occur for the generalized Jang equation led the authors to consider a new
type of trapped surfaces which they called generalized trapped surfaces and
generalized apparent horizons (defined in Section [2.2.1). This type of sur-
faces have very interesting properties. The most notable one is given by Theorem
[51] which guarantees the existence, uniqueness and C?“-regularity of the
outermost generalized apparent horizon S,,;. The Penrose inequality proposed by
these authors reads

| Sout]

Mapn > Tor (2.3.8)

with equality only if the spacetime is Schwarzschild. This inequality has several
remarkable properties that makes it very appealing [19]. First of all, the definition
of generalized apparent horizon, and hence the corresponding Penrose inequality,
is insensitive to time reversals. Moreover, there is no need of taking the minimal
area enclosure of S,,, as this surface has less area than any of its enclosures (c.f.
Theorem [2.2.31). Since MOTS are automatically generalized trapped surfaces,
Sout encloses the outermost MOTS 9'PT*. Thus, (2.3.8) is stronger than (2.3.6)
and its proof would also establish the standard version of the Penrose inequality.
Moreover, Khuri has proven [74] that no generalized trapped surfaces exist in
Minkowski, which is a necessary condition for the validity of (2.3.8). Another
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interesting property of this version, and one of its motivations discussed in [19],
is that the equality case in (2.3.8)) covers a larger number of slices of Kruskal than
the equality case in (2.3.6). Recall that the rigidity statement of any version of the
Penrose inequality asserts that equality implies that (X, g, K) is a hypersurface
of Kruskal. However, which slices of Kruskal satisfy the equality case may depend
on the version under consideration. The more slices having this property, the
more accurate the version can be considered. For any slice ¥ of Kruskal we can
define ¥ as the intersection of ¥ with the domain of outer communications.
Bray and Khuri noticed that whenever 9’3" intersects both the black hole and
the white hole event horizons, then the standard version (2.3.6) gives, in fact, a
strict inequality. Although (2.3.8) does not give equality for all slices of Kruskal,
it does so in all cases where the boundary of ¥ is a €% surface (provided this
boundary is the outermost generalized apparent horizon). It follows that version
(2.3.8) contains more cases of equality than (2.3.6) and is therefore more accurate.
It should be stressed that the second inequality in (2.3.7) gives equality for all
slices of Kruskal, so in this sense it would be optimal.

Despite its appealing properties, (2.3.8) is not directly supported by cosmic
censorship. The reason is that the outermost generalized apparent horizon need
not always lie inside the event horizon. A simple example is given by a slice
¥ of Kruskal such that 9"PT" (which corresponds to the intersection of ¥ with
the black hole event horizon) and 9?7~ (the intersection ¥ with the white hole
horizon) meet transversally. Since both surfaces are generalized trapped surfaces,
Theorem [2.2.31 implies that there must exist a unique C*% outermost generalized
apparent horizon enclosing both. This surface must therefore penetrate into the
exterior region Xt somewhere, as claimed. We will return to the issue of the
Penrose inequality in Chapter [6, where we will find a counterexample of (2.3.8)
precisely by studying the outermost generalized apparent horizon in this type of
slices in the Kruskal spacetime. For further information about the present status

of the Penrose inequality, see [78].

2.4 Uniqueness of Black Holes

According to cosmic censorship, any gravitational collapse that settles down to a
stationary state should approach a stationary black hole. The black hole unique-
ness theorems aim to classify all the stationary black hole solutions of Einstein
equations. In this section we will first summarize briefly the status of stationary

black hole uniqueness theorems. We will also describe in some detail a powerful
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method (the so-called doubling method of Bunting and Masood-ul-Alam) to prove

uniqueness for static black holes which will be essential in Chapter

In the late sixties and early seventies the properties of equilibrium states of
black holes were extensively studied by many theoretical physicists interested in
the gravitational collapse process. The first uniqueness theorem for black holes
was found by W. Israel in 1967 [69], who found the very surprising result that a
static, topologically spherical vacuum black hole is described by the Schwarzschild
solution. In the following years, several works ([87], [98], [22]) established that the
Schwarzschild solution indeed exhausts the class of static vacuum black holes with
non-degenerate horizons. The method of the proofs in [69], [87], [98] consisted in
constructing two integral identities which were used to investigate the geometric
properties of the level surfaces of the norm of the static Killing. This method
proved uniqueness under the assumption of connectedness and non-degeneracy
of the event horizon. The hypothesis on the connectedness of the horizon was
dropped by Bunting and Masood-ul-Alam [22] who devised a new method based
on finding a suitable conformal rescalling which allowed using the rigidity part of
the PMT to conclude uniqueness. This method, known as the doubling method is,
still nowadays, the most powerful method to prove uniqueness of black holes in
the static case. Finally, the hypothesis on the non-degeneracy of the event horizon
was dropped by Chrusciel [38] in 1999 who applied the doubling method across
the non-degenerate components and applied the PMT for complete manifolds
with one asymptotically flat end (Theorem [2.4.12 below) to conclude uniqueness
(the Bunting and Masood-ul-Alam conformal rescalling transforms the degenerate
components into cylindrical ends). The developments in the uniqueness of static
electro-vacuum black holes go in parallel to the developments in the vacuum case.
Some remarkable works which played an important role in the general proof of
the uniqueness of static electro-vacuum black holes are [70], [88], [106], [100],
182], [39], [44]. Uniqueness of static black holes using the doubling method has
also been proved for other matter models, as for instance the Einstein-Maxwell-

dilaton model [83], [81].

During the late sixties, uniqueness of stationary black holes also started to
take shape. In fact, the works of Israel, Hawking, Carter and Robinson, between
1967 and 1975, gave an almost complete proof that the Kerr black hole was the
only possible stationary vacuum black hole. The first step was given by Hawking
(see [63]) who proved that the intersection of the event horizon with a Cauchy
hypersurface has S*-topology. The next step, also due to Hawking [63] was the
demonstration of the so-called Hawking Rigidity Theorem, which states that a
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stationary black hole must be static or axisymmetric. Finally, the work of Carter
[32] and Robinson [97] succeeded in proving that the Kerr solutions are the only
possible stationary axisymmetric black holes. Nevertheless, due to the fact that
the Hawking Rigidity Theorem requires analyticity of all objects involved, unique-
ness was proven only for analytic spacetimes. The recent work [41] by Chrusciel
and Lopes Costa has contributed substantially to reduce the hypotheses and to
fill several gaps present in the previous arguments. Similarly, uniqueness of sta-
tionary electro-vacuum black holes has been proven for analytic spacetimes. Some
remarkable works for the stationary electro-vacuum case are [33], [84] and, more
recently, [48], where weaker hypotheses are assumed for the proof. Uniqueness
of stationary and axisymmetric black holes has also been proven for non-linear
o-models in [21]. The Hawking Rigidity Theorem has not been generalized to non-
linear o-models and, hence, axisymmetry is required in this case. It is also worth
to remark that, in the case of matter models modeled with Yang-Mills fields,
uniqueness of stationary black holes is not true in general and counterexamples
exist [10].

In this thesis we will be interested in uniqueness theorems for static quasi-local
black holes and, particularly, in the doubling method of Bunting and Masood-
ul-Alam. In the remainder of this chapter, we will describe this method in some
detail by giving a sketch of the proof of the uniqueness theorem for static electro-

vacuum black holes.

2.4.1 Example: Uniqueness for electro-vacuum static
black holes

Let us start with some definitions. An electro-vacuum solution of the Einstein
field equations is a triad (M, g™, F), where F is the source-free electromagnetic

tensor, i.e. a 2-form satisfying the Maxwell equations which no sources, i.e.

VHE,, =0,
VieFuw =0,

and (M, g®) is the spacetime satisfying the Einstein equations with energy-

momentum tensor

1 (e} 1 «
T = 1= <FWF,, = FopF ﬁgfj})> .

We call a stationary electro-vacuum spacetime an electro-vacuum spacetime

admitting a stationary Killing vector field {, satisfying EEF w = 0. Let us define
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the electric and magnetic fields with respect to E as

E,u = - ;wgy:
Bu = (*F>W§V7

respectively. Here, xF denotes the Hodge dual of F defined as

L @ e
(*F)NVzﬁn,ul/aﬂF ﬁ

From the Maxwell equations and EgF w = 0 it follows easily that dE = 0 and
dB = 0 which implies that, at least locally, there exist two functions ¢ and 1,
called the electric and magnetic potentials, so that E = —d¢ and B = —d1,

respectively. These potentials are defined up to an additive constant and they

—

satisfy £(¢) = £(v) = 0.

Definition 2.4.1 A stationary electro-vacuum spacetime (M, g™ F) with
Killing field 52’3 said to be purely electric with respect to gz’f and only if B = 0.

For simplicity, we will restrict ourselves to the purely electric case. In fact, the
general case can be reduced to the purely electric case by a transformation called
duality rotation [64].

In the static case there exists an important simplification which allows to
reduce the formulation of the uniqueness theorem for black holes in terms of
conditions on a spacelike hypersurface instead of conditions on the spacetime.
The fact is that, under suitable circumstances, the presence of an event horizon
in a static spacetime implies the existence of an asymptotically flat hypersurface
with compact topological boundary such that the static Killing field is causal
everywhere and null precisely on the boundary. Then, the uniqueness theorem

for static electro-vacuum black holes can be stated simply as follows.

Theorem 2.4.2 (Chrusciel, Tod, 2006 [44]) Let (M, g9, F) be a static so-
lution of the Finstein-Maxwell equations. Suppose that M contains a simply con-
nected asymptotically flat hypersurface X with non-empty topological boundary
such that X is the union of an asymptotically flat end and a compact set, such
that:

e The topological boundary O'°PY is a compact, 2-dimensional embedded topo-

logical submanifold.

e The static Killing vector field is causal on 3 and null only on 0"°PX.
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Then, after performing a duality rotation of the electromagnetic field if necessary:

o If 9PY is connected, then X is diffeomorphic to R® minus a ball. Moreover,
there exists a neighbourhood of 2 in M which is isometrically diffeomorphic

to an open subset of the Reissner-Nordstrom spacetime.

o If 0'PY is not connected, then ¥ is diffeomorphic to R® minus a finite
union of disjoint balls and there exists a neighborhood of ¥ in M which is
isometrically diffeomorphic to an open subset of the standard Majumdar-

Papapetrou spacetime.

Remark. The standard Majumdar-Papapetrou spacetime is the manifold
(R3\ 'lei) x R endowed with the metric ds? = %52 + u?(da® + dy? + dz?),
where u = 1+ with ¢; being a constant and r; the Euclidean distance to p;. [J

i=1"

In what follows we will give a sketch of the proof of the Theorem Firstly,
we need some results concerning the boundary of the set {p € M : Al, > 0}, where

= —¢,£", i.e. minus the squared norm of the stationary Killing field 5

Let us start with some definitions.

Definition 2.4.3 Let (M, g") be a spacetime with a Killing vector 5 A Killing
prehorizon H; ofg is a null, 3-dimensional submanifold (not necessarily em-
bedded), at least C*, such that 5 is tangent to Hg, null and different from zero.

Definition 2.4.4 A Killing horizon is an embedded Killing prehorizon.

Next, let us introduce a quantity x defined on a Killing prehorizon in any
stationary spacetime. Clearly, on a Killing prehorizon Hg we have \ = 0. It
implies that V,A\ is normal to Hg. Now, since E is null and tangent to Hg, it is
also normal to Hg. Since, moreover é’ ‘H~ is nowhere zero, it follows that there

€
exists a function k such that
VA = 2KE,. (2.4.1)
r is called the surface gravity on Hg. The following result states the constancy

of k on a Killing prehorizon in a static spacetime.

Lemma 2.4.5 (Racz, Wald, 1996 [96]) Let H; be a Killing prehorizon for an
integrable Killing vector 5 Then K is constant on each arc-connected component

of He.
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Remark. This lemma also holds in stationary spacetimes provided the DEC
holds. Its proof can be found in Chapter 12 of [109]. 0

This lemma allows to classify Killing prehorizons in static spacetimes in two

types with very different behavior.

Definition 2.4.6 An arc-connected Killing prehorizon Hg 1s called degenerate

when k = 0 and non-degenerate when r # 0.

Since VA # 0 on a non-degenerate Killing prehorizon, the set {\ = 0} defines
an embedded submanifold (c.f. [40]).

Lemma 2.4.7 Non-degenerate Killing prehorizons are Killing horizons.

The next lemma guarantees the existence of a Killing prehorizon in a static
spacetime. This lemma will be used several times along this thesis. For com-

pleteness, we find it appropriate to include its proof (we essentially follow [38]).

Lemma 2.4.8 (Vishveshwara, 1968 [108], Carter, 1969 [31]) Let
(M,g") be a static spacetime with Killing vector é’ Then the set
Ne = 0P{A > 0} N {€ # 0Y, if non-empty, is a smooth Killing prehori-

Z0M.

Proof. Consider a point p € ./\/'5 Due to the Frobenius’s theorem (see e.g.
[76]), staticity implies that there exists a neighbourhood V, C M of p, with
E }Vo # 0, which (for V, small enough) is foliated by a family of smooth embedded
submanifolds ¥; of codimension one and orthogonal to £. In particular, p € X,
where >, denotes a leaf of this foliation.

Now consider the leaves X, of the ¥, foliation such that X, N {\ # 0} # 0.
The staticity condition (2.1.3) implies

VA = AV,
which on Vo N {\ # 0} reads
§uVu(In[Al) = V&, (2.4.2)

Let W and Z be smooth vector fields on V, such that W satisfies EWH =1 and
Z is tangent to the leaves ;. At points of ¥, on which A # 0, the contraction of
equation (2.4.2) with Z*W" gives

78V, (In|A) = 22 WV 6.
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The right-hand side of this equation is uniformly bounded on ., which implies
that In |A| is uniformly bounded on ¥,N{\ # 0}. This is only possible if ¥,N{\ =
0} = 0. Consequently, A is either positive, or negative, or zero in each leaf of the
foliation ;. In particular, it implies that {\ = 0} NV} is a union of leaves of the

>, foliation.

It only remains to prove that each arc-connected component of 9“P{\ > 0}NV,
coincides with one of these leaves. For that, take coordinates {z,z} in V, in
such a way that the coordinate z characterizes the leaves of the foliation 2, and
p = (2 = 0,2 = 0) (this is possible because each leaf of ¥; is an embedded
submanifold of Vy). Note that the leaf ¥y > p is then defined by {z = 0}. In
this setting, we just need to prove that {z = 0} coincides with an arc-connected
component of 9P{\ > 0} N V,. Due to the fact that p € 9"P{\ > 0} N,
there exists a sequence of points p;, € Vy with A > 0 which converge to p
and have coordinates (z(p;),z4(p;)). Since the coordinate z characterizes the
leaves and A is either positive, or negative, or zero in each leaf, it follows
that the sequence of points p; with coordinates (z(p;),0) also has A > 0 and
tends to p. By the same reason, given any point q € {z = 0} with coordinates
(0, z3), the sequence of points q; = (2(p;), z3) tends to q and lies in {\ > 0}.
Therefore, {z = 0} is composed precisely by the points of the arc-connected
component of 9P{\ > 0} NV, which contains p. This implies that every
arc-connected component of 9"P{\ > 0} N Vy coincides with a leaf ¥; where
A =0 (and 5 # 0). Finally, this local argument can be extended to the whole set
./\/gsimply by taking a covering of ./\/5 by suitable open neighbourhoods Vs C M. B

Remark. Although each arc-connected component of 9'P{\ > 0} N V; is an
embedded submanifold of Vg C M, the whole set /\@ may fail to be embedded
in M (see Figure 2.7). Thus, a priori, degenerate Killing prehorizons may fail
to be embedded. As mentioned before, this possibility has been overlooked
in the literature until recently [40]. The occurrence of non-embedded Killing
prehorizons poses serious difficulties for the uniqueness proofs. One way to
deal with these objects is to make hypotheses that simply exclude them. In
Proposition 2.4.11 below, the hypothesis that 9'PY is a compact and embedded
topological manifold is made precisely for this purpose. Another possibility is to
prove that these prehorizons do not exist. At present, this is only known under
strong global hypotheses on the spacetime (c.f. Definition 2.4.14 below). It is an
interesting open problem to either find an example of a non-embedded Killing

prehorizon or else to prove that they do not exist. O
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7

Figure 2.7: The figure illustrates a situation where Nz = 9"?{\ > 0} N (€40}
fails to be embedded. In this figure, the Killing vector is nowhere zero, causal ev-
erywhere and null precisely on the plotted line. Here, ./\/'5 has three arc-connected
components: two spherical and one with spiral form. The fact that the spiral
component accumulates around the spheres implies that the whole set /\/5 is not
embedded. Moreover, the spiral arc-connected component, which is itself embed-

ded, is not compact.

The hypotheses of Theorem [2.4.2 require the existence of a hypersurface 3
with topological boundary such that A > 0 everywhere and A = 0 precisely on
9'PY. 1t is clear then that 0°PY C 0"PU, where U = {p € M : A|, > 0}, but,
in general, 9’ will not lie in a Killing prehorizon because it can still happen
that E = 0 on a subset of 9'"?U. However, the set of points where 5 = 0 cannot

be very “large” as the next result guarantees.

Theorem 2.4.9 (Boyer, 1969 [16], Chrusciel, 1999 [38]) Consider a static
spacetime (M, g™) with Killing vector £ Letp € J"P{\ > 0} be a fized point
(i.e. €|p =0). Then p belongs to a connected, spacelike, smooth, totally geodesic,
2-dimensional surface Sy which is composed by fized points. Furthermore, Sy lies

in the closure of a non-degenerate Killing horizon He

Therefore, using Lemma(2.4.8 and Theorem|[2.4.9] we can assert that 9"P{\ >
0} belongs to the closure of a Killing prehorizon.

The manifold int(X) admits, besides the induced metric, a second metric h
called orbit space metric which is a key object in the uniqueness proof. Let us

first define the projector orthogonal to E
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Definition 2.4.10 On the open set U = {\ > 0} C M, the projector orthog-
onal to E, denoted by h,,, is defined as

B = g% + % (2.4.3)

L
This tensor has the following properties:
o [t is symmetric, i.e. hy, = hy,.

e [t has rank 3.

o [t satisfies hy,§* =0

On U we can also define the function V' = 4++/A. The hypersurface int(X) is
fully contained in U. Let ® : int(X) — U C M denote the embedding of int(X)
in U, then the pull-back of the projector ®*(h) is a Riemannian metric on 3. We
will denote by the same symbols A, V' and ¢ both the objects in U C M and their
corresponding pull-backs in int(32).

The Einstein-Maxwell field equations for a purely electric stationary electro-

vacuum spacetime are equivalent to the following equations on int(X) see e.g.

[65].

VAL = D,VD'o, (2.4.4)
VAL = D;¢pDi¢, (2.4.5)
VR;;(h) = D@-DjV+%(DmD’“gbhij—zDingj(p), (2.4.6)

where D and R;;(h) are the covariant derivative and the Ricci tensor of the
Riemannian metric h, respectively. Indices are raised and lowered with h;; and
its inverse h'.

In the asymptotically flat end X3° of int(3), the Einstein equations on int(3)
and (2.3.1) that V' and ¢ decay as

Q

—+ 0D (1/r?), (2.4.7)

M
V=1-="24000r), ¢ =

where () is a constant (called the electric charge associated with 33°), and
M 45y, is the corresponding ADM mass.

A crucial step for the uniqueness proof is to understand the behavior of the
Riemannian metric h near the boundary 9"PY. This is the aim of the following

proposition.
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Proposition 2.4.11 (Chrusciel, 1999 [38]) Let ¥ be a spacelike hypersurface
in a static spacetime (M, g") with Killing vector 5 Suppose that A > 0 on X
with A\ = 0 precisely on its topological boundary 0'°PY which is assumed to be a

compact, 2-dimensional and embedded topological manifold. Then

1. Every connected component (0'°PY); which intersects a C? degenerate
Killing horizon corresponds to a complete cylindrical asymptotic end of
(2, h).

2. (X, h) admits a differentiable structure such that every connected component
(0™PY),, of 0"PX which intersects a non-degenerate Killing horizon is a
totally geodesic boundary of (3, h) with h being smooth up to and including
the boundary.

This proposition shows that the Riemannian manifold (X \ g(@t"pZ)d,h) is
the union of asymptotically flat ends, complete cylindrical asymptotic ends and
compact sets with totally geodesic boundaries. Let us define ¥ = % \ L&J(atOPE)d.

Now we are ready to explain the doubling method itself. Recall that the final
aim is to show that the spacetime is either Reissner-Nordstrom or Majumdar-
Papapetrou. Both have the property that (i,h) is conformally flat (i.e. there
exists a positive function €2, called the conformal factor, such that the metric Q?h
is the flat metric). Moreover, conformal flatness together with sufficient informa-
tion on the conformal factor would imply, via the Einstein field equations, that
the spacetime is in fact Reissner-Nordstrom or Majumdar-Papapetrou.

A powerful method to prove that a given metric is flat is by using the rigidity
part of the PMT. Unfortunately Theorem [2.3.5 cannot be applied directly to
(f], h) because, first, S is a manifold with boundary, and second, (i, h) has in
general cylindrical asymptotic ends and therefore it is not asymptotically flat.

The presence of boundaries was dealt with by Bunting and Masood-ul-Alam
who invented a method which constructs a new manifold without boundary to
which the PMT can be applied.

To simplify the presentation, let us assume for a moment that (f],h) has
no cylindrical ends, so this manifold is the union of asymptotically ends and a
compact interior with totally geodesic boundaries (by Proposition[2.4.11). Next,
find two conformal factors €2, > 0 and €2_ > 0 such that

o hy = Q2% his asymptotically flat, has vanishing mass and R(h,) > 0, where

R(hy) is the scalar curvature of h..
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e h_ = Q%*h admits a one point (let us denote it by T) compactification of
the asymptotically flat infinity, and R(h_) > 0.

Then the idea is to glue the manifolds (3, k) and (X U Y, h_) across the
boundaries to produce a complete, asymptotically flat manifold (f], iz) with no
boundaries, vanishing mass and non-negative scalar curvature R > 0. In order to
glue the two manifolds with sufficient differentiability, the following two conditions

are required:

o Oilos = Q |y,

o M2 )|ps = — m(Q)|ps-

where 77} is the unit normal pointing to the interior ¥ in each of the copies.

T

Figure 2.8: The doubled manifold (3, h) resulting from gluing (3, k) and (X U
T,h).

Theorem [2.3.5 can be applied to (2, fz) to conclude that this space is in fact
Euclidean.

When the spacetime also has degenerate horizons the doubling method across
non-degenerate components can still be done. The resulting manifold however is
no longer asymptotically flat since it contains asymptotically cylindrical ends,
so Theorem 2.3.5 cannot be applied directly. Fortunately, there exists a suitable
generalization of the PMT that covers this case. The precise statement is the

following.
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Theorem 2.4.12 (Bartnik, Chrusciel, 1998 [9]) Let (,h) be a smooth
complete Riemannian manifold with an asymptotically flat end 28" and with a
smooth one-form E satisfying D;E* = 0 and E;dz' = %dr +o(%) n 5320, where

Q@ is a constant called electric charge. Suppose that h satisfies R(ﬁ) > 2E,E" and
that

/i:go (R(iz) - ZEAlEAl) n;, < 00.

Then the ADM mass M ,p,, of 280 satisfies Mapn > ]Q| and equality holds if and
only if locally h = u?(dz? + dy* + dz2?), E = %“ and Agu = 0.

Remark. As a consequence of this result, it is no longer necessary to require
that (i, h_) admits a one-point compactification. It is only necessary to assume
that (35°, h_) is complete. O

It is clear from the discussions above that the key to prove Theorem 2.4.2|is
to find suitable conformal factors which allow to conclude that (3, h) is confor-
mally flat. For the static electro-vacuum case, two conformal factors have been
considered, one due to Ruback [100], Q4 = w, and another proposed by
Masood-ul-Alam [82], Q4 = W. Recently, Chrusciel has showed [39] that
the Ruback conformal factor is the only one which works when degenerate Killing

horizons are allowed a priori.

1+V+¢
=

The first thing to do is to check that Qy are strictly positive on 3. This was
shown by Ruback and extended by Chrusciel and Chrusciel and Tod

[44] when there are degenerate horizons.

We will therefore consider only the Ruback conformal factors Q0L =

Proposition 2.4.13 (Ruback, 1988, Chrusciel, 1998, Chrusciel, Tod, 2006)
On X it holds || <1 —V. Moreover, equality at one point only occurs when the

spacetime 1s the standard Majumdar-Papapetrou spacetime.

This proposition implies €2 > 0 unless we have Majumdar-Papapetrou. More-
over, since V > 0 on 3, we have (2, > Q_ > 0 except for the standard Majumdar-
Papapetrou.

The remaining ingredients are as follows:

e The matching conditions for the gluing procedure follow easily from the fact
that V|,s = 0, which immediately implies 2, |, = Q_|;5 and m(2y) |55 =
- m(Q—Nai-
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e The asymptotically flat end (35°) becomes a complete end with respect to

the metric h_. This follows from the asymptotic form Q_ = ﬁ(MADM -Q)+

O(1/r?) and the fact that M,,,, > |Q| which follows from the positivity of

Q_.
e The field Ey = W% has the following asymptotic behavior
1M
B, = 5 g o),
r

and satisfies, from the Einstein field equations, that thEii = 0 and
R(hy) = 2E. FE.,, where R(hy) is the scalar curvature of h.

e A direct computation gives that the ADM mass and the electric charge of
(3, h) satisty,
Mipy = Q

Therefore, the rigidity part of Theorem [2.4.12| can be applied, to conclude
h = u?gp, where u is a specific function of (V, ¢) and gg is the Euclidean metric.
Consequently, h (which was conformally related with fz) is conformally flat. The
original proof used at this point the explicit form of u(¢, V') together with the field
equations to conclude that (3, h) corresponds to the metric of the {t = 0} slice of
Reissner-Nordstrom spacetime with M > |Q|. This last step has been simplified
recently by Gonzélez and Vera in [59] who show that the Reissner-Nordstrom and
the Majumdar-Papapetrou spacetimes are indeed the only static electro-vacuum
spacetimes for which (3, h) is asymptotically flat and conformally flat.

Summarizing, we have obtained that, in the case when Theorem[2.4.12 can be
applied, the spacetime is Reissner-Nordstrom, and in the cases when it cannot be
applied the spacetime is already the standard Majumdar-Papapetrou spacetime.
We conclude then that a static and electro-vacuum spacetime corresponding to
a black hole must be either the Reissner-Nordstrom spacetime (where 0'PY is
connected) or the standard Majumdar-Papapetrou spacetime (where 9"PY is non-
connected), which proves Theorem 2.4.2

Remark. The compactness assumption for the embedded topological sub-
manifold 9"PY is used in order to ensure that (i], fz) is complete. It would be

interesting to study whether this condition can be relaxed or not. O]

We will finish this chapter by giving a brief discussion about the global ap-
proach of Theorem[2.4.2. In several works ([38], [40] and [43]) Chrisciel and Gal-

loway have studied sufficient hypotheses which ensure that a black hole spacetime
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possesses a spacelike hypersurface Y like the one required in Theorem 2.4.2 and,
also, which assumptions are needed to conclude uniqueness for the whole space-
time (or at least for the domain of outer communications) The first work on
the subject, namely [38], deals with the vacuum case and requires, among other
things, the spacetime to be analytic (although this hypothesis was not explicitly
mentioned in and it was included only in the correction [40]). This hypothesis
is needed to avoid the existence of non-embedded degenerate Killing prehorizons,
which implies that 9'°P% may fail to be compact and embedded as required in
Theorem 2.4.2. In [40], Chrusciel was able to drop the analyticity assumption by
assuming a second Killing vector on M generating a U(1) action and a global
hypothesis (named ["-regularity in the later paper [41]). Finally, in [43] the as-
sumption on the existence of a second Killing field was removed and the result
was explicitly extended to the electro-vacuum case. Before giving the statement

of such a result, let us define the property of I™-regularity of a spacetime.

Definition 2.4.14 Let (M, g™) be a stationary spacetime containing an asymp-
totically flat end and let { be the stationary Killing vector field on M. (M,g(4))
is IT-regular if { is complete, if the domain of outer communications Mpoc
is globally hyperbolic, and if Mpoc contains a spacelike, connected, acausal hy-
persurface ¥ containing an asymptotically flat end, the closure ¥ of which is a
C° manifold with boundary, consisting of the union of a compact set and a fi-
nite number of asymptotically flat ends, such that 0'°PY is an embedded surface
satisfying
0Py C €T = 0" Mpoc NI (Mpoc),

with 0'°PY. intersecting every generator of ET just once.
Then the result by Chrusciel and Galloway states the following.

Theorem 2.4.15 (Chruséciel and Galloway, 2010 [43]) Let (M,g™) be a
static solution of the electro-vacuum Einstein equations. Assume that (M, g™)
is It -regular. Then the conclusions of Theorem[2.4.2 hold. Moreover, Mpoc is
isometrically diffeomorphic to the domain of outer communications of either the

Reissner-Nordstrom spacetime or the standard Majumdar-Papapetrou spacetime.




Chapter 3

Stability of marginally outer

trapped surfaces and symmetries

3.1 Introduction

As we have already mentioned in Chapter|1, although the main aim of this thesis
is to study properties of certain types of trapped surfaces, specially weakly outer
trapped surfaces and MOTS, in stationary and static configurations, isometries
are not the only type of symmetries which can be involved in physical situations
of interest. For instance, many relevant spacetimes admit other types of sym-
metries, such as conformal symmetries, e.g. in Friedmann-Lemaitre-Robertson-
Walker (FLRW) cosmological models. Another interesting example appears when
studying the critical collapse, which is a universal feature of many matter models.
Indeed, the critical solution, which separates those configurations that disperse
from those that form black holes, are known to admit either a continuous or
a discrete self-similarity. Therefore, it is interesting to understand the relation-
ship between trapped surfaces and several special types of symmetries. This is

precisely the aim of this chapter.
A recent interesting example of this interplay has been given in [13], [14],

[15] where the location of the boundaries of the spacetime set containing weakly
trapped surfaces and weakly outer trapped surfaces was analyzed, firstly, in the
Vaidya spacetime [13], [14] (which is one of the simplest dynamical situations)
and, later, in spherically symmetric spacetimes in general [15]. In these analyses
the presence of symmetries turned out to be fundamental. In the important case
of isometries, general results on the relationship between weakly trapped surfaces
and Killing vectors were discussed in [80], where the first variation of area was
used to obtain several restrictions on the existence of weakly trapped surfaces

in spacetime regions possessing a causal Killing vector. More specifically, weakly

o7
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trapped surfaces can exist in the region where the Killing vector is timelike only
if their mean curvature vanishes identically. By obtaining a general identity for
the first variation of area in terms of the deformation tensor of an arbitrary vec-
tor (defined in equation (2.1.2)), similar restrictions were obtained for spacetimes
admitting other types of symmetries, such as conformal Killing vectors or Kerr-
Schild vectors (see [46] for its definition). The same idea was also applied in [105]
to obtain analogous results in spacetimes with vanishing curvature invariants. The
interplay between isometries and dynamical horizons (which are spacelike hyper-
surfaces foliated by marginally trapped surfaces) was considered in [6] where it
was proven that dynamical horizons cannot exist in spacetime regions containing
a nowhere vanishing causal Killing vector, provided the spacetime satisfies the
NEC. Regarding MOTS, the relation between stable MOTS and isometries was
considered in [3], where it was shown that, given a strictly stable MOTS S in a
hypersurface ¥ (not necessarily spacelike), any Killing vector on S tangent to 3

must in fact be tangent to S.

In the present chapter, we will study the interplay between stable and outer-
most properties of MOTS in spacetimes possessing special types of vector fields
{, including isometries, homotheties and conformal Killing vectors. In fact, we
will find results involving completely general vector fields { and then, we will
particularize them to the different types of symmetries. More precisely, we will
find restrictions on 5 on stable, strictly stable and locally outermost MOTS S in
a given spacelike hypersurface X, or alternatively, forbid the existence of a MOTS
in certain regions where 5 fails to satisfy those restrictions. In what follows, we

give a brief summary of the present chapter.

The fundamental idea which will allow us to obtain the results of this chapter
will be introduced in Section [3.2. As we will see, it will consist in a geometri-
cal construction which can potentially restrict a vector field E on the outermost
MOTS S. The geometrical procedure will involve the analysis of the stability
operator Lz of a MOTS acting on a certain function @). It will turn out that the
results obtained by the geometric construction can, in most cases, be sharpened
considerably by using the maximum principle of elliptic operators. This will also
allow us to extend the validity of the results from the outermost case to the case
of stable and strictly stable MOTS. However, the defining expression (2.2.11) for
the stability operator Lz;(@) has a priori nothing to do with the properties of the
vector field 5’, which makes the method of little use. Our first task will be therefore
to obtain an alternative (and completely general) expression for L@ in terms of

— —

&, or more specifically, in terms of its deformation tensor a,, (¢ ). We will devote
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Section to doing this. The result, given in Proposition [3.3.1] is thoroughly

used in this chapter and also has independent interest.

With this expression at hand, we will be able to analyze under which con-
ditions our geometrical procedure gives restrictions on 5 In Section (3.4 we will
concentrate on the case where L@ has a sign everywhere on S. The main result
of Section [3.4 will be given in Theorem which holds for any vector field
5. This result will be then particularized to conformal Killing vectors (including
homotheties and Killing vectors) in Corollary[3.4.3. Under the additional restric-
tion that the homothety or the Killing vector is everywhere causal and future (or
past) directed, strong restrictions on the geometry of the MOTS will be derived
(Corollary(3.4.4). As a consequence, we will prove that in a plane wave spacetime
any stable MOTS must be orthogonal to the direction of propagation of the wave.

Marginally trapped surfaces will be also discussed in this section.

As an explicit application of the results on conformal Killing vectors, we will
show, in Subsection [3.4.1] that stable MOTS cannot exist in any spacelike hy-
persurface in FLRW cosmological models provided the density p and pressure p
satisfy the inequalities > 0, > 3p and p + p > 0. This includes, for instance,
all classic models of matter and radiation dominated eras and also those models
with accelerated expansion which satisfy the NEC. Subsection3.4.2|will deal with
one case where, in contrast with the standard situation, the geometric construc-
tion does in fact give sharper results than the elliptic theory. One of these results,
together with Theorem [2.2.30 by Andersson and Metzger, will imply an inter-
esting result (Theorem [3.4.10) for weakly outer trapped surfaces in stationary

spacetimes.

In the case when L@ is not assumed to have a definite sign, the maximum
principle loses its power. However, as we will discuss in Section a result
by Kriele and Hayward [75] will allow us to exploit our geometric construction
again to obtain additional results. This will produce a theorem (Theorem [3.5.2)
which holds for general vector fields 5 on any locally outermost MOTS. As in the
previous section, we will particularize the result to conformal Killing vectors, and
then to causal Killing vectors and homotheties which, in this case, will be allowed

to change their time orientation on S

The results presented in this chapter have been published mainly in the papers
[25], [26] and partly in [23] and [24].
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3.2 (Geometric procedure

Consider a spacelike hypersurface (X, g, K) which is embedded in a spacetime
(M, g™) with a vector field ¢ defined on a neighbourhood of . Assume that ¥
possesses a barrier S, with interior €2, and let S C X be a bounding MOTS with
respect to S, (and therefore an exterior region of S in €, can be properly defined).
The idea we want to exploit consists in constructing under certain circumstances
a new weakly outer trapped surface S; C €, which lies, at least partially, outside
S. This fact will provide a contradiction in the case when S is the outermost
bounding MOTS and will allow us to obtain restrictions on the vector E on S. As
we will see below, this simple idea will allow us to obtain results also for stable,
strictly stable and locally outermost MOTS, irrespectively of whether they are
bounding or not, by using the theory of elliptic second order operators.

The geometric procedure to construct the new surface S, consists in moving
S first along the integral lines of 5 a parametric amount 7. This gives a new
surface S.. Next, take the null normal 11 (7) on this surface which coincides with
the continuous deformation of the outer null normal ll on S normalized to satisfy
l'n, = —1 (where 7 denotes the unit vector normal to ¥ and future directed)
and consider the null hypersurface generated by null geodesics with tangent vector
Z:_(T) This hypersurface is smooth close enough to S.. Being null, its intersection
with the spacelike hypersurface ¥ is transversal and hence defines a smooth sur-
face S, (for 7 sufficiently small). By this construction, a point p on S describes
a curve in Y when 7 is varied. The tangent vector of this curve on S, denoted by
v, will define the variation vector generating the one-parameter family {5, },c/cr
on a neighbourhood of S in ¥. Figure 3.1/ gives a graphic representation of this
construction.

Let us decompose the vector 5 into normal and tangential components with
respect to X, as 5 = Ni+Y (see Figure[3.2). On S we will further decompose Y
in terms of a tangential component 37'”, and a normal component (Y;m')ni, where
m is the unit vector normal to S in ¥ which points to the exterior of S in 3.
Therefore, g|5 = Ngn+ (Yim")ﬁi%—}_/“‘, where Ng is the value of N on the surface.
In order to study the variation vector 7, let us expand the embedding functions

{x“ (yA, 7')} of the surface S; (where {yA} are intrinsic coordinates of S) as

2 (yA 1) = 2t (v, 0) + € (y2,0) 7+ F(yMU(r)" (y*) 7+ O(r%),  (3.2.1)

where F(y?) is a function to be adjusted. Since 7 defines the variation of S to

first order, equation (3.2.1) implies that we only need to evaluate the vector l_ir(T)
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Figure 3.1: The figure represents how the new surface S; is constructed from the
original surface S. The intermediate surface S. is obtained from S by dragging
along E a parametric amount 7. Although 5 has been depicted as timelike here,

this vector can be in fact of any causal character.

Figure 3.2: The vector E decomposed into normal N7 and tangential Y compo-

nents.
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to zero order in 7, which obviously coincides with f+. It follows then that 7 is a
linear combination (with functions) of ¢ and l_;. The amount we need to move
S’ in order to go back to ¥ can be determined by imposing ¢ to be tangent to
3. Since Z(y*) = (y?) + F(y™) I, (y*), multiplication with 7 gives 0 = Ng + F.
Thus, F'= —Ng and V/ = E — NSZ:L. Using the previous decomposition for 5 and

l_; — i + 1M we can rewrite 7 = Qi + Y, where
Q= (Y;m') — Ng = &,I% (3.2.2)

determines at first order the amount and sense to which a point p € S moves
along the normal direction.

Let us consider for a moment the simplest case that 5’ is a Killing vector. Sup-
pose S is a MOTS which is bounding with respect to a barrier S, with interior
Q). Since the null expansion does not change under an isometry, it follows that
the surface S. is also a bounding MOTS for the spacelike hypersurface obtained
by moving ¥ along the integral curves of é’ an amount 7. Moving back to Y along
the null hypersurface gives a contribution to #7[S,] which is easily computed to
be L (G107 (S]] _, = NO[S] + NW)S which is the well-known Raychaud-
huri equation (which has already appeared before in equation (2.2.13) for the
particular case of MOTS), where ¢, : S — S; is the diffeomorphism defined by
the geometrical construction above and W was defined in equation (2.2.14) and
is non-negative provided the NEC holds. It implies that if Ng < 0 and W # 0
everywhere, then 67[S.] < 0 provided 7 is positive and sufficiently small and the
NEC holds. Therefore, S, is a bounding (provided 7 is sufficiently small) weakly
outer trapped surface which lies partially outside S if () > 0 somewhere. This is
impossible if S is an outermost bounding MOTS by Theorem [2.2.30 of Anders-
son and Metzger. Thus, the function () must be non-positive everywhere on any
outermost bounding MOTS S for which Ng < 0 and W # 0 everywhere.

Independently of whether é’ is a Killing vector or not, the more favorable case
to obtain restrictions on the generator { on a given outermost bounding MOTS
is when the newly constructed surface S. is bounding and weakly outer trapped.
This is guaranteed for small enough 7 when 007 is strictly negative everywhere,
because then this first order terms becomes dominant for small enough 7. Due to
the fact that the tangential part of 7 does not affect the variation of ™ along ©/
for a MOTS (c.f. (2.2.10)), it follows that 0,07 = L@, where L;; is the stability
operator for MOTS defined in (2.2.11). Since the vector 7 = Qi+ Y I determines
to first order the direction to which a point p € S moves, it is clear that L;Q <

0 everywhere and ) > 0 somewhere is impossible for an outermost bounding
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MOTS. This is precisely the argument we have used above and is intuitively
very clear. However, this geometric method does not provide the most powerful
way of finding this type of restriction. Indeed, when the first order term L;Q
vanishes at some points, then higher order coefficients come necessarily into play,
which makes the geometric argument of little use. It is remarkable that using the
elliptic results described in Appendix B, most of these situations can be treated in
a satisfactory way. Furthermore, since the elliptic methods only use infinitesimal
information, there is no need to restrict oneself to outermost bounding MOTS,
and the more general case of stable or strictly stable MOTS (not necessarily
bounding) can be considered.

Unfortunately, the general expression of L; @) given in equation (2.2.11) is not
directly linked to the vector 5, which is clearly unsuitable for our aims. In the
case of Killing vectors, the point of view of moving S along g" and then back to X
gives a simple method of calculating L (). For more general vectors, however, the
motion along E will give a non-zero contribution to #* which needs to be computed
(for Killing vectors this term was known to be zero via a symmetry argument,
not from a direct computation). In order to do this, it becomes necessary to have
an alternative, and completely general, expression for 559+ directly in terms of
the deformation tensor a,, (§) associated with £. This is the aim of the following

section.

3.3 Variation of the expansion and the metric

deformation tensor

—

Let us derive an identity for 0707 in terms of a,, (£). This result will be important
later on in this chapter, and may also be of independent interest. We derive this
expression in full generality, without assuming S to be a MOTS and for the

expansion 6z along any normal vector 77 of S (not necessarily a null normal) i.e.
977 = H lﬂ]“ s

where H denotes the mean curvature of S in M.

To do this calculation, we need to take derivatives of tensorial objects defined
on each one of S.. For a given point p € S, these tensors live on different spaces,
namely the tangent spaces of ¢, (p), where ¢, is the one-parameter local group of
diffeomorphisms generated by E In order to define the variation, we need to pull-

back all these tensors to the point p before doing the derivative. We will denote
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the resulting derivative by 9?5 In general, this operation is not the standard Lie
derivative Eg on tensors because it is applied to tensorial objects on each S’ which
may not define tensor fields on M (e.g. when these surfaces intersect each other).
Nevertheless, both derivatives do coincide when acting on spacetime tensor fields
(e.g. the metric g¥)) which will simplify the calculation considerably.

Notice in particular that the definition of 6; depends on the choice of 77 on
each of the surfaces S7. Thus 607 = .,2”5977‘ will necessarily include a term of
the form ,Zgna which is not uniquely defined (unless 77 can be uniquely defined
on each S., which is usually not the case). Nevertheless, for the case of MOTS
and when 7 = ljr this a priori ambiguous term becomes determined, as we will

see. The general expression for 0z05 is given in the following proposition.

Proposition 3.3.1 Let S be a surface on a spacetime (M, g™), 5 a vector field
defined on M with deformation tensor au,,(g) and 17 a vector field normal to S
and extend 1] to a smooth map 17 : (—e€,€) x S — T'M satisfying 17(0,p) = 7j(p) and
i7(7,p) € (T, (»)Se)" where @, is the local group of diffeomorphisms generated by
E and S. = ¢, (S). Then, the variation along E of the expansion Oz on S reads

0gb; = H"ZLeny — aap()IPn!

1 - -
e | §Val) - Vo ©)| B3

S

where T 45 denotes the second fundamental form vector of S in M, and aAB(g) =

—

%€ aap(E), with {€x} being a local basis for TS.

Proof. Since 0; = H,n* = yABI’ zn,, the variation we need to calculate

involves three terms
Lety = (Lo ) W pm + 9 (Ze1hy ) + 1 (e, ) (3.3.2)

In order to do the calculation, we will choose ., (€4) as the basis of tangent
vectors at ¢.(p) € S (we refer to ¢,,(€4) merely as €4 in the following to
simplify the notation). This entails no loss of generality and implies .,2”55 W =0,
which makes the calculation simpler. Our aim is to express each term of (3.3.2)
in terms of a,, (€). For the first term, we need to calculate ,,2”57’43 . We start with
ey = Z:(99(00.8)) = (Z9) (€2, 5) = (Leg) (60,5) = 0, (€)elicl =
aap(¢), which immediately implies .,?gWAB = —acp(&)yA9PP, so that the first

term in (3.3.2) becomes

Ly P g = —aap(E)IL Py, (3.3.3)
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The second term 45 (LA 5)n, is more complicated. It is useful to introduce

the projector to the normal space of S, ht = o* — gyﬁ) ehe B’yAB From the previous

considerations, it follows that Zzhl = e el (a?B(E )gyﬁ) — 44Bg,5(€)), which

implies (%hff) 1, = 0 and hence
%(HZB)W = —%(hﬁejvae%) ym 771/3 (e4Vaep) . (3.3.4)

Therefore we only need to evaluate Zz(e3Vaey). It is well-known that for
an arbitrary vector field U, LNV 0" = Vo Lgv” = 0PV V8" + R(4)mevp§”. How-
ever, this expression is not directly applicable to the variational derivative we are

calculating and we need the following closely related lemma.

Lemma 3.3.2

Ze(e4Vaeh) = e54epVa V8 + R(4)meejepB§”. (3.3.5)
Proof of Lemma Choose coordinates y4 on S and extend them as
constants along 5 This gives coordinates on each one of S.. Define e} = gZ—Z,

where z#(y?,7) are the embedding functions of S’ in M in spacetime coordi-
nates x*#. The map ¢_, : M — M relates every point p € S, with coordi-
nates {z%} to a point p_.(p) € S with coordinates {¢* (z”)}. By definition,

o (2 e .
Le(ehV,ep) = L ((_r):(€4V,€%)). Using that 8%57( ) = —£%, it is immediate
to obtain
d d

(P (V )

o\ 092,
- v ]

7=0 7=0

0
= (AVuch(s, 7)) — O AV e

o [ 0% , 0z OxP L 0% dz® Oxr
=548 T la 5| W |55 LA
or | OyAoyP P oyA Oyt OyAoyB P OyA dyB

On the other hand,

eaepVa V" + R(4)Vpoaeiegfo

ox® Oz’ , , . , . } o
= 53 9,5 [0a0,6" + T, 0a&" +T0,0,¢" —Th 0,8 + 70,17,
Oz Far oy 020, o (00 Oa0 (Ot
— aTayAayB _ayAayBapg oy B Mpa (8 A) —1—8 1 W@ (a B)
ox® Oz’
— |0, IV F“ 0
+ayA 8yB [ ap f ]

0 [ P L Or® 0P e Ot N . O0x® dxP
07 | OyAoyB P oyA OyP #> | OyAoyB o Oy oyB




66 3.3. Variation of the expansion and the metric deformation tensor

where we have used

RW” o = 0,1, — 0,1, +T%,T7, — T2, I

Yo+ po Yoo po

in the first equality and &* = % in the second one. This proves the lemma. B

We can now continue with the proof of Proposition[3.3.1. It only remains to
express the quantity V,V £ + R(4)me§" in terms of am,(g ). To that end, we
take a derivative of V, &, +V ,§, = al,p(g) to get

Vavugp + vavpfzz - vaaup< 37
and use the Ricci identity V,V,§, — V,V,§, = —R(4)Upa,,§" to obtain
ViV + VaV by = RY 0007 + Vaay,(£).

Now, write the three equations obtained from this one by cyclic permutation of

the three indices. Adding two of them and subtracting the third one we find
1
vavpgu - §<R(4)0po¢u + R(4)aupo¢ - R(4)Uowp)€a

—l—% [vaau/J(g) + Vpaow(g) - v”a"‘p(gﬂ )

which, after using the first Bianchi identity Rg4p)a,, + R((yzl,,)pa + R((;g,,p =0, leads to

1 . . .
VoV = B pap” + 5 [Vatup(€) + V() = Votey(€)]

Substituting (3.3.5) and this expression into (3.3.4) yields

1 - -
VAB‘,%HZBW = yABe%eln” {QVVaap(ﬁ) — Vaay,(& )} . (3.3.6)
Inserting (3.3.3) and (3.3.6) into equation (3.3.2) proves the proposition. |

We can now particularize to the outer null expansion in a MOTS.

Corollary 3.3.3 If S is a MOTS then

| -
50" = -7 a (E)INT, — axp(EIPIL

1 . .
PG | 59000(€) - o] - B3T)

S
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Proof. The normal vector l_”+(7') defined on each of the surfaces S. is null.
Therefore, using iﬂgg(‘l)w = Egg(‘l)w = —a’“’(g),

0= (z;u(T)z;V(T)gu)w) = AL LN, (1) — au ()L (3.3.8)

Since, on a MOTS H = —3671., it follows H".Z; I, () = =367 11.%1, () =

- 2

—i&‘auy(g)lili, and the corollary follows from (3.3.1). [ |

Remark. Formula (3.3.7) holds in general for arbitrary surfaces S at any
point where 61 = 0. O

3.4 Results provided L;(@) has a sign on S

In this section we will give several results provided L;() has a definite sign on
S. In this case, a direct application of Lemma [B.6 for a MOTS S with stability

operator L leads to the following result.

Lemma 3.4.1 Let S be a stable MOTS on a spacelike hypersurface .. If
LzQlg < 0 (resp. LzuQlg > 0) and not identically zero, then Qlg < 0 (resp.
Qls > 0).

Furthermore, if S is strictly stable and LzQ|g < 0 (resp. LzQ|g > 0) then
Qlg <0 (resp. Q|g > 0) and it vanishes at one point only if it vanishes every-
where on S.

The general idea then is to combine Lemma with the general calculation
for the variation of 8 obtained in the previous section to get restrictions on
special types of generators 5 on a stable or strictly stable MOTS. Our first result

is fully general in the sense that it is valid for any generator E

Theorem 3.4.2 Let S be a stable MOTS on a spacelike hypersurface ¥ and 5 a

—

vector field on S with deformation tensor a,, (& ). With the notation above, define

1 _ ug v &
Z = =30 aw(©U — s

o (3.4.1)

1 . o
+y 4B e e ly §Vl,aap(§) — Vaa,,(§ )} +NW
s

where W = I yIIPAP L 1, + G U1, and assume Z < 0 everywhere on S.

i) If Z # 0 somewhere, then &l < 0 everywhere.
bt
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(ii) If S is strictly stable, then &,l%, < 0 everywhere and vanishes at one point

only if it vanishes everywhere.

Proof. Consider the first variation of S defined by the vector
7 = & — Nsl, = Qm + Y. From equation (2.2.10) and Definition [2.2.19
we have 6;0"7 = LzQ. On the other hand, linearity of this variation under
addition gives 6607 = 007 — st+9+. The Raychaudhuri equation for MOTS
establishes that dy_; 0% = —NsW (see (2.2.13) and (2.2.14)) and the identity
(3.3.7) gives LzQ = Z. Since @ = £,I', the result follows directly from Lemma
3.4.1. |

Remark. The theorem also holds if all the inequalities are reversed. This

follows directly by replacing 5’ — —E. O

This theorem gives information about the relative position between the gen-
erator 5 and the outer null normal ljr and has, in principle, many potential conse-
quences. Specific applications require considering spacetimes having special vector
fields for which sufficient information about its deformation tensor is available.
Once such a vector is known to exist, the result above can be used either to re-
strict the form of E in stable or strictly stable MOTS or, alternatively, to restrict
the regions of the spacetime where such MOTS are allowed to be present.

Since conformal vector fields (and homotheties and isometries as particular
cases) have very special deformation tensors, the theorem above gives interesting

information for spacetimes admitting such symmetries.

Corollary 3.4.3 Let S be a stable MOTS in a hypersurface ¥ of a spacetime
(M, g™ which admits a conformal Killing vector E, Egg,(f,l,) = Zgbgl(ﬁ,) (including
homotheties ¢ = C, and isometries ¢ =0).

(i) If 21, (¢) + NW/|s < 0 and not identically zero, then £l |s < 0.

(ii) If S is strictly stable and 21, (¢) + NW g < 0 then Ell|s < 0 and vanishes

at one point only if it vanishes everywhere

Remark 1. As before, the theorem is still true if all inequalities are reversed.
O

Remark 2. In the case of homotheties and Killing vectors, the condition
of the theorem demands that NgWW < 0. Under the NEC, this holds provided
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Allowed
region

Forbidden
region
Forbidden
region

Figure 3.3: The planes T,X and P = 71,5 @ span{l, |p} divide the tangent space
T,M in four regions. By Corollary[3.4.3] if S is strictly stable and 5 is a Killing
vector or a homothety in a spacetime satisfying the NEC which points above
> everywhere, then E cannot enter into the forbidden region at any point (and
similarly, if 5 points below ¥ everywhere). The allowed region includes the plane
P. However, if there is a point with W # 0 where 5 is not tangent to X, then the
result is also valid for stable MOTS with P belonging to the forbidden region.

Ng < 0, i.e. when 5 points below Y everywhere on S (where the term “below”
includes also the tangential directions). For strictly stable S, the conclusion of
the theorem is that the homothety or the Killing vector must lie above the null
hyperplane defined by the tangent space of S and the outer null normal f+ at
each point p € S. If the MOTS is only assumed to be stable, then the theorem
requires the extra condition that E points strictly below X at some point with
W # 0. In this case, the conclusion is stronger and forces E to lie strictly above
the null hyperplane everywhere. By changing the orientation of 5, it is clear
that similar restrictions arise when 5 is assumed to point above ¥. Figure

summarizes the allowed and forbidden regions for 5 in this case. 0

Proof. We only need to show that Z = 20,.(¢) + NW|g for conformal
Killing vectors. This follows at once from (3.4.1) and aw(g )= 2gz§g,(ﬁ,) after using
orthogonality of €4 and f+. Notice in particular that Z is the same for isometries

and for homotheties. [ |

This corollary has an interesting consequence in spacetime regions where there

exists a Killing vector or a homothety é’ which is causal everywhere.
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Corollary 3.4.4 Let a spacetime (M, g") satisfying the NEC admit a causal
Killing vector or homothety 5 which is future (or past) directed everywhere on a
stable MOTS S C X. Then,

(i) The second fundamental form I}, along Iy (i.e. T, = gl ,) and

G£L4,,)lili vanish identically on every point p € S where é]p #0.
(i) If S is strictly stable, then £ [ everywhere.

Remark. If we assume that there exists an open neighbourhood of S in M
where the Killing vector or homothety 5 is causal and future (or past) directed ev-
erywhere then the conclusion (i) can be generalized to say that ITf; and G, I4 11
vanish identically on S. The reason is that such a E cannot vanish anywhere
in this neighbourhood (and consequently neither on S). For Killing vectors this
result is proven in Lemma 3.2 in . A simple generalization shows that the
same holds for homotheties, as follows. Suppose that 5’ lpes = 0. Take a timelike
affine-parametrized geodesic v passing through p with future directed unit tan-
gent vector ¥. A simple computation gives that, if E is a homothety with constant
C, v"V,(&v”) = —C. Supposing C' > 0, this implies that the causal vector £ is
future directed on the future of p and past directed on the past of p contradicting
the fact that € is future (past) directed everywhere on a neighbourhood of S in
M. A similar argument works if C' < 0.

Point (ii) can be generalized to locally outermost MOTS using a finite
construction. We will prove this in Theorem [3.4.9 below. O

Proof. We can assume, after reversing the sign of E if necessary, that E is past
directed, i.e. Ng < 0.

Under the NEC, W is the sum of two non-negative terms, so in order to prove
(i) we only need to show that W = 0 on points where 5 # 0, i.e. at points where
Ng < 0. Assume, on the contrary, that W # 0 and Ng < 0 happen simultaneously
at a point p € S. It follows that NgW < 0 everywhere and non-zero at p. Thus,
we can apply statement (i) of Corollary to conclude Q < 0 everywhere.
Hence Ng() > 0 and not identically zero on S. Recalling the decomposition
E: NSf+ + Qm + 37“, the squared norm of this vector is

8" =2NsQ + Q> + VI, vI". (3.4.2)

This is the sum of non-negative terms, the first one not identically zero. This

contradicts the condition of 5 being causal.

'We thank Miguel Sanchez Caja for pointing this out.
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To prove the second statement, we notice that point (ii) in Corollary [3.4.3
implies < 0, and hence Ng@) > 0. The only way (3.4.2) can be negative or
zero is if @ = 0 and Vi = 0, i.e. goc ll. |

This corollary extends Theorem 2 in [80] to the case of stable MOTS and
implies, for instance, that any strictly stable MOTS in a plane wave spacetime
(which by definition admits a null and nowhere zero Killing vector field E ) must
be aligned with the direction of propagation of the wave (in the sense that E must
be one of the null normals to the surface). It also implies that any spacetime
admitting a nowhere zero and causal Killing vector (or homothety) whose energy-
momentum tensor satisfies the DEC and does not admit a null eigenvector cannot
contain any stable MOTS. This is because Gfﬁ,) X1 = 0 and the DEC implies
G,(fy) I 1, and G,(fy) would have a null eigenvector. For perfect fluids this result
holds even without the DEC provided u + p # 0 (this is because in this case
GE?,,)lilL’r = (4 p)(Iu,)* # 0 — where p is the density, p the pressure and  is
the 4-velocity of the fluid-).

The results above hold for stable or strictly stable MOTS. Among such sur-
faces, marginally trapped surfaces are of special interest. Our next result restricts
(and in some cases forbids) the existence of such surfaces in spacetimes admitting

Killing vectors, homotheties or conformal Killings.

Theorem 3.4.5 Let S be a stable MOTS in a spacelike hypersurface ¥ of a
spacetime (M, g which satisfies the NEC and admits a conformal Killing vector
E with conformal factor ¢ > 0 (including homotheties with C' > 0 and Killing
vectors). Suppose furthermore that either (i) (20, (¢) + NW)|s # 0 or (ii) S is
strictly stable and &, |s # 0. Then the following holds.

(a) If 211((?) + NW|s <0 then S cannot be a marginally trapped surface, unless

—

H = 0. The latter case is excluded if ¢|s Z 0.

(b) If 2f+(¢) + NWlg > 0 then S cannot be a past marginally trapped surface,
unless H = 0. The latter case is excluded if ¢ls £ 0.

Remark. The statement obtained from this one by reversing all the inequali-

ties is also true. This is a direct consequence of the freedom in changing 5 — —{. 0]

Proof. We will only prove case (a). The argument for case (b) is similar.
The idea is taken from [80] and consists of performing a variation of S along

the conformal Killing vector and evaluating the change of area in order to get
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a contradiction if S is marginally trapped. The difference is that here we do
not make any a priori assumption on the causal character for 5 Corollary 3.4.3
provides us with sufficient information for the argument to go through.

The first variation of area (2.2.3) gives

oz|S| = —% / 0=l ns, (3.4.3)
S

where we have used H = —%G_er. Now, since 20 (¢) + NW|g < 0, and further-

more either hypothesis (i) or (ii) holds, Corollary 3.4.3 implies that ,I% |s < 0.
On the other hand, 5 being a conformal Killing vector, the induced metric on

S’ is related to the metric on S by conformal rescaling. A simple computation

gives 0gns = %WAB(Egg)((?A, €p)ns (see e.g. [80]), which for the particular case of

conformal Killing vectors gives the following.

51| = 2 / éns, (3.4.4)
S

This quantity is non-negative due to ¢ > 0 and not identically zero if ¢ # 0
somewhere. Combining (3.4.3) and (3.4.4) we conclude that if = < 0 (i.e. S is
marginally trapped) then necessarily #~ vanishes identically (and so does H).
Furthermore, if ¢|g is non-zero somewhere, then #~ must necessarily be positive

somewhere, and S cannot be marginally trapped. |

3.4.1 An application: No stable MOTS in Friedmann-

Lemaitre-Robertson-Walker spacetimes

In this subsection we apply Corollary to show that a large subclass of
Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetimes do not admit stable
MOTS on any spacelike hypersurface. Obtaining this type of results for metric
spheres only requires a straightforward calculation, and is therefore simple. The
power of the method is that it provides a general result involving no assumption
on the geometry of the MOTS or on the spacelike hypersurface where it is embed-
ded. The only requirement is that the scale factor and its time derivative satisfy
certain inequalities. This includes, for instance all FLRW cosmological models
satisfying the NEC with accelerated expansion, as we shall see in Corollary [3.4.7
below.
Recall that the FLRW metric is

gg%RW = —dt* + d*(t) [dr2 + 3 (r; k;)dQZ} ,
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where a(t) > 0 is the scale factor and x(r; k) = {sinr,r,sinhr} for k = {1,0,—1},

respectively. The Einstein tensor of this metric is of perfect fluid type and reads

3(a(t) + k)

G = (u+p)ua, +pgl), @=0, p= s (349)
a*(t)+k a(t)

where dot stands for derivative with respect to t.

Theorem 3.4.6 There exists no stable MOTS in any spacelike hypersurface of

a FLRW spacetime (M, gg%RW) satisfying

a*(t) + k _aP(t) +k C'L2<t)+/€'

a(t) a(t) a(t)

Remark. In terms of the energy-momentum contents of the spacetime, these

> 0,

<a(t) < (3.4.7)

three conditions read, respectively, 4 > 0, u > 3p and p+p > 0. As an example,
in the absence of a cosmological constant they are satisfied as soon as the weak
energy condition is imposed and the pressure is not too large (e.g. for the matter
and radiation dominated eras). The class of FLRW satisfying (3.4.7) is clearly
very large (c.f. Corollary[3.4.7 below). We also remark that Theorem [3.4.6| agrees
with the fact that the causal character of the hypersurface which separates the
trapped from the non-trapped spheres in FLRW spacetimes depends precisely
on the quantity p?(u + p)(u — 3p) (c.f. [103]). O

Proof. The FLRW spacetime admits a conformal Killing vector € = a(t)a
with conformal factor ¢ = a(t). Since this vector is timelike and future directed,
it follows that &,l%|s < 0 for any spacelike surface S embedded in a spacelike
hypersurface X. If we can show that 2f+(¢) + NWls > 0, and non-identically
zero for any S, then the sign reversed of point (i) in Corollary [3.4.3 implies
that S cannot be a stable MOTS, thus proving the result. The proof therefore
relies on finding conditions on the scale factor which imply the validity of this
inequality on any S. First of all, we notice that the second fundamental form
[T} 5 can be made as small as desired on a suitably chosen S. Thus, recalling
that W = H+ABH+AB + GE?,,)lili, it is clear that the inequality that needs to be
satisfied is

20, (¢) + NGk, .20, (3.4.8)

and positive somewhere. In order to evaluate this expression recall that 4@ =
a6 = a(t)"'Nii 4 a(t)"'Y. Let us write Y = Y& where ¢ is unit and let a be
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the hyperbolic angle of @ in the basis {7, €}, i.e. & = cosh a7 +sinh « €. It follows
immediately that N = a(t) cosha and Y = a(t) sinh a. Furthermore, multiplying
@ by the normal vector to the surface S in ¥ we find u,m* = cos ¢ sinh v, where ¢
is the angle between m and €. With this notation, let us calculate the null vector
f+. Writing 11 — A + b, with gorthogonal to d, it follows b,b" = A? from the
condition of f+ being null. On the other hand we have the decomposition Au +b=
l_; = 11+ m. Multiplying by @ we immediately get A = cosh o — cos ¢ sinh o, and,
since ¢ = a(t) only depends on ¢,

I1(¢) = (cosh o — cos sinh a) d(t). (3.4.9)
The following expression for Gﬁililj’r follows directly from ll = Ai+band (3.4.5 ),
(3.4.6),

Gl = A*u+p)
a*(t) +k  a(t)

. (3.4.10
o) 641
Inserting (3.4.9) and (3.4.10) into (3.4.8) and dividing by 2A? cosh a (which is

positive) we find the equivalent condition

= 2(cosha — cos psinha)? (

1

a*(t) + k
' — >0
cosh ar (cosh o — cos ¢ sinh o

a(t) —

and non-zero somewhere. The dependence on S only arises through

;- 1) it) + (3.4.11)

the function f(o,¢p) = cosha(cosha — cospsinha). Rewriting this as
f =1/2(1 + cosh(2a) — cos psinh(2«)) it is immediate to show that f takes all
values in (1/2, +00). Hence, [cosh a (cosh a — cos psinha)] ™" — 1 takes all values
between —1 and 1. In order to satisfy (3.4.11) on all this range, it is necessary
and sufficient that the two inequalities in (3.4.7]) are satisfied. |

The following corollary gives a particularly interesting case where all the con-
ditions of Theorem 3.4.6 are satisfied.

Corollary 3.4.7 Consider a FLRW spacetime (M, ggszW) satisfying the NEC.
If a(t) > 0, then there exists no stable MOTS in any spacelike hypersurface of

4
(M, gl(w%RW)
a2()+k M)

Proof. The null energy condition gives 0 < pu +p = 2( 220 o)

This implies the first and third inequalities in (3.4.7) if @ > 0. The remaining

condition —% < a is also obviously satisfied provided d > 0. [ |
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3.4.2 A consequence of the geometric construction of S

We have emphasized at the beginning of this section that the restrictions obtained
directly by the geometric procedure of moving S along 5 and then back to X are
intuitively clear but typically weaker than those obtained by using elliptic theory
results. There are some cases, however, where the reverse actually holds, and the
geometric construction provides stronger results. We will present one of these
cases in this subsection.

Corollary (3.4.3/ gives restrictions on ,l% |s for Killing vectors and homotheties
in spacetimes satisfying the NEC, provided E is future or past directed everywhere.
However, when W vanishes identically, the result only gives useful information
in the strictly stable case. The reason is that W = 0 implies LzQ = 0 and,
for marginally stable MOTS (i.e. when the principal eigenvalue of L vanishes),
the maximum principle is not strong enough to conclude that ) must have a
sign. There is at least one case where marginally stable MOTS play an important
role, namely after a jump in the outermost MOTS in a (3+1) foliation of the
spacetime (see [1] for details). As we will see next, the geometric construction

does give restrictions in this case even when W vanishes identically.

Theorem 3.4.8 Consider a spacetime (M, g™V) possessing a Killing vector or a
homothety 5 and satisfying the NEC. Suppose M contains a compact spacelike
hypersurface X with boundary consisting in the disjoint union of a weakly outer
trapped surface O~% and an outer untrapped surface O3 (neither of which are
necessarily connected) and take O7Y as a barrier with interior ¥. Without loss
of generality, assume that ¥ is defined locally by a level function T = 0 with
T > 0 to the future of ¥ and let S be the outermost MOTS which is bounding
with respect to OTY. If g(T) < 0 on some spacetime neighbourhood of S, then

EMLE <0 everywhere on S.

Remark 1. As usual, the theorem still holds if all the inequalities involving
E are reversed. O

Remark 2. The simplest way to ensure that é’ (T') < 0 on some neighbour-
hood of S is by imposing a condition merely on S, namely §,n"|s > 0, because
then 5 lies strictly below ¥ on S and this property is obviously preserved
sufficiently near S (i.e. E points strictly below the level set of T" on a sufficiently
small spacetime neighbourhood of S). We prefer imposing directly the condition

§(T) < 0 on a spacetime neighbourhood of S because this allows £|g to be
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tangent to S. O

Proof. First note that the hypersurface 3 satisfies the assumptions of The-
orem [2.2.30| which ensures that an outermost MOTS S which is bounding with
respect to 7Y does exist and, therefore, no weakly outer trapped surface can
penetrate in its exterior region. Then, the idea is precisely to use the geometric
procedure described above to construct S, and use the fact that S is the outer-
most bounding MOTS to conclude that S; (7 > 0) cannot have points outside
S. Here we move S a small but finite amount 7, in contrast to the elliptic results
before, which only involved infinitesimal displacements. We want to have infor-
mation on the sign of the outer expansion of S; in order to make sure that a
weakly outer trapped surface forms. The first part of the displacement is along
E and gives S.. Let us first see that all these surfaces are MOTS. For Killing
vectors, this follows at once from symmetry arguments. For homotheties we have
the identity

1 /
650" = (—§zizgz+a(7) - 20) o, (3.4.12)

which follows directly from (3.3.1) with 7 = [, after using liﬁgljw(T) =

2a,, ()1 = 0, see (3.3.8). Expression (3.4.12) holds for each one of the
surfaces {S.}, independently of them being MOTS or not. Since this variation
vanishes on MOTS and the starting surface S has this property, it follows that
each surface S. (7 > 0) is also a MOTS. Moving back to % along the null
hypersurface introduces, via the Raychaudhuri equation (2.2.13), a non-positive
term NgWW in the outer null expansion, provided the motion is to the future.
Hence, S, for small but finite 7 > 0 is a weakly outer trapped surface provided
€ moves to the past of £. This is ensured if £(7) < 0 near S, because T' cannot
become positive for small enough 7. On the other hand, since a point p € S
moves initially along the vector field v = E— Ngl:_ =Qm+ }7”, where QQ = ¢,l%
as usual, it follows that @ > 0 somewhere implies (for small enough 7) that
the bounding weakly outer trapped surface S, has a portion lying strictly to
the outside of S which, due to Theorem [2.2.30 by Andersson and Metzger,
is a contradiction to S being the outermost bounding MOTS. Hence ) < 0

everywhere and the theorem is proven. |

It should be remarked that the assumption of 5 being a Killing vector or a
homothety is important for this result. Trying to generalize it for instance to

conformal Killings fails in general because then the right hand side of equation




3. Stability of marginally outer trapped surfaces and symmetries 77

has an additional term 20 (¢), not proportional to #*. This means that
moving a MOTS along a conformal Killing does not lead to another MOTS in
general. The method can however, still give useful information if ljr((b) has the
appropriate sign, so that S. is in fact weakly outer trapped. We omit the details.

An immediate consequence of the finite construction of S, is the extension of
point (ii) of Corollary to locally outermost MOTS.

Theorem 3.4.9 Let (M, g") be a spacetime satisfying NEC and admitting a
causal Killing vector or homothety E which is future (past) directed on a locally
outermost MOTS S C ¥. Then goc f+ everywhere on S.

Proof. As before, let ¥ be defined locally by a level function T" = 0 with
T > 0 to the future of 3. Assume that € is past directed (the future directed case
is similar). Then, the assumption 5 (T') < 0 on some spacetime neighbourhood
of S of Theorem (3.4.8 is automatically satisfied. Then we can use the finite
construction therein to find a weakly outer trapped surface which, due to the
fact that E is causal (and past directed), does not penetrate in the interior part
of the two-sided neighbourhood of S. In fact, this new trapped surface will have

points strictly outside S if on some point of S E e l_;r which proves the result. B

Finally, Theorem [3.4.9] together with Theorem [2.2.30 lead to the following

result.

Theorem 3.4.10 Consider a spacelike hypersurface (3,9, K) possibly with
boundary in a spacetime satisfying the NEC and possessing a Killing vector or a
homothety E with squared norm §,E" = —\. Assume that X possesses a barrier
Sy with interior Y, which is outer untrapped with respect to the direction pointing
outside of 2.

Consider any surface S which is bounding with respect to Sy. Let us denote by
Q the exterior of S in Q. If S is weakly outer trapped and Q@ C {\ > 0}, then A

cannot be strictly positive on any point p € S.

Remark. When weakly outer trapped surface is replaced by the stronger
condition of being a weakly trapped surface with non-vanishing mean curvature,
then this theorem can be proven by a simple argument based on the first
variation of area [80]. In that case, the assumption of S being bounding becomes
unnecessary. It would be interesting to know if Theorem3.4.10 holds for arbitrary

weakly outer trapped surfaces, not necessarily bounding. O]
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Sb

{\> 0} by

Figure 3.4: Theorem [3.4.10 excludes the possibility pictured in this figure, where
S (in blue) is a weakly outer trapped surface which is bounding with respect to
the outer trapped barrier S,. The grey (both light and dark) regions represent
the region where A > 0. The dark grey region represents the interior of S, while

the striped area corresponds to €2, which is the exterior of S in €.

Proof. We argue by contradiction. Suppose a weakly outer trapped surface
S satisfying the assumptions of the theorem and with A\ > 0 at some point.
Theorem [2.2.30 implies that an outermost MOTS 9"PT* which is bounding
with respect to S exists in the closure of the exterior €2 of S in €2;,. In particular,
O"PT* is a locally outermost MOTS. The hypothesis Q@ C {\ > 0} implies
that the vector E is causal everywhere on 9'PT, either future or past directed.
Moreover, the fact that A > 0 on some point of S implies that the Killing vector
is timelike in some non-empty set of 9"?T", which contradicts Theorem[3.4.9. B

The following result is a particularization of Theorem[3.4.10 to the case when

the hypersurface > possesses an asymptotically flat end.

Theorem 3.4.11 Let (X, g, K) be a spacelike hypersurface in a spacetime satis-
fying the NEC and possessing a Killing vector or homothety 5 Suppose that X
possesses an asymptotically flat end X5°.

Consider any bounding surface S (see Definition[2.3.6). Let us denote by )
the exterior of S in X. If S is weakly outer trapped and  C {\ > 0}, then A
cannot be strictly positive on any point p € S.

Proof. The result is a direct consequence of Theorem 3.4.10. |

Two immediate corollaries follow.

Corollary 3.4.12 Consider a spacelike hypersurface (2, g, K) in a spacetime sat-
1sfying the NEC' and possessing a Killing vector or a homothety 5 Assume that
Y has a selected asymptotically flat end ¥5° and X\ > 0 everywhere on . Then

there exists no bounding weakly outer trapped surface in 3.
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Corollary 3.4.13 Let (X,9,K) be a spacelike hypersurface of the Minkowski

spacetime. Then there exists no bounding weakly outer trapped surface in .

The second Corollary is obviously a particular case of the first one because
the vector 9, in Minkowskian coordinates is strictly stationary everywhere, in
particular on Y. The non-existence result of a bounding weakly outer trapped
surface in a Cauchy surface of Minkowski spacetime is however, well-known as
this spacetime is obviously regular predictable (see [63] for definition) and then
the proof of Proposition 9.2.8 in [63] gives the result.

So far, all the results we have obtained require that the quantity L,,) does

not change sign on the MOTS S. In the next section we will relax this condition.

3.5 Results regardless of the sign of L;()

When L@ changes sign on S, the elliptic methods exploited in the previous
section lose their power. Moreover, for sufficiently small 7, the surface S, defined
by the geometric construction above necessarily fails to be weakly outer trapped.
Thus, obtaining restrictions in this case becomes a much harder problem.
However, for locally outermost MOTS S, an interesting situation arises when
S, lies partially outside S and happens to be weakly outer trapped in that exte-
rior region. More precisely, if a connected component of the subset of S, which
lies outside S turns out to have non-positive outer null expansion, then using a
smoothing result by Kriele and Hayward [75], we will be able to construct a new
weakly outer trapped surface outside S, thus leading to a contradiction with the
fact that S is locally outermost (or else giving restrictions on the generator E ).
The result by Kriele and Hayward states, in rough terms, that given two
surfaces which intersect on a curve, a new smooth surface can be constructed
lying outside the previous ones in such a way that the outer null expansion does

not increase in the process. The precise statement is as follows.

Lemma 3.5.1 (Kriele, Hayward, 1997 [75]) Let S1,S2 C X be smooth two-
sided surfaces which intersect transversely on a smooth curve . Suppose that the
exterior regions of S1 and Sy are properly defined in ¥ and let Uy and Uy be
respectively tubular neighbourhoods of S and Sy and U; and U, their interior
parts. Assume it is possible to choose one connected component of each set Sy \ 7y
and Sy \ 7y, say S and Sy respectively, such that S;NUy; =0 and S NU; = 0.
Then, for any neighbourhood V of v in ¥ there exists a smooth surface S and a

continuous and piecewise smooth bijection ®: St U Sy U~y — S such that
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\ / __

Figure 3.5: The figure represents the two surfaces S; and Sy which intersects in a
curve 7, (where one dimension has been suppressed). The two intersecting grey
regions are the tubular neighbourhoods U; and U, and, inside them, the stripped
regions represents their interior parts, U; and U, . The sets S and Sy, in blue
color, are then taken to be the connected components of Sy \ v and Sy \ v which do
not intersect U, and U, , respectively. Finally, the red line represents the smooth

surface S which has smaller 7 than S; and S,..

1. ®(p)=p, Vpe (ST USH\V

2. 0%[S)| < OF[SH]|, Ve e ST (A=1,2).

‘@(p)

Moreover S lies in the connected component of VA (Sfr U Sy U’y) lying in the

exterior regions of both Sy and Ss.

Remark. It is important to emphasize that the statement of this result is
slightly different from the one appearing in the original paper [75] by Kriele
and Hayward. Indeed, the assumptions made in [75] are rather ambiguous and
restrictive in the sense that the outer normals of S; and Sy are required to form
an angle (defined only by a figure), not smaller than 90 degrees. This condition is
not necessary for the lemma to work. This result also appears quoted in [4] where
the assumptions are wrongly formulated (although the result is properly used
throughout the paper). In our paper [25], where Lemma[3.5.1 is also formulated,

the hypotheses are incomplete as well. [

This result will allow us to adapt the arguments above without having to
assume that L;@Q has a constant sign on S. The argument will be again by

contradiction, i.e. we will assume a locally outermost MOTS S and, under suitable
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circumstances, we will be able to find a new weakly outer trapped surface lying
outside S. Since the conditions are much weaker than in the previous section, the

conclusion is also weaker. It is, however, fully general in the sense that it holds
for any vector field E on S. Recall that Z is defined in equation (3.4.1).

Theorem 3.5.2 Let S be a locally outermost MOTS in a spacelike hypersurface
Y of a spacetime (M, g™)). Denote by Uy a connected component of the set {p €
S; &N |y > 0}, Assume Uy # 0 and that its boundary v = 0"PUy is either empty,
or it satisfies that the function £,1% has a non-zero gradient everywhere on vy, i.e.

A, # 0.
Then, there exists a point p € Uy such that Z|p > 0.

Proof. As mentioned, we will use a contradiction argument. Let us therefore
assume that
Zl, <0, VpeU. (3.5.1)

The aim is to construct a weakly outer trapped surface near S and outside of it.
This will contradict the condition of S being locally outermost.

First of all we observe that Z cannot be negative everywhere on S, because
then Theorem [3.4.2 (recall that outermost MOTS are always stable) would imply
Q = (&%) < 0 everywhere and Uy would be empty against hypothesis. Con-
sequently, under (3.5.1), Uy cannot coincide with S and v = 9"PU, # (). Since
Q| , = 0 and, by assumption, d@Q|, # 0 it follows that 7 is a smooth embed-
ded curve. Taking p to be a local coordinate on 7, it is clear that {u, Q} are
coordinates of a neighbourhood of v in S. We will coordinate a small enough
neighbourhood of v in ¥ by Gaussian coordinates {u, 1, @} such that u = 0 on
S and u > 0 on its exterior.

By moving S along 5 a finite but small parametric amount 7 and back to X
with the outer null geodesics, as described in Section 3.2) we construct a family
of surfaces {S:},. The curve that each point p € S describes via this construction
has tangent vector /' = QT?L'+§7|| |s on S. In a small neighbourhood of 7, the normal
component of this vector, i.e. @m, is smooth and only vanishes on ~. This implies
that for small enough 7, S, are graphs over S near v. We will always work on
this neighbourhood, or suitable restrictions thereof. In the Gaussian coordinates
above, this graph is of the form {u = a(u, @, 7), 1, Q}. Since the normal unit
vector to S is simply m = d, in these coordinates and the normal component of

v is @m, the graph function @ has the following Taylor expansion

a(p, Q,7) = QT + O(T?). (3.5.2)
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Our next aim is to use this expansion to conclude that the intersection of S and
S near v is an embedded curve ., for all small enough 7. To do that we will apply
the implicit function theorem for functions to the equation u = 0. It is useful to
introduce a new function v(u,Q,7) = M, which is still smooth (thanks to
(3.5.2)) and vanishes at 7 = 0 only on the curve 7. Moreover, its derivative with

respect to @ is nowhere zero on 7, in fact 2% = 1 for all p. The implicit

0Q
(14,0,0)
function theorem implies that there exist a unique function @ = ¢(u,7) which

solves the equation v(u, @, 7) = 0, for small enough 7. Obviously, this function
is also the unique solution near « of 4(u,@Q,7) = 0 for 7 > 0. Consequently,
the intersection of S and S, (7 > 0) lying in the neighbourhood of vy where we
are working on is an embedded curve 7,. Since vy separates S into two or more
connected components, the same is true for -, for small enough 7 (note that
need not be connected and the number of connected components of S\ v may
be bigger than two). Recall that « is the boundary of a connected set Uy. Hence,
by construction, there is only one connected component of S, \ v, which has
v(p, Q,7) > 0 near v (i.e. that lies in the exterior of S near 7). Let us denote
it by SI. S in fact lies fully outside of S, not just in a neighborhood of v, as
we see next. First of all, note that ) > 0 on Uy. We have just seen that ~, is
a continuous deformation of . Let us denote by U, the domain in S obtained
by deforming Uy when the boundary moves from ~ to v, (See Figure [3.6]). It is
obvious that S is obtained by moving U, first along 5 an amount 7 and then
back to ¥ by null hypersurfaces. The closed subset of U, lying outside the tubular
neighbourhood where we applied the implicit function theorem is, by construction
a proper subset of Uy. Consequently, on this closed set () is uniformly bounded
below by a positive constant. Given that () is the first order term of the normal
variation, all these points move outside of S. This proves that ST is fully outside
S for sufficiently small 7. Incidentally this also shows that ST is a graph over U,.

The next aim is to show that the outer null expansion of S; is non-positive
everywhere on S7. To that aim, we will prove that, for small enough 7, Z is strictly
negative everywhere on U,. Since Z is the first order term in the variation of 8%,
this implies that the outer null expansion of S} satisfies 1[SF] < 0 for 7 > 0
small enough.

By assumption (3.5.1), Z is strictly negative on Uy. Therefore, this quantity
is automatically negative in the portion of U, lying in Uy (in particular, outside
the tubular neighbourhood where we applied the implicit function theorem). The
only difficulty comes from the fact that +, may move outside U, at some points

and we only have information on the sign of Z on U,. To address this issue, we
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f7)

Figure 3.6: The figure represents both intersecting surfaces S and S} together
with the curves v and ~,. The shaded region corresponds to Uy and the stripped

region to U..

first notice that @) defines a distance function to v (because () vanishes on v and
its gradient is nowhere zero). Consequently, the fact that Z is strictly negative on
v (by assumption (3.5.1)) and that this curve is compact imply that there exists
a 0 > 0 such that, inside the tubular neighbourhood of v, |Q| < § implies Z < 0.
Moreover, the function @@ = ¢(u,7), which defines ,, is such that it vanishes
at 7 = 0 and depends smoothly on 7. Since pu takes values on a compact set,
it follows that for each ¢ > 0, there exists an €(d’) > 0, independent of y such
that |7| < €(0’) implies |Q| = |p(u, 7)| < ¢'. By taking ¢’ = ¢, it follows that,
for |7] < €(9), U, is contained in a d-neighbourhood of U, (with respect to the
distance function ()) and consequently Z < 0 on this set, as claimed. We restrict
to 0 < 7 < €(d) from now on.

Summarizing, so far we have shown that S lies fully outside S and has
0*[ST] < 0. The final task is to use Lemma [3.5.1 to construct a weakly outer
trapped surface strictly outside S. Denote by S* the complement of U, in 5,
which may have several connected components. For any connected component
7. of 7, there exists a neighbourhood W}, of 4L in S C S which lies in
the exterior of S, (because the intersection between S and S, is transverse).
Similarly, there is a connected neighbourhood Wfl of v/ in ST C S, which lies
in the exterior of S. The smoothing argument of Lemma can be therefore
applied locally on each union W, U YU Wf ;, to produce a weakly outer trapped
surface S which lies outside S, leading a contradiction. This surface S is con-
structed in such a way that S = S* in S*\ <L1_JJW;"1> and S = SF in S\ (LZJWTJFJ |

Remark. As usual, this theorem also holds if all the inequalities are reversed.

Note that in this case Uy is defined to be a connected component of the set
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{p € S;(&1%)], < 0}. For the proof simply take 7 < 0 instead of 7 > 0 (or

equivalently move along —5’ instead of 5) 0

Similarly as in the previous section, this theorem can be particularized to the
case of conformal Killing vectors, as follows (recall that Z = 20 (¢) + NW in the
conformal Killing case, see Corollary 3.4.3).

Corollary 3.5.3 Under the assumptions of Theorem 3.5.2, suppose that gis a
conformal Killing vector with conformal factor ¢ (including homotheties ¢ = C
and isometries ¢ =0).

Then, there exists p € Uy such that 21 (¢) + Ng(IL; gITT 7 + Gﬁ)lilﬂ’rﬂp > 0.

If the conformal Killing is in fact a homothety or a Killing vector and it is
causal everywhere, the result can be strengthened considerably. The next result
extends Corollary [3.4.4 in a suitable sense to the cases when the generator is not
assumed to be either future or past everywhere. Since its proof requires an extra

ingredient we write it down as a theorem.

Theorem 3.5.4 In a spacetime (M, g satisfying the NEC and admitting a
Killing vector or homothety E, consider a locally outermost MOTS S in a spacelike
hypersurface 3. Assume that gis causal on S and that W = HJA?BHJ“AB—I—G,%,)Z‘}FZZF
is non-zero everywhere on S. Define U = {p € S;(§,1%)], > 0} and assume that
this set is neither empty nor covers all of S. Then, on each connected component
U, of U there exist a point p € 0"PU,, with d(§,1")], = 0.

Remark 1. The same conclusion holds on the boundary of each connected
components of the set {p € S;(£,l)|, < 0}. This is obvious since € can be
changed to —5’. [

Remark 2. The case 0"?U = (), excluded by assumption in this theorem,

can only occur if 5 is future or past everywhere on S. Hence, this case is already
included in Corollary O

Proof. We first show that on any point in U we have Ng < 0, which has as an
immediate consequence that Ng < 0 on any point in U. The former statement is
a consequence of the decomposition & = Nl_:r +Qm+ Y where Q = (€,1). The
condition that Eis causal then implies £,£" = 2NsQ + Q* + yl? < 0. This can
only happen at a point where ¢ > 0 (i.e. on U) provided Ng < 0 there. Moreover,
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if at any point q on the boundary 9'PU we have Ng|, = 0, then necessarily the
full vector 5 vanishes at this point. This implies, in particular, that the geometric
construction of S, has the property that q remains invariant.

Having noticed these facts, we will now argue by contradiction, i.e. we
will assume that there exists a connected component Uy of U such that
d(&.l%)|otory, # 0 everywhere. In these circumstances, we can follow the same
steps as in the proof of Theorem [3.5.2] to show that, for small enough 7 the
surface S; has a portion S lying in the exterior of S and which, in the Gaussian
coordinates above, is a graph over a subset U, which is a continuous deformation
of Uy. Moreover, the boundary of U, is a smooth embedded curve ~,. The only
difficulty with this construction is that we cannot use NgW = Z < 0 everywhere
on Uy, in order to conclude that 6+[SF] < 0, as we did before. The reason is that
there may be points on 9'PU, where Ng = 0. However, as already noted, these
points have the property that do not move at all by the construction of S;, i.e.
the boundary ~y, (which is the intersection of S and S;) can only move outside
of Uy at points where Ng is strictly negative. Hence on the interior points of U,
we have Ng < 0 everywhere, for sufficiently small 7. Consequently the first order
terms in the variation of 6%, namely Z = N,V is strictly negative on all the
interior points of U,. This implies that ST has negative outer null expansion
everywhere except possibly on its boundary ~,. By continuity, we conclude
0*[SF] < 0 everywhere. The smoothing argument of the proof of Theorem [3.5.2]
implies that a smooth weakly outer trapped surface can be constructed outside
the locally outermost MOTS S. This gives a contradiction. Therefore, there
exists p € 9"PU, such that d(,l})|, = 0, as claimed. |

Remark The assumption d@)| N # 0 is a technical requirement for using the
smoothing argument of Lemma [3.5.1. This is why we had to include an assump-
tion on d@|, in Theorem [3.5.2 and also that the conclusion of Theorem 3.5.4 is
stated in terms of the existence of critical points for ). If Lemma [3.5.1/ could
be strengthened so as to remove this requirement, then Theorem 3.5.4 could be
rephrased as stating that any outermost MO'TS in a region where there is a causal
Killing vector (irrespective of its future or past character) must have at least one
point where the shear and G,(ﬁ,)lili vanish simultaneously.

In any case, the existence of critical points for a function in the boundary
of every connected component of {¢) > 0} and every connected component of
{Q < 0} is obviously a highly non-generic situation. So, locally outermost MOT'S

in regions where there is a causal Killing vector or homothety can at most occur
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under very exceptional circumstances. O




Chapter 4
Weakly outer trapped surfaces in

static spacetimes

4.1 Introduction

In the next two chapters we will concentrate on static spacetimes. As we have
remarked in Chapter [1, one of the main aims of this thesis is to extend the
uniqueness theorems for static black holes to static spacetimes containing MOT'S.
This chapter is devoted to obtaining a proper understanding of MOTS in static
spacetimes, which will be essential to prove the uniqueness result in the next
chapter.

The first answer to the question of whether the uniqueness theorems for static
black holes extend to static spacetimes containing MOTS was given by Miao
in 2005 [86], who proved uniqueness for the particular case of time-symmetric,
asymptotically flat and vacuum spacelike hypersurfaces possessing a minimal
compact boundary (note that in a time-symmetric slice compact minimal sur-
faces are MOTS and vice versa). This result generalized the classic uniqueness
result of Bunting and Masood-ul-Alam [22] for vacuum static black holes which

states the following.

Theorem 4.1.1 Consider a vacuum spacetime (M, g™ with a static Killing vec-
tor 5 Assume that (M, g™) possesses a connected, asymptotically flat spacelike
hypersurface (3, g, K) which is time-symmetric (i.e. K = 0, gL Y), has non-
empty compact boundary 0% and is such that the static Killing vector 5 s causal
on Y and null only on 0.

4
Then (3, g) is isometric to (R3 \ By, /2(0); (9xr);; = <1 + %) 52-3-) for some
Mg, > 0, i.e. the {t = 0} slice of the Kruskal spacetime with mass Mg, out-
side and including the horizon. Moreover, there exists a neighbourhood of > in

M which s isometrically diffeomorphic to the closure of the domain of outer

87
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communications of the Kruskal spacetime.

In other words, this theorem asserts that a time-symmetric slice > of a non-
degenerate static vacuum black hole must be a time-symmetric slice of the Kruskal
spacetime. Miao was able to reach the same conclusion under much weaker as-
sumptions, namely by simply assuming that the boundary of ¥ is a closed min-
imal surface. As in Bunting and Masood-ul-Alam’s theorem, Miao’s result deals
with time-symmetric and asymptotically flat spacelike hypersurfaces embedded

in static vacuum spacetimes. More precisely,

Theorem 4.1.2 Consider a vacuum spacetime (M, g™) with a static Killing vec-
tor 5 Assume that (M, g™) possesses a connected, asymptotically flat spacelike
hypersurface (3, g, K) which is time-symmetric and such that 0% is a (non-empty)

compact minimal surface.

4
Then (X, g) is isometric to (RS \ Bar,/2(0); (grcr);; = (1 + %) 515) for some

2|z
My, > 0, i.e. the {t = 0} slice of the Kruskal spacetime with mass My, out-
side and including the horizon. Moreover, there exists a neighbourhood of > in
M which s isometrically diffeomorphic to the closure of the domain of outer

communications of the Kruskal spacetime.

A key ingredient in Miao’s proof was to show that the existence of a closed
minimal surface implies the existence of an asymptotically flat end »*° with
smooth topological boundary 9"PY¥>° such that E is timelike on ¥*° and vanishes
on 0'P¥>°. Miao then proved that 9'PX*>° coincides in fact with the minimal
boundary 0% of the original manifold. Hence, the strategy was to reduce Theorem
4.1.2 to the Bunting and Massod-ul-Alam uniqueness theorem of black holes.

As a consequence of the static vacuum field equations the set of points where
the Killing vector vanishes in a time-symmetric slice is known to be a totally
geodesic surface. Totally geodesic surfaces are of course minimal and in this sense
Theorem [4.1.2 is a generalization of Theorem [4.1.1l In fact, Theorem [4.1.1 allows
us to rephrase Miao’s theorem as follows: No minimal surface can penetrate in
the exterior region where the Killing vector is timelike in any time-symmetric and
asymptotically flat slice of a static vacuum spacetime. In this sense, Miao’s result
can be regarded as a confinement result for MOTS in time-symmetric slices of
static vacuum spacetimes. Here, it is important to remark that a general confine-
ment result of this type was already known when suitable global hypotheses in

time are assumed in the spacetime. In this case, weakly outer trapped surfaces
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must lie inside the black hole region (see e.g. Proposition 12.2.4 in [109]). Con-
sequently, Theorem can also be viewed as an extension of this result to the
initial data setting (which drops completely all global assumptions in time) for
the particular case of time-symmetric, static vacuum slices.

We aim to generalize Miao’s theorem in three different directions. Firstly, we
want to allow for non-vanishing matter as long as the NEC is satisfied. Secondly,
the slices will no longer be required to be time-symmetric. In this situation the
natural replacement for minimal surfaces are MOTS. And finally, we intend to
relax the condition of asymptotic flatness to just assuming the presence of an
outer untrapped surface (of course, this will not be possible for the uniqueness
theorem, but it is possible when viewing Miao’s result as a confinement result).
The proof given by Miao relies strongly on the vacuum field equations, so we
must resort to different methods. Obviously, a fundamental step for our purposes
is a proper understanding of MOTS in static spacetimes.

In this chapter we explore the properties of MOTS in static spacetimes. The
main result of this chapter is Theorem [4.4.1] which extends Theorem [4.1.2| as a
confinement result for MOTS by asserting that no MOTS which are bounding can
penetrate into the exterior region where the static Killing is timelike provided some
hypotheses hold. In fact, this result for MOTS also holds for weakly outer trapped
surfaces. It is important to note that Theorem [3.4.10/ in the previous chapter
already forbids the existence of weakly outer trapped surfaces whose exterior lies
in the region where the Killing vector is timelike, and which penetrates into the
timelike region (recall that the exterior of S does not contain S, by definition).
However, this result does not exclude the existence of a weakly outer trapped
surface penetrating into the timelike region but not lying entirely in the causal
region. This is the situation we exclude in Theorem4.4.1. The essential ingredients
to prove this result will be a combination of the ideas that allowed us to prove
Theorem[3.4.10/together with a detailed study of the properties of the boundary of
the region where the static Killing is timelike. Besides a confinement result, Miao’s
theorem is also (and fundamentally) a uniqueness theorem. The generalization of
Miao’s result as a uniqueness result will be studied in the next chapter, where
several of the results of the present chapter will be applied.

As we remarked in the introductory chapter, a general tendency in investiga-
tions involving stationary and static spacetimes over the years has been to relax

the global hypotheses in time and work at the initial data level as much as pos-

sible. Good examples of this fact are the statements of Theorems4.1.1 and [4.1.2!

above, where the existence of a spacelike hypersurface with suitable properties is,
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in fact, sufficient for the proof. Following this trend, all the results of this chapter
will be proved by working directly on spacelike hypersurfaces, with no need of
invoking a spacetime containing them. These spacelike hypersurfaces, considered
as abstract objects on their own, will be called initial data sets. Some of these
results generalize known properties of static spacetimes to the initial data setting
and, consequently, can be of independent interest.

We finish this introduction with a brief summary of the chapter. In Section 4.2
we define initial data set as well as Killing initial data (KID). Then we introduce
the so-called Killing form and give some of its properties. In Section/4.3 we discuss
the implications of imposing staticity on a Killing initial data set and state a
number of useful properties of the boundary of the set where the static Killing
vector is timelike, which will be fundamental to prove Theorem [4.4.1. Some of
the technical work required in this section is related to the fact that we are not
a priori assuming the existence of a spacetime. Finally, Section is devoted to
stating and proving Theorem 4.4.1.

The results presented in this chapter have been published in [23], [24].

4.2 Preliminaries

4.2.1 Killing Initial Data (KID)
We start with the standard definition of initial data set [12].

Definition 4.2.1 An initial data set (X, g, K;p,J) is a 3-dimensional con-
nected manifold 32, possibly with boundary, endowed with a Riemannian metric
g, a symmetric, rank-two tensor K, a scalar p and a one-form J satisfying the

so-called constraint equations,

20 = Rz—i—(t?‘zK)Q—Kinij,
—J; = V(K —trsKé)),

where R” and V> are respectively the scalar curvature and the covariant derivative
of (¥,9) and tre K = g" K,;.

For simplicity, we will often write (3, g, K) instead of (X, g, K; p,J) when no
confusion arises.

In the framework of the Cauchy problem for the Einstein field equations, > is
a spacelike hypersurface of a spacetime (M, g(4)), g is the induced metric and K is

the second fundamental form. The initial data energy density p and energy
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flux J are defined by p = G,(ﬁ,)n“n”, Ji = —G,(fl,,) nte?, where G,(ﬁ,) is the Einstein
tensor of g, 7 is the unit future directed vector normal to ¥ and {&;} is a local
basis for X(X). When p = 0 and J = 0, the initial data set is said to be vacuum.

As remarked in the previous section, we will regard initial data sets as abstract
objects on their own, independently of the existence of a spacetime where they
may be embedded, unless explicitly stated.

Consider for a moment a spacetime (M, g¥) possessing a Killing vector field
5 and let (3, g, K) be an initial data set in this spacetime. We can decompose 5

along Y into a normal and a tangential component as
§=Nii+Y'¢ (4.2.1)
(see Figure 3.2), where N = —¢#n,,. Note that with this decomposition
A= -8 =N —Y2

Inserting (4.2.1) into the Killing equations and performing a 3+1 splitting on
(3, 9, K) it follows (see [45], [12]),

ONK; +2ViY) = 0, (42.2)
LoKij+VIVIN = N(R%;+trsKK;; — 2K, K} — 7

1
+§gij(t1'27' — p)) s (423)

where the parentheses in (4.2.2) denotes symmetrization, 7;; = Gfﬁ,)ef e/ are the
remaining components of the Einstein tensor and trs7 = ¢"7;;. Thus, the follow-

ing definition of Killing initial data becomes natural [12].

Definition 4.2.2 An initial data set (X, g, K;p,J) endowed with a scalar N, a
vector Y and a symmetric tensor T;; satisfying equations (4.2.2) and (4.2.3) is
called a Killing initial data (KID).

In particular, if a KID has p =0, J = 0 and 7 = 0 then it is said to be a vacuum
KID.

A point p € ¥ where N = 0 and Y = 0 is a fixed point. This name is
motivated by the fact that when the KID is embedded into a spacetime with a
local isometry, the corresponding Killing vector E vanishes at p and the isometry
has a fixed point there.

A natural question regarding KID is whether they can be embedded into a
spacetime (M, g¥) such that N and Y correspond to a Killing vector €. The
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simplest case where existence is guaranteed involves “transversal” KID, i.e. when
N # 0 everywhere. Then, the following spacetime, called Killing development
of (X, g, K), can be constructed

(z xR, g% = _\df? + 2Vidtda’ + gijdxida:j> (4.2.4)
where
At ') = (V2= YY), Gult,a") = gy@h), Vilt,a)) = Vi), (425)

Notice that 0; is a complete Killing field with orbits diffeomorphic to R which,
when evaluated on X = {t = 0} decomposes as 9; = N7i+Y¢;, in agreement with
(4.2.1). The Killing development is the unique spacetime with these properties.
Further details can be found in [12]. Notice also that the Killing development can
be constructed for any connected subset of ¥ where N # 0 everywhere.

We will finish this subsection by giving the definition of asymptotically flat
KID, which is just the same as for asymptotically flat spacelike hypersurface but
adding the suitable decays for the quantities N and Y.

Definition 4.2.3 A KID (%, ¢, K; N,}?,T) is asymptotically flat if ¥ = K U
¥, where KC is a compact set and > = |JE is a finite union with each X2°,
called an asymptotic end, being diffeomorphic to R®\ Bg,, where Br, is an open

ball of radius R,. Moreover, in the Cartesian coordinates {z'} induced by the

diffeomorphism, the following decay holds

N — A, =09(1/r), gii — 65 = OP(1/r),
vieci—oPam. K, = 090

where A, and {Ci},—123 are constants such that A2 — §,;C.CJ > 0 for each a,
and r = (:pia:j(Sij)l/Q.
Remark. The condition on the constants A,, C’ is imposed to ensure that

the KID is timelike near infinity on each asymptotic end. 0

4.2.2 Killing Form on a KID

A useful object in spacetimes with a Killing vector E is the two-form V&, , usually
called Killing form or also Papapetrou field. This tensor will play a relevant role
below. Since we intend to work directly on the initial data set, we need to define

a suitable tensor on (X, g, K) which corresponds to the Killing form whenever
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a spacetime is present. Let (X, g, K; N,?,T) be a KID in (M, g™). Clearly we
need to restrict and decompose V, ¢, onto (X, g, K; N,?,T) and try to get an
expression in terms of N and Y and its spatial derivatives. In order to use (4.2.1
we first extend 77 to a neighbourhood of ¥ as a timelike unit and hypersurface
orthogonal, but otherwise arbitrary, vector field (the final expression we obtain
will be independent of this extension), and define N and Y sothat Y is orthogonal
to 7 and (4.2.1) holds. Taking covariant derivatives we find

V& = VuNn, + NV,n, + V,.Y,. (4.2.6)

Notice that, by construction, V,n,|s = K,, — n,a,|s where a, = n*V,n, is
the acceleration of 7. To elaborate V,Y, we recall that V>-covariant deriva-
tives correspond to spacetime covariant derivatives projected onto ¥. Thus, from
VEY,, = hfjhfvaYg, where hY = 0¥ 4+ n*n, is the projector orthogonal to 77, and

expanding we find

VYils = V)Y, —n, (n®VaYs) by —ny, (n°VaYs) B + numunn’VaYsls
— VEY,, —n, (n*V,Ys) hf +n, (Y’gvang) hy; + n#nunanﬁvaYmg
= VEYV —n, (n*V,Ys) ho + K.Y, + nunyno‘nﬁvaYﬁlg,

Substitution into (4.2.6), using V, N = VEN —n,n*V,N, gives

Vilolg = m (ViN + KuoY") = n, (Na, +n*h)V.Ys)
+(V2Y, + NKpu) + nuny, (n®nfVeYs — n®VoN) |s. (4.2.7)

The Killing equations then require n®n°V,Ys3|s = n°V,N|s and VEN +
K,.Y%sx = Na, + nahgvaYg\g, so that (4.2.7) becomes, after using (4.2.2),

Vol = ny (VN + Ko Y*) =, (VON + Ko YY) + % (V3Y, —V)Y,)
(4.2.8)
This expression involves solely objects defined on . However, it still involves
four-dimensional objects. In order to work directly on the KID, we introduce an
auxiliary four-dimensional vector space on each point of ¥ as follows (we stress
that we are not constructing a spacetime, only a Lorentzian vector space attached
to each point on the KID).
At every point p € X define the vector space V,, = T,2 @ R, and endow this
space with the Lorentzian metric go|, = g|,@®(—0), where 0 is the canonical metric

on R. Let 7 be the unit vector tangent to the fiber R. Having a metric we can
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lower and raise indices of tensors in 7,2 @ R. In particular define n = go(7, -).
Covariant tensors ) on 7,3 can be canonically extended to tensors of the same
type on V, = T,X @R (still denoted with the same symbol) simply by noticing that
any vector in Vj is of the form X+ am, where X e T, and a € R. The extension
is defined (for a type m covariant tensor) by Q(X; + a1, -+, Xm + amit) =
Q()zl, e ,Xm) In index notation, this extension will be expressed simply by
changing Latin to Greek indices. It is clear that the collection of (7,2 @ R, go)
at every p € ¥ contains no more information than just (X, g). In particular, this
construction allows us to redefine the energy conditions appearing in Chapter (3.2

at the initial data level. Let us give the definition of NEC for an initial data set.

Definition 4.2.4 An initial data set (X, g, K) satisfies the null energy condi-
tion (NEC) if for all p € ¥ the tensor G,(fy) = pnun, + Jun, + nud, + T on
T,X x R satisfies that G,(ﬁ,)/{:“k”]p > 0 for any null vector ke T,X ®R.

Motivated by (4.2.8), we can define the Killing form directly in terms of objects
on the KID

Definition 4.2.5 The Killing form on a KID is the 2-form F,, defined on
(T,2® R, go) given by

Fuy =ny (VN + K oY) =, (VN + Ko YY) + fu, (4.2.9)

where f,, = V[E

Y0

In a spacetime setting it is well-known that for a non-trivial Killing vector 5, the
Killing form cannot vanish on a fixed point. Let us show that the same happens
in the KID setting.

Lemma 4.2.6 Let (3,9, K; N, }7',7') be a KID and p € ¥ a fized point, i.e. N|, =
0 and }7|p =0. If F,u|y =0 then N and Y wanish identically on 3.

Proof. The aim is to obtain a suitable system of equations and show that,
under the circumstances of the lemma, the solution must be identically zero.

Decomposing Vi'Y; in symmetric and antisymmetric parts,
VY, = =NKj; + fij, (4.2.10)
and inserting into (4.2.3) gives

VIVIN = NQi; — Y'VP Ky — Kufi' — Kafi, (4.2.11)
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where Q);; = Rzij +tryKK;; — 75 + %gij(trgT — p). In order to find an equation
for V7 fi;, we take a derivative of (4.2.2) and write the three equations obtained
by cyclic permutation. Adding two of them and subtracting the third one, we
find,
VIVEY) = R¥pyY* + Vi (NKy) = Vi (NEy) = Vi (NKy),

after using the Ricci and first Bianchi identities. Taking the antisymmetric part
in 7, 7,

Vifii =R i Y* + VINK; — Vi NK;; + NVK; — NV7Kj;.  (4.2.12)
If F,,|, = 0, it follows that f;;|, = 0 and VZN|, = 0. The equations given by
(4.2.10), (4.2.11) and (4.2.12) is a system of PDE for the unknowns N, Y; and
fi; written in normal form. It follows (see e.g. [53]) that the vanishing of N,

VZN, Y; and f;; at one point implies its vanishing everywhere (recall that 3 is

connected). ]

4.2.3 Canonical Form of Null two-forms

Let F,, be an arbitrary two-form on a spacetime (M, g™). It is well-known that
the only two non-trivial scalars that can be constructed from F),, are I, = F),, F**
and I, = F7, F*, where F* is the Hodge dual of F, defined by Ff, = 1yt s,

praf
with n/(ﬁ,)aﬁ being the volume form of (M, g®). When both scalars vanish, the

two-form is called null. Later on, we will encounter Killing forms which are null
and we will exploit the following well-known algebraic decomposition which gives

its canonical form, see e.g. [71] for a proof.

Lemma 4.2.7 A null two-form F,,, at a point p can be decomposed as

where f]p is a null vector and |, is spacelike and orthogonal to f]p.

4.3 Staticity of a KID

4.3.1 Static KID

To define a static KID we have to decompose the integrability equation &,V ,§, =
0 according to (4.2.1). By taking the normal-tangent-tangent part (to X) and
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the completely tangential part (the other components are identically zero by
antisymmetry) we find
NVEY) + 2V VIN + 2V, K Y = 0, (4.3.1)
YViYy =0. (4.3.2)

Since these expressions involve only objects on the KID, the following definition

becomes natural.

Definition 4.3.1 A KID (¥, g, K; N,?,T) satisfying (4.5.1) and (4.3.2) is called
an integrable KID.

Multiplying equation (4.3.1) by N and equation by Y*, adding them up
and using equation (4.2.2), we get the following useful relation, valid everywhere
on X,

AVEYj) + Y VA = 0. (4.3.3)

If A > 0 in some non-empty set of the KID, the Killing vector is timelike in some

non-empty set of the spacetime. Hence

Definition 4.3.2 A static KID is an integrable KID with A > 0 in some non-
empty set.

4.3.2 Killing Form of a Static KID

In Subsection [4.2.3 we introduced the invariant scalars I; and I for any two-form
in a spacetime. In this section we find their explicit expressions for the Killing
form of an integrable KID in the region {\ > 0}.

Although not necessary, we will pass to the Killing development (which is
available in this case) since this simplifies the proofs. We start with a lemma

concerning the integrability of the Killing vector in the Killing development.

Lemma 4.3.3 The Killing vector field associated with the Killing development
of an integrable KID is also integrable.

Proof. Let (X, g, K; N, Y, 7) be an integrable KID. Suppose the Killing de-
velopment (4.2.4) of a suitable open set of 3. Using E = 0, it follows

ENdE = —\O,Y;dt Nda' Adx? — Y0 dt Adax' Ada? +Y;0,Vieda' Nda? Nda®, (4.3.4)
where 5\, Y and g are defined in (4.2.5). Integrability of 5 follows directly from

(4.3.2) and (4.3.3). [ ]

The following lemma gives the explicit expressions for I; and Is.
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Lemma 4.3.4 The invariants of the Killing form in a static KID in the region
{A > 0} read

— ij > b
=5 (g e >v AVZA, (4.3.5)
and

I, =0, (4.3.6)

Remark. By continuity I, = 0. U

tor {A>0}

Proof. Consider a static KID (%,g, K; N,?,T) and let {A > 0} be
a connected component of {A > 0}. In {A > 0}y we have necessarily
N # 0, so we can construct the Killing development ({\ > 0}, g™)
and introduce the so-called Ernst one-form, as o, = V,A — iw, where
w, = ngﬁaﬁgvvagﬁ is the twist of the Killing field (n* is the volume form
of the Killing development). The Ernst one-form satisfies the identity (see
e.g. [77)) otoy = =X (Fu +iF},) (F* +iF*"), which in the static case (i.e.
w, = 0) becomes V, AVFX = —2X(F,,F" +iF,, F*") where the identity
F o, F*" = —F; F*" has been used. The imaginary part immediately gives
(4.3.6). The real part gives I; = —L|V>\\2(4) Taking coordinates {t,z'} adapted
to the Killing field 0y, it follows from (4.2.5) that \VM%Q = (4)ij3i)\8j)\. It is
well-known (and easﬂy checked) that the contravariant spatial components of
where g% is the inverse of g;; and (4.3.5) follows. W

g are g7 = gii — Y22

This lemma allows us to prove the following result on the value of I; on the
fixed points on the closure of {\ > 0}. Notice that 9*"{\ > 0} C {N # 0}.
Since the result involves points where N vanishes, we cannot rely on the Killing
development for its proof and an argument directly on the initial data set is

needed.
Lemma 4.3.5 Let p € {\ > 0} be a fized point of a static KID, then 1|, < 0.

Proof. We first show that I; < 0 on {\ > 0}, which implies that Il\p <0
by continuity. Let g € {A > 0} C % and define the vector £ = Nii + Y on the
vector space (V4, go) introduced in Section [4.2.2] Since ¢ is timelike at g, we can
introduce its orthogonal projector h,., = go,, + % which is obviously positive
semi-definite. If we pull it back onto T, we obtain a positive definite metric,

called orbit space metric,
YiY;
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It is immediate to check that the inverse of h;; is precisely the term in brackets
in (4.3.5). Consequently, I;|; < 0 follows.

It only remains to show that /;|, cannot be zero. We argue by contradiction.
Assuming that I;|, = 0 and using I5|, = 0 by Lemma 4.3.4] it follows that F,,
is null at p. Lemma implies the existence of a null vector [ and a spacelike
vector w on V, such that holds. Since  is defined up to an arbitrary
additive vector proportional to l_; we can choose w normal to 7 without loss of
generality. Decompose [ as | = a (7 + @) with ztx, = 1. We know from Lemma
4.2.6 that a # 0 (otherwise F},,|, = 0 and {\ > 0} would be empty). Expression
(4.2.9) and the canonical form (4.2.13) yield

F;w|p = QH[VVE]N -+ V[ZMYy”p = 2a (I[Mwy] + n[uwy}) .

The purely tangential and normal-tangential components of this equation give,

respectively
V?YHP = 2ax;wy), V?N’p = —aw;, (4.3.8)
where w; is the projection of w, to T,X. The Hessian of A at p is then

ViVIA, = 2(VPINVPN - ViY*VEY))|

2.k
= 207w wiT;T;,

p

where we have used z’z; = 1 and x'w; = 0 (which follows from @ being orthogonal
tol ). This Hessian has therefore signature {—, 0,0}. The Gromoll-Meyer splitting
Lemma (see Appendix B)) implies the existence of an open neighbourhood U, of
p and coordinates {z, 2} in U, such that p = (x = 0,24 = 0) and A = —a?z? +
((z?) where @ > 0 and ¢ is a smooth function satisfying C}p =0, V?(‘p = 0 and
V?V?qp = 0. Since p € 9"P{\ > 0}, there exists a curve u(s) = (z(s), 2(s)) in
UyN{X > 0}, parametrized by s € (0, €) such that p(s) P Since A > 0 on the

curve we have —a?z2(s)+((24(s)) > 0, which implies ((2(s)) > 0. It follows that
1

the curve v(s) = <x(3) =z C(zA(s)),zA(s)) (also parametrized by s) belongs
to 9'P{\ > 0} and is composed by non-fixed points (because V?A!V(S) # 0).
We can construct the Killing development (4.2.4) near this curve, which is a
static spacetime (see Lemmal4.3.3)). Applying Lemmal[2.4.8/ by Vishveshwara and
Carter it follows that v(s) (which belongs to 9"?{\ > 0} and has N # 0) lies in
an arc-connected component of a Killing prehorizon of the Killing development.
Projecting equation (2.4.1), valid on a Killing prehorizon, onto X, we get the
relation

)
V; Ayv(s) = 2xY|, (4.3.9)

(s)’
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where k is the surface gravity of the prehorizon. Therefore, /$|7(S) # 0. Since

I} = —2k?* (see e.g. equation (12.5.14) in [109]) and k remains constant on 7(s)
(see Lemma 2.4.5), it follows, by continuity of I;, that Il|p = 2Kk < 0. |

4.3.3 Properties of 9"7{\ > 0} on a Static KID

In this subsection we will show that, under suitable conditions, the boundary of
the region {\ > 0} is a smooth surface. Our first result on the smoothness of
0"P{\ > 0} is the following.

Lemma 4.3.6 Let (2,9, K; N,Y),T) be a static KID and assume that the set
S = 9"P{\ > 0} N{N # 0} is non-empty. Then S is a smooth submanifold of 3.

Recall that in this thesis, a submanifold is, by definition, injectively immersed,
but not necessarily embedded. Besides, it is worth to remark they are also not
necessarily arc-connected.

Proof. Since N|s # 0, we can construct the Killing development (4.2.4) of
a suitable neighbourhood of & C ¥ satisfying N # 0 everywhere. Moreover,
by Lemma [4.3.3, E = 0, is integrable. Applying Lemma by Vishveshwara
and Carter, it follows that the spacetime subset Nz = 0"P{\ > 0} N {£ + 0}
is a smooth null submanifold (in fact, a Killing prehorizon) of the Killing
development and therefore transverse to 3, which is spacelike. Thus, § = X ﬂ./\fg

is a smooth submanifold of X. [ |

This lemma states that the boundary of {\ > 0} is smooth on the set of non-
fixed points. In fact, for the case of boundaries having at least one fixed point,
an explicit defining function for this surface on the subset of non-fixed points can

be given:

Lemma 4.3.7 Let (X, 9, K; N,?,T) be a static KID. If an arc-connected com-
ponent of 0"P{\ > 0} contains at least one fized point, then VX # 0 on all

non-fized points in that arc-connected component.

Proof. Let V be the set of non-fixed points in one of the arc-connected
components under consideration. This set is obviously open with at least one
fixed point in its closure. Constructing the Killing development as before, we
know that V' belongs to a Killing prehorizon Hg. Projecting equation (2.4.1)
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onto X we get V?>\|quz = 2;@5/;‘ s Since the surface gravity s is constant
€ €

on each arc-connected component of Hg and I, = —2k?, Lemma [4.3.5 implies
/{}V # 0 and consequently VZZ)\’V # 0. |

Fixed points are more difficult to analyze. We first need a lemma on the

structure of VN and f;; on a fixed point.

Lemma 4.3.8 Let (2,9, K; N,Y,T) be a static KID and p € 9"P{\ > 0} be a
fixed point. Then
ViN|, #0

and

b
fiily = 0 (VINX; - VINX;)

where b 1s a constant, X; 1s unit and orthogonal to VZ~E]\/'|p and ) =

+1/VENVE'N,

Proof. From (4.2.9),

(4.3.10)

p

I = Fu P = [ =2 (VEN + KyY) (VN + K*%) . (43.1)

Hence, VZN|, # 0 follows directly from I;|, < 0 (Lemma [4.3.5). For the second
statement, let u; be unit and satisfy V¥N = Qu; in a suitable neighbourhood of
p. Consider (4.3.1) in the region N # 0, which gives

fij = =2N71Y (V5N + KjpY'") . (4.3.12)

Since |Y|/N stays bounded in the region {\ > 0}, it follows that the second term
tends to zero at the fixed point p. Thus, let X, and X, be any pair of vector
fields orthogonal to . Tt follows by continuity that f; XiX3|, = 0. Hence for
any orthonormal basis {@, X, Z} at p it follows [;X°Z7], = 0 (because X and
Z can be extended to a neighbourhood of p while remaining orthogonal to ).
Consequently, fi;l, = (b/Q)(VFINX; — VINX;) + (¢/Q)(VEINZ; — VINZ)],
for some constants b and c. A suitable rotation in the {)? 7 } plane allows us to
set ¢ = 0 and (4.3.10) follows. |

As we will see next, a consequence of this lemma is that an open subset
of fixed points in 9"P{\ > 0} is a smooth surface. In fact, we will prove that
this surface is totally geodesic in (X, ¢) and that the pull-back of the second

fundamental form K;; vanishes there. This means from a spacetime perspective,
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i.e. when the initial data set is embedded into a spacetime, that this open set
of fixed points is totally geodesic as a spacetime submanifold. This is of course
well-known in the spacetime setting from Boyer’s results [16], see also [65]. In
our initial data context, however, the result must be proven from scratch as no

Killing development is available at the fixed points.

Proposition 4.3.9 Let (X,9, K; N,?,T) be a static KID and assume that the
set 0"P{\ > 0} is non-empty. If S C 9"P{\ > 0} is open and consists of fived
points, then S is a smooth surface. Moreover, the second fundamental form of S

in (X, g) vanishes and KAB‘S =0

Proof. Consider a point p € S. We know from Lemma [4.3.8 that VZN |p =+
0. This means that there exists an open neighbourhood U, such that {N =
const} N U, defines a foliation by smooth and connected surfaces, and moreover
that VN # 0 everywhere on U,. Restricting U, if necessary we can assume that
0P{\ > 0} NU, = SN U, (because S is an open subset of 9"P{\ > 0}). It is
clear that SNU, C {N = 0} NU, (because N vanishes on a fixed point). We only
need to prove that these two sets are in fact equal. Choose a continuous curve
v (—€,0) = {X > 0} N U, satisfying lim,_¢y(s) = p. Assume that there is a
point q € {N = 0} N U, not lying in 9'P{\ > 0}. This means that there is an
open neighbourhood Uy of q (which can be taken fully contained in U,) which
does not intersect {\ > 0}. Take a point ¢ in U, sufficiently close to q so that N ‘t
takes the same value as N {V(SO) for some sy € (—¢,0) (this point v exists because
V?N‘q # 0 and N|q = 0). Since the surface {N = N|t} N U, is connected and
contains both v and 7(sp), it follows that there is a path in U, with N = N’r
constant and connecting these two points. This path must necessarily intersect
0"P{\ > 0} (recall that M«,(s) > 0 for all s). But this contradicts the fact that
oP{\ > 0} NU, C {N = 0} NU,. Therefore, SN U, = {N = 0} N Uy, which
proves that S is a smooth surface.

To prove the other statements, let us introduce local coordinates {u, 7} on
Y. adapted to S so that S = {u = 0} and let us prove that the linear term in
a Taylor expansion for Y* vanishes identically. Equivalently, we want to show
that w/V>Y;|s = 0 for @ = 9, (recall that on S we have Yi|s = 0 and this
covariant derivative coincides with the partial derivative). Note that VI'Y;|s = fi;
(see (4.2.10)), so that u'u/VFYj|s = 0 being the contraction of a symmetric
and an antisymmetric tensor. Moreover, for the tangential vectors ¢, = 94 we

find e, Vi'Y;|ls = w/04Y; = 0 because Y; vanishes all along S. Consequently
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u'0;Y;|s = 0. Hence, the Taylor expansion reads

N = G(zMu+ O(u?),
Y; = O(u?). (4.3.13)

Moreover, G # 0 everywhere on S because substituting this Taylor expansion in
(4.3.5) and taking the limit u — 0 gives I;|s = —2¢*“*G*(z") and we know that
Li|s # 0 from Lemma|4.3.5!

We can now prove that S is totally geodesic and that K45 = 0. For the first,

the Taylor expansion above gives
fijls =0 (4.3.14)
and obviously N and Y also vanish on S. Hence, from (4.2.11),
VyV>N|s = 0. (4.3.15)

Since, by Lemma [4.3.8, VFN|s is proportional to the unit normal to S and
non-zero, then V?V?N |s = 0 is precisely the condition that S is totally geodesic.
In order to prove Kap|s = 0, we only need to substitute the Taylor expansion
(4.3.13) in the AB components of (4.2.2). After dividing by u and taking the
limit u — 0, Kap|s = 0 follows directly. [ |

At this point, let us introduce a lemma on the constancy of I; on each arc-

connected component of 9"P{\ > 0}.

Lemma 4.3.10 [; is constant on each arc-connected component of 9" P{\ > 0}
n a static KID.

Proof. For non-fixed points this is a consequence of the Vishveshwara-Carter
Lemma (Lemma 2.4.8) and it has already been used several times before. For

an arc-connected open set § of fixed points, taking the derivative of equation

(4.3.11) we get
VI = 2f9VE f,; — A(VEVEN + VPK, Y7 + K VEYI)(VEN + K*Y).

Then, using the facts that fij|s = 0 (equation (4.3.14)), V?VJZN‘S = 0 (equation
(4.3.15)) and V'Y; = —NK;; + f;; (equation (4.2.10)), it is immediate to obtain

that Vi°I;| . = 0. Finally, continuity of I; leads to the result. |

s
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Black hole
event horizon

White hole
event horizon

Figure 4.1: An example of non-smooth boundary & = 9"P{\ > 0} in an ini-
tial data set X of Kruskal spacetime with one dimension suppressed. The region
outside the cylinder and the cone corresponds to one asymptotic region of the
Kruskal spacetime. The initial data set ¥ intersects the bifurcation surface Sy (in
red). The shaded region corresponds to the intersection of ¥ with the asymptotic
region, and is in fact a connected component of the subset {A > 0} C X. Its

boundary is non-smooth at the point p lying on the bifurcation surface.

We have already proved that both the open sets of fixed points and the
open sets of non-fixed points are smooth submanifolds. Unfortunately, when
9"P{\ > 0} contains fixed points not lying on open sets, this boundary is not a
smooth submanifold in general. Consider as an example the Kruskal extension of
the Schwarzschild black hole and choose one of the asymptotic regions where the
static Killing field is timelike in the domain of outer communications. Its bound-
ary consists of one half of the black hole event horizon, one half of the white hole
event horizon and the bifurcation surface connecting both. Take an initial data set
> that intersects the bifurcation surface transversally and consider the connected
component {\ > 0}, of the subset {\ > 0} within ¥ contained in the chosen
asymptotic region. Its boundary is non-smooth because it has a corner on the
bifurcation surface where the black hole event horizon and the white hole event
horizon intersect (see example of Figurel4.1). We must therefore add some condi-
tion on 9"P{\ > 0}, in order to guarantee that this boundary does not intersect
both a black and a white hole event horizon. In terms of the Killing vector, this
requires that Y points only to one side of 9P{\ > 0},. Lemmal4.3.7suggests that
the condition we need to impose is YiViE/\‘atop{bo}o > 0or Yiviz)\‘atop{)\>o}o <0.
This condition is in fact sufficient to show that 9"P{\ > 0} is a smooth surface.
Before giving the precise statement of this result (Proposition [4.3.13 below) we

need to prove a lemma on the structure of A near fixed points with f;; # 0. For
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this, the following definition will be useful.

Definition 4.3.11 A fized point p € 9"P{\ > 0} is called transverse if and
only if fijly # 0 and non-transverse if and only if fi;l, =0

Lemma 4.3.12 Let p € 9"P{\ > 0} be a transverse fized point. Then, there
exists an open neighbourhood U, of p and coordinates {x,y,z} on U, such that
A\ = p?a? — b*y? for suitable constants > 0 and b # 0.

Proof. From Lemma [4.3.8 we have b # 0. Squaring f;; we get filfjl’P =
P ) ..
b2 (Vz‘ NV N +Xin> and f;;f¥], = 2b% where Qy = Q(p). Being p a fixed
p

Q%
point, both A and its gradient vanish at p and we have a critical point. The

Hessian of A at p is immediately computed to be

ViViA, = 2V'NVJN - 2filfjl\p

= %ﬁv?zvv&v — 22X, X X (4.3.16)
At a fixed point we have I ], = fi; /% — 2VENVZ'N|, = 2(b2 — Q2) < 0 (Lemma
4.3.5). Let us define > 0 by 1> = Q2—0b?. The rank of the Hessian is therefore two
and the signature is (4, —, 0). The Gromoll-Meyer splitting Lemma (see Appendix
B) implies the existence of coordinates {z,y, z} in a suitable neighbourhood Uy
of p such that p = {z = 0,y = 0,z = 0} and X\ = p*z* — b*y* + h(z) on U},
The function h(z) is smooth and satisfies h(0) = A/(0) = h”(0) = 0, where prime
stands for derivative with respect to z. Moreover, evaluating the Hessian of A at p
and comparing with we have dx|, = Q;'dN|, and dy|, = X. This implies
N = Qox + O(2). Moreover, since VYj|, = fi;lp = b(dx @ dy — dy ® dz);|, we
conclude Y, = —by + O(2), Y,, = bx + O(2), Y, = O(2). On the surface {z = 0},
the set of points where A\ vanishes is given by the two lines z = z, (y) = bu™'y

and x = z_(y) = —bu~'y. Computing the gradient of A on these curves we find

On the other hand, the Taylor expansion above for Y gives

b2
Y| (z=as (y),2=0) = —bydzr £ ;ydy +0(2). (4.3.18)

Let S be the arc-connected component of 9"?{\ > 0} containing p. On all
non-fixed points in S we have d\ = 2rkY’, with k? = —1I;/2. Comparing (4.3.17)
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with (4.3.18) yields kK = —p on the branch z = z, (y) and kK = +p on the branch
= x_(y) (this is in agreement with I = —2k? = —2? at every point in S). We
already know that x must remain constant on each arc-connected component of
S\ F, where ' = {p € §,p fixed point}. Let us show that this implies h(z) =0
on Uy. First, we notice that the set of fixed points on S are precisely those where
A =0 and d\ = 0 (this is because in Lemma[4.3.7 we have shown that d\ # 0 on
every non-fixed point of any arc-connected component of 9"?{\ > 0} containing
at least one fixed point). From the expression A = p2x? — b?y? + h(z), this implies
that the fixed points in U, are those satisfying {z = 0,y = 0, h(z) = 0,'(z) = 0}.
Assume that there is no neighbourhood (—¢,€) where h vanishes identically.
Then, there exists a sequence z, — 0 satisfying h(z,) # 0. There must exist
a subsequence (still denoted by {z,}) satisfying either h(z,) > 0, Vn € N
or h(z,) < 0, Vn € N. The two cases are similar, so we only consider
h(z,) = —a? < 0. The set of points with A = 0 in the surface {z = z,} are given
by © = £p71/b2y2 + a2. It follows that the points {\ = 0} N {z = z,} in the
quadrant {x > 0,y > 0} lie in the same arc-connected component as the points
{A=0}Nn{z = z,} lying in the quadrant {z > 0,y < 0}. Since z, converges
to zero, it follows that the points {x = z,(y),y > 0,z = 0} lie in the same
arc-connected component of S\ F' than the points {z = z_(y),y < 0,z = 0}.
However, this is impossible because x (which is constant on S\ F') takes opposite
values on the branch = = z,(y) and on the branch x = x_(y). This gives a

contradiction, and so there must exist a neighbourhood U, of p where h(z) = 0. R
Now, we are ready to prove a smoothness result for 9"P{\ > 0}.

Proposition 4.3.13 Let (X2, g, K; N,?,T) be a static KID and consider a con-
nected component {\ > 0}g of {\ > 0}. If Y'VEX > 0 or YIVEX < 0 on an
arc-connected component S of O"P{\ > 0}, then S is a smooth submanifold (i.e.

injectively immersed) of .

Proof. If there are no fixed points in S, the result follows from Lemma [4.3.6.
Let us therefore assume that there is at least one fixed point p € S. The idea
of the proof proceeds in three stages. The first stage will consist in showing that
YIVEN >0 (or YIVEX < 0) forces all fixed points in S to be non-transverse. The
second one consists in proving that, in a neighbourhood of a non-transverse fixed
point, S is a C! submanifold. In the third and final stage we prove that S is, in
fact, C°.
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Stage 1. We argue by contradiction. Assume the fixed point p is transverse.
Lemmal4.3.12 implies that either {\ > 0}, NU, = {z > “’lﬂl‘} or {A>0}pNU, =
{z < —%}. We treat the first case (the other is similar). The boundary of
{A > 0}p N U, is connected and given by = = 2. (y) for y > 0 and z = z_(y)
for y < 0. Using d\ = 2kY on this boundary, it follows YV = 2xY;Y". But
k has different signs on the branch x = x,(y) and on the branch x = x_(y), so
YiVF\ also changes sign, against hypothesis. Hence p must be a non-transverse
fixed point.

Stage 2. Let us show that there exists a neighbourhood of p where S is C*.
Being p non-transverse, we have f;;|, = 0 and, consequently, the Hessian of A
reads

ViViA, =2V NVIN|,, (4.3.19)

which has signature {+,0,0}. Similarly as in Lemma [4.3.5, the Gromoll-Meyer
splitting Lemma (see Appendix B) implies the existence of an open neighbour-
hood U, of p and coordinates {z, 2} in U, such that p = {z = 0,2 = 0} and
A = Q%% — ((2), where ( is a smooth function satisfying (|, = 0, V3*¢|, = 0 and
V?V]-EC |, =0, and @)y is a positive constant. Moreover, evaluating the Hessian of
A = Q22® — ((2) and comparing with (4.3.19) gives dz|, = Qg 'dN]|,.

Let us first show that there exists a neighbourhood V, of p where ¢ > 0. The
surfaces {N = 0} and {z = 0} are tangent at p. This implies that there exists
a neighbourhood V, of p in ¥ such that the integral lines of 0, are transverse
to {N = 0}. Assume ((z) < 0 on any of these integral lines. If follows that
A = Q3x? — ( is positive everywhere on this line. But at the intersection with
{N = 0} we have A\ = N2 — Y'Y; = —Y'Y; < 0. This gives a contradiction and
hence ((z) > 0 in V,, as claimed.

The set of points {\ > 0} NV}, is given by the union of two disjoint connected
sets namely W, = {z > +5—§} and W_ = {z < —g—g} On a connected component
of {A > 0} (in particular on {\ > 0},) we have that N = /A + Y?Y; must
be either everywhere positive or everywhere negative. On the other hand, for
6 > 0 small enough N|(;—5.4—0) must have different sign than N|,__;.4_¢ (this
is because 0,N|, = dN(0,)|, = Qodx(0,)|, > 0). It follows that either {\ >
0bo NV, =Wy (if N > 0in {A > 0}g) or {A >0}, NV, =W_ (i N <0in
{\ > 0}¢). Consequently, S is locally defined by z = z—f, where € is the sign of
N in {\ > 0}o. Now, we need to prove that ++/¢ is C'. This requires studying
the behavior of ( at points where it vanishes.

The set of fixed points p’ € V, is given by {z = 0,((2) = 0} (this is a

consequence of the fact that fixed points in S are characterized by the equations
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A =0 and d\ = 0, or equivalently x = 0, ( = 0, d{ = 0. Since, for non-negative
functions, ¢ = 0 implies d{ = 0 the statement above follows). The Hessian of A
on any fixed point p’ C V, reads V7V |y = 2Q5(dz ® dx)i; — VI'V>(|y. Since
p’ must be a non-transverse fixed point, we have VY|, = fi;|y = 0 and hence
ViV Ay = 2VyNVZ N|y which has rank 1. Consequently, VZV>(|, = 0 (this
is because this Hessian must be positive semi-definite from ((z) > 0). So, at all
points where ( vanishes we not only have d{ = 0 but also V?V?C = 0. We can
now apply a theorem by Glaeser (see Appendix B) to conclude that the positive
square root u = +Q_\§ is C', as claimed.

Stage 3. Finally, we will prove that S is, in fact, C* in a neighbourhood
of p (we already know that S is smooth at non-fixed points) This is equivalent
to proving that the function z = eu(z) is C*°. Since u = JFQ—‘f and ¢ > 0, it
follows that u is smooth at any point where v > 0. The proof will proceed in two
steps. In the first step we will show that u is C? at points where u vanishes and
then, we will improve this to C°. Let us start with the C? statement. At points
where u # 0, we have Yi|,—cu(z)24) = 3= VEA| (s—cu(z), -4)- Hence Y; is non-zero and
orthogonal to S on such points. Pulling back equation V3'Y; + V?Y} +2NK;; =0
onto S N {z # 0}, we get

kap +e€cKap =0, (4.3.20)

where o is the sign of k , K4p is the pull-back of K;; on the surface {z =
eu(z)} and kup is the second fundamental form of this surface with respect to
the unit normal pointing inside {\ > 0}. By assumption Y*VZ¥\ has constant
sign on §. This implies that o is either everywhere +1 or everywhere —1. So,
the graph x = eu(z) satisfies the set of equations kap + €0 K45 = 0 on the open
set {24 u(z) > 0} C R2 In the local coordinates {z*} these equations takes the

form
— 040pu(z) + xap(u(z),dcu(z),2z) =0 (4.3.21)

where y is a smooth function of its arguments which satisfies x ap(u = 0, 0cu =
0,2) = Rkap(z) + EUKAB(Z), where kg is the second fundamental form of the
surface {x = 0} (with respect to the outer normal pointing towards {z > 0}) at
the point with coordinates {zA} and K ap is the pull-back of K;; on this surface
at the same point. Take a fixed point p’ € S not lying within an open set of fixed
points (if p’ lies on an open set of fixed points we have u = 0 on the open set
and the statement that w is C'° is trivial). It follows that p’ € {x = 0} and that
the coordinates z§' of p’ satisfy z§' € 9"P{z%;u(z) > 0} C R% By stage 2 of the

proof, the function u(z) is C'' everywhere and its gradient vanishes wherever u
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vanishes. It follows that u|z A= 8Bu|z a4 = 0. Being u continuously differentiable,
0 0

it follows that the term yap in (4.3.21) is C° as a function of 2¢ and therefore

admits a limit at z§. It follows that 40pu also has a well-defined limit at 2§,

and in fact this limit satisfies
aAaBU’ZC = ’%ABLC’ +eocKap Jen
0 0 0

This shows that w« is in fact C? everywhere. But taking the trace of
kap + ecKap = 0, we get p+ eoq = 0, where p is the mean curvature of
S and ¢ is the trace of the pull-back of K;; on §. This is an elliptic equation in
the coordinates {2z} (see e.g. [3]), so C? solutions are smooth as a consequence
of elliptic regularity [56]. Thus, the function u(z) is C*. |

Knowing that this submanifold is differentiable, our next aim is to show that,
under suitable circumstances it has vanishing outer null expansion. This is the

content of our next proposition.

Proposition 4.3.14 Let (X, g, K; N,?,T) be a static KID and consider a con-
nected component {\ > 0}o of {\ > 0} with non-empty topological boundary. Let

S be an arc-connected component 9" P{\ > 0}y and assume
(i) NY'VZMNs >0 if S contains at least one fized point.

(ii) NY'm;ls > 0 if S contains no fized point, where m is the unit normal

pointing towards {\ > 0}.

Then S is a smooth submanifold (i.e. injectively immersed) with 67 = 0 provided
the outer direction is defined as the one pointing towards {\ > 0}q. Moreover, if
I #0in S, then S is embedded.

Remark. If the inequalities in (i) and (ii) are reversed, then S has 6~ = 0. O

Proof. Consider first the case when S has at least one fixed point. Since, on
S, N cannot change sign and vanishes only if Y also vanishes, the hypothesis
NY'VFAs > 0 implies either Y'VZA|s > 0 or YVF)s < 0 and, therefore,
Proposition [4.3.13 shows that S is a smooth submanifold. Let 7 be the unit
normal pointing towards {\ > 0}¢ and p the corresponding mean curvature. We
have to show that 6+ = p + v*B K, (see equation (2.2.8)) vanishes. Open sets
of fixed points are immediately covered by Proposition [4.3.9] because this set is

then totally geodesic and K 45 = 0, so that both null expansions vanish.
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On the subset V' C & of non-fixed points we have Y;|V = ivmv (see
equation 4.3.9) and, therefore, V;|,, = |N|sign(m)mi|v. The condition NY*VF\ >
0 imposes sign(N)sign(x) = 1 or, in the notation of the proof of Proposition
4.3.13} €0 = 1. Equation p + g = 0 follows directly from (4.3.20) after taking the
trace.

For the case (i7), we know that S is smooth from Lemma[4.3.6/ and, hence, m
exists (this shows in particular that hypothesis (ii) is well-defined). Since S lies

in a Killing prehorizon in the Killing development of the KID, it follows that E is
orthogonal to § and hence that Y is normal to S in 3. Since Y2 = N2 on S it
follows Y'|s = N1it|s and the same argument applies to conclude 6+ = 0.

To show that S is embedded if I;|s # 0, consider a point p € S. if p is a
non-fixed point, we know that Viz)\’p # 0 and hence A is a defining function
for § in a neighbourhood of p. This immediately implies that S is embedded in
a neighbourhood of p. When p is a fixed point, we have shown in the proof of
Proposition that there exists an open neighbourhood V;, of p such that, in
suitable coordinates, {\ > 0} NV, = {z > u(2)} or {A >0} NV, = {z < —u(2)}
for a non-negative smooth function wu(z). It is clear that the arc-connected com-

ponent S is defined locally by = u(z) or z = —u(z) and hence it is embedded. B

4.4 The confinement result

Now, we are ready to state and prove our confinement result. For simplicity, it
will be formulated as a confinement result for outer trapped surfaces instead of
weakly outer trapped surfaces. However, except for a singular situation, it can be
immediately extended to weakly outer trapped surfaces (see Remark 1 after the

proof).

Theorem 4.4.1 Consider a static KID (X, g, K; N, Y, T) satisfying the NEC and
possessing a barrier S, with interior ), (see Definition [2.2.2]) which is outer
untrapped and such that such that )\‘Sb > 0. Let {\ > 0} be the connected

component of {\ > 0} containing Sy. Assume that every arc-connected component
of 0"P{\ > 0}* with I; = 0 is topologically closed and

1. NY'V¥X > 0 in each arc-connected component of 9*P{\ > 0}°"* containing

at least one fized point.
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() > 0) 770

Figure 4.2: Theorem[4.4.1 forbids the existence of an outer trapped surface S like
the one in the figure (in blue). The striped area corresponds to the exterior of S
in , and the shaded area corresponds to the set {\ > 0}** whose boundary is
Sy (in red). Note that Sy may intersect 0%.

2. NY'm; > 0 in each arc-connected component of 0P{\ > 0}°** which
contains mo fized points, where m is the unit normal pointing towards

(> 0}e,

Consider any surface S which is bounding with respect to Sy. If S is outer trapped
then it does not intersect {\ > 0}

Proof. We argue by contradiction. Let S be an outer trapped surface which
is bounding with respect to .5, satisfies the hypotheses of the theorem and inter-
sects {A > 0}**. By definition of bounding, there exists a compact manifold )
whose boundary is the disjoint union of the outer untrapped surface S, and the
outer trapped surface S. We work on ¥ from now on. The Andersson and Met-
zger Theorem [2.2.30/ implies that the topological boundary of the weakly outer
trapped region 0"PT™" in Y is a stable MOTS which is bounding with respect to
Sp. We first show that 9"PT+ necessarily intersects {\ > 0}**. Indeed, consider
a point v € S with A, > 0 (this point exists by hypothesis) and consider a path
from v to S, fully contained in {\ > 0}** (this path exists because {\ > 0}
is connected). Since v € T it follows that this path must intersect 9"PT™ as
claimed. Furthermore, due to the maximum principle for MOTS (see Proposi-
tion [B.7), 0"PT* lies entirely in the exterior of S in €, (here is where we use
the hypothesis of S being outer trapped instead of merely being weakly outer
trapped).

Let us suppose for a moment that 9?7+ < {\ > 0}, Then the Killing vec-
tor Nii + Y is causal everywhere on 0"PTt, either future or past directed, and
timelike somewhere on 9"PT". Since 9"PT* intersects {\ > 0}°**) there must be
non-fixed points on 9"PT". If all points in 9"PT" are non-fixed, then we can con-

struct the Killing development and Theorem|3.4.9/can be applied at once giving a
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contradiction (note that 9"PT* is necessarily a locally outermost MOTS). When
O"PT™* has fixed points we cannot construct the Killing development everywhere.
However, let V' C 0"PT be a connected component of the set of non-fixed points
in 9"PT satisfying V N {\ > 0} # 0 (this V exists because A > 0 somewhere on
O"PT+). Then, the Killing development still exists in an open neighbourhood of
V. In this portion we can repeat the geometrical construction which allowed us
to prove Theorem [3.4.9 and define a surface S’ by moving V' a small, but finite
amount 7 along 5 to the past and back to ¥ along the outer null geodesics. Since
N and Y are smooth and approach zero at 9PV it follows that S’ and the set
of fixed points in 9"PT" join smoothly and therefore define a closed surface S”.
Clearly, S” is weakly outer trapped and lies, at least partially, in the exterior of
O'PT*, which is impossible.

Until now, we have essentially applied the ideas of Theorem When
oterTt ¢ W new methods are required. However, the general strategy is
still to construct a weakly outer trapped surface outside 9?7+ in X.

First of all, every arc-connected component S; of 9"P{\ > 0}*** with I # 0 is
embedded, as proven in Proposition For an arc-connected component Sy
with I; = 0 we note that, since no point on this set is a fixed point, it follows that
there exists an open neighbourhood U of S; containing no fixed points. Thus,
the vector field Y is nowhere zero on U. Staticity of the KID implies that Y
is integrable (see (4.3.2)). It follows by the Frobenius theorem that U can be
foliated by maximal, injectively immersed submanifolds orthogonal to Y. S, is
clearly one of the leaves of this foliation because Y is orthogonal to S, everywhere.
By assumption, Sy is topologically closed. Now, we can invoke a result on the
theory of foliations that states that any topologically closed leaf in a foliation is
necessarily embedded (see e.g. Theorem 5 in page 51 of [89]). Thus, each S; is
an embedded submanifold of 3. Since we know that 9"PT intersects {\ > 0}¢*
and we are assuming that 07T+ ¢ {\ > 0}, it follows that at least one of the
arc-connected components {S;}, say Sy, must intersect both the interior and the
exterior of 0"PT™" . In Proposition [4.3.14 we have also shown that Sy has 67 =0
with respect to the direction pointing towards {\ > 0}t

Thus, we have two intersecting surfaces 9'PT+ and Sy which satisfy 67 = 0.
Moreover, 9"PT™ is a stable MOTS. The idea is to use Lemma by Kriele
and Hayward to construct a weakly outer trapped surface S outside both §rT+
and Sy and which is bounding with respect to S,. However, Lemma 3.5.1 can be
applied directly only when both surfaces 9"?T+ and S, intersect transversally in

a curve and this need not happen for Sy and 0"PT". To address this issue we use
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a technique developed by Andersson and Metzger in their proof of Theorems 5.1
and 7.6 in [4].

The idea is to use Sard Lemma (see Appendix B) in order to find a weakly
outer trapped surface S as close to 9"PT+ as desired which does intersect S,
transversally. Then, the Kriele and Hayward smoothing procedure applied to S
and S, gives a weakly outer trapped surface penetrating 3 \ T, which is simply
impossible.

So, it only remains to prove the existence of S.

Recall that 9'PT is a stable MOTS. We will distinguish two cases. If 9"PT+ is
strictly stable, there exists a foliation {I's } sc(—c 0 of a one sided tubular neighbour-
hood W of "PT* in Tt such that I'y = 9"PT+ and all the surfaces {I's}s<o have
0+ < 0. To see this, simply choose a variation vector © such that 7 o+ = WM
where 1 is a positive principal eigenfunction of the stability operator L; and
m is the outer direction normal to 9"PT*. Using 660" = Lz = M) > 0 it
follows that the surfaces I’y = 4(0"PT") generated by U/ are outer trapped for
s € (—¢,0). Next, define the mapping ® : SoN(W\ 9"PT") — (—¢,0) C R which
assigns to each point p € (W \ 9"PT") the corresponding value of the parameter
of the foliation s € (—¢,0) on p. Sard Lemma (Lemma B.8) implies that the set

of regular values of the mapping ® is dense in (—¢,0) C R. Select a regular value

so as close to 0 as desired. Then, the surface S = I's, intersects transversally Sy,
as required.

If 0"PT* is stable but not strictly stable, a foliation I'y consisting on weakly
outer trapped surfaces may not exist. Nevertheless, following [4], a suitable mod-
ification of the interior of 9"?T+ in X solves this problem. It is important to
remark that, in this case, the contradiction which proves the theorem is obtained
by applying the Kriele and Hayward Lemma in the modified initial data set. The
modification is performed as follows. Consider the same foliation I'y as defined
above and replace the second fundamental form K on the hypersurface 3 by the

following.
- 1
K=K-— égzﬁ(s)%, (4.4.1)

where ¢ : R — R is a C"! function such that ¢(s) = 0 for s > 0 (so that the
data remains unchanged outside 9'?T") and , is the projector to I';. Then, the

outer null expansion of I'y computed in the modified initial data set (X, g, K)
é+[rs] = 0+[Fs] - ¢<8)7

where 7 ['y] is the outer null expansion of T’y in (3, g, K). Since 0"PT+ was a
stable but not strictly stable MOTS in (X, g, K'), 07 [['s] vanishes at least to second
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order at s = 0. On s < 0, define ¢(s) = bs* with b a sufficient large constant. It
follows that for some € > 0 we have §[I'y] < 0 on all T'; for s € (—¢, 0). Working
with this foliation, Sard Lemma asserts that a weakly outer trapped surface 'y,
lying as close to 9"PTT as desired and intersecting Sy transversally can be chosen
in (2,9, K).

Furthermore, the surface Sy also has non-positive outer null expansion in
the modified initial data, at least for s sufficiently close to zero. Indeed, this
outer null expansion §1[Sy] reads 01[Sy] = p[Sy] + trs, K. By (4.4.1), we have
trgof(‘t = trs, K|, — 30(s:)trs,7s,» at any point v € Sy, where s, is the value of
the leaf I'y containing ¢, i.e. v € I'y.. Since trg,7s > 0 (because the pull-back of
s 18 positive semi-definite) we have trgof( = trg, K for s > 0 and trgo_f( < trs, /X
for s < 0 (small enough). In any case 07 (Sy) < 01(Sy) = 0 and we can apply the
Kriele and Hayward Lemma to I'y, and Sy to construct a weakly outer trapped
surface which is bounding with respect to Sj, lies in the topological closure of the
exterior of 9"PT+ and penetrates this exterior somewhere. Since the geometry

outside 0"PT" has not been modified, this gives a contradiction. [ |

Remark 1. This theorem has been formulated for outer trapped surfaces
instead of weakly outer trapped surfaces. The reason is that in the proof we have
used a foliation in the inside part of a tubular neighbourhood of 9"PT*. If S
satisfies 07 = 0, it is possible that S = 9% = 9'PT+ and then we would not have
room to use this foliation. It follows that the hypothesis of the theorem can be

relaxed to 7 < 0 if one of the following conditions hold:
1. S is not the outermost MOTS.
2. SNoX =10.

3. The KID (%, g, K; N, }7, 7) can be isometrically embedded into another KID
(3,9, K, N,Y,7) with 8% C int(3)

In this case, Theorem 4.4.1 includes Miao’s theorem in the particular case of
asymptotically flat time-symmetric vacuum static KID with minimal compact
boundary. This is because in the time-symmetric case all points with A = 0 are
fixed points and hence there are no arc-connected components of 9"P{\ > 0}
with I; = 0 and Y*VF) is identically zero on 9"P{\ > 0}¢*. O

Remark 2. In geometric terms, hypotheses 1 and 2 of the theorem exclude a
priori the possibility that 9"P{\ > 0}°** intersects the white hole Killing horizon
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at non-fixed points. A similar theorem exists for initial data sets which do not
intersect the black hole Killing horizon (more precisely, such that both inequalities
in 1 and 2 are satisfied with the reversed inequality signs). The conclusion of
the theorem in this case is that no bounding past outer trapped surface can
intersect {A > 0}*** provided S, is a past outer untrapped barrier (the proof
of this statement can be obtained by applying Theorem to the static KID
(8,9, —K;—N,Y;p,—J,7)).

No version of this theorem, however, covers the case when 9"P{\ > 0}
intersects both the black hole and the white hole Killing horizon. The reason
is that, in this setting, 9"P{\ > 0} is, in general, not smooth and we cannot
apply the Andersson-Metzger theorem to 3. In the next chapter we will address
this case in more detail. |

For the particular case of KID possessing an asymptotically flat end we have

the following corollary, which is an immediate consequence of Theorem [4.4.1.

Corollary 4.4.2 Consider a static KID (2, g, K; N, Y, T) with a selected asymp-
totically flat end X5° and satisfying the NEC. Denote by {\ > 0} the connected
component of {\ > 0} which contains the asymptotically flat end X5°. Assume

that every arc-connected component of 0"P{\ > 0}** with I, = 0 is closed and

1. NY'V¥X >0 in each arc-connected component of 9P{\ > 0}°* containing

at least one fixed point.

2. NY'm; > 0 in each arc-connected component of 9*P{\ > 0} which
contains mo fized points, where m is the unit normal pointing towards

{\ >0},

Then, any bounding (see Definition [2.5.6) outer trapped surface S in 3 cannot
intersect {\ > 0}




Chapter 5
Uniqueness of static spacetimes
with weakly outer trapped

surfaces

5.1 Introduction

In this chapter we will extend the classic static black hole uniqueness theorems
to asymptotically flat static KID containing weakly outer trapped surfaces. As
emphasized in the previous chapter, the first step for this extension was given
by Miao for the particular case of asymptotically flat, time-symmetric, static and
vacuum KID, with compact minimal boundary (Theorem [4.1.2). Indeed, our aim
of extending the classic uniqueness theorems for static black holes to the quasi-
local setting can be reformulated as generalizing Theorem to non-vanishing
matter (as long as the NEC is satisfied) and arbitrary slices (not necessarily time-
symmetric) containing weakly outer trapped surfaces. In the previous chapter we
obtained a generalization of this result as a confinement result. In this chapter

we address the extension of Miao’s theorem as a uniqueness result.

As we already know, the most powerful method to prove uniqueness of static
black holes is the doubling method of Bunting and Masood-ul-Alam. This method
was described in some detail in Section where we gave a sketch of the proof
of the uniqueness theorem for static electro-vacuum black holes. In the present
chapter, our strategy will be precisely to recover the framework of the doubling
method from an arbitrary static KID containing a weakly outer trapped surface.
As it was discussed in Section this framework consists of an asymptotically
flat spacelike hypersurface 3 with topological boundary 9'PY which is a closed
(i.e. compact and without boundary) embedded topological manifold and such

that the static Killing field is causal on ¥ and null only on 9'P3. As we pointed
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out in Section the existence of this topological manifold 9'PY is ensured
precisely by the presence of a black hole. Note that 9'PY is not required to be
smooth.

Hence, our strategy to conclude uniqueness departing from a static KID
(3,9, K;N, }7, 7) with an asymptotically flat end ¥§° which contains a bounding
MOTS S will be therefore to prove that the topological boundary 9"P{\ > 0},
where {\ > 0} is the connected component of {\ > 0} in ¥ which contains 35°,
is a closed embedded topological submanifold. Since a priori MOTS have nothing
to do with black holes, 9"P{\ > 0}** may fail to be closed (see Figure[5.1) as
required in the doubling method. Consequently, throughout this chapter we will
study under which conditions we can guarantee that 9"P{\ > 0}*** is closed. In
fact, it turns out that the confinement Theorem [4.4.1 and its Corollary 4.4.2] are
already sufficient to conclude that 9"P{\ > 0}¢* is a closed surface. This leads

to our first uniqueness result.

Figure 5.1: The figure illustrates a situation where 9"P{\ > 0}*** (in red) has
non-empty manifold boundary (which lies in 0%) and, therefore, is not closed.
Here, S (in blue) represents a bounding MOTS and the grey region corresponds
to {A > 0}°*!. In a situation like this the doubling method cannot be applied.

Theorem 5.1.1 Consider a static KID (X, g, K; N, Y, T) with a selected asymp-
totically flat end X5° and satisfying the NEC. Assume that ¥ possesses an outer
trapped surface S which is bounding. Denote by {\ > 0}*** the connected compo-
nent of {\ > 0} which contains the asymptotically flat end X°. If

1. Every arc-connected component of 9"P{\ > 0}*** with I, = 0 is topologically

closed.

2. NY'VEX > 0 in each arc-connected component of 9'P{\ > 0}¢*' containing

at least one fixed point.

3. NY'm; > 0 in each arc-connected component of 9P{\ > 0}**' which
contains no fived points, where m is the unit normal pointing towards
{\ >0},
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4. The matter model is such that Bunting and Masood-ul-Alam doubling

method gives uniqueness of black holes.

Then, ({\ > 0} g, K) is a slice of such a unique spacetime.

Proof. Proposition [4.3.14 implies that 9"P{\ > 0}** is a smooth submani-
fold with 6% = 0 with respect to the normal pointing towards {\ > 0}°**. We
only need to show that 9'P{\ > 0}*** is closed (i.e. embedded, compact and
without boundary) in order to apply hypothesis 4 and conclude uniqueness. By
definition of bounding in the asymptotically flat setting (see Definition 2.3.6) we
have a compact manifold ¥ with boundary 9% = SU.S,, where S, = {r = 1o} is a
sufficiently large coordinate sphere in ¥5°. Take this sphere large enough so that
{r >ro} C {\ > 0}*". We are in a setting where all the hypothesis of Theorem
4.4.1 hold. In the proof of this theorem we have shown that 9'P{\ > 0}**" is
embedded and compact. Moreover, 9"PT+ lies in the interior int(X) and does
not intersect {\ > 0}°**. This, clearly prevents 0"P{\ > 0}**! from reaching S,

which in turn implies that 9*P{\ > 0}*** has no boundary. |

Remark. This theorem applies in particular to static KID which are asymp-
totically flat, without boundary and have at least two asymptotic ends, as long
as conditions 1 to 4 are fulfilled. To see this, recall that an asymptotically flat
initial data is the union of a compact set and a finite number of asymptotically
flat ends. Select one of these ends X5° and define S to be the union of coordinate
spheres with sufficiently large radius on all the other asymptotic ends. This
surface is an outer trapped surface which is bounding with respect to »§° and
we recover the hypotheses of Theorem O

Theorem [5.1.1] has been formulated for outer trapped surfaces instead of
weakly outer trapped surfaces for the same reason as in Theorem 4.4.1. Con-
sequently, the hypotheses of this theorem can also be relaxed to 6+ < 0 if one
of the following conditions hold: S is not the outermost MOTS, S N9IX = (), or
the KID can be extended. Under these circumstances, this result already extends
Miao’s theorem as a uniqueness result.

Nevertheless, the theorem above requires several conditions on the boundary
9P{\ > 0}¢**. Since 9"P{\ > 0} is a fundamental object in the doubling
procedure, it is rather unsatisfactory to require conditions directly on this object.
Out main aim in this chapter is to obtain a uniqueness result which does not

involve any a priori restriction on 9"P{\ > 0}°*. As discussed in the previous
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chapter, "P{\ > 0}* is in general not a smooth submanifold (see e.g. Figure
4.1) and the techniques of the previous chapter cannot be applied to conclude that
9"P{\ > 0}**" is a closed embedded topological submanifold. The key difficulty
lies in proving that 0P{\ > 0}**" is a manifold without boundary. In the previous
theorem, we used the non-penetration property of 9"PT" into {A > 0} in
order to conclude that 9"P{\ > 0}°*" must lie in the exterior of the bounding
outer trapped surface S (which implies that 9*P{\ > 0}*** is a manifold without
boundary). In turn, this non-penetration property was strongly based on the
smoothness of 9"P{\ > 0}°** which we do not have in general. The main problem
is therefore: How can we exclude the possibility that 9*P{\ > 0}°** reaches S in
the general case? (see Figure[5.1).

To address this issue we need to understand better the structure of 9"P{\ >
0} (and, more generally, of 9"?{\ > 0}) when conditions 2 and 3 are not
satisfied. As we will discuss later, this will force us to view KID as hypersurfaces
embedded in a spacetime, instead as abstract objects on their own, as we have
done in the previous chapter.

To finish this introduction, let us give a briefly summary of the chapter. In
Section [5.2] we define the concept of an embedded static KID and present some
known results on the structure of the spacetime in the neighbourhood of the fixed
points of the isometry. In Section[5.3 we will revisit the study of the properties of
d"P{\ > 0}, this time for embedded static KID. Finally, Section 5.4/is devoted to
state and prove the uniqueness theorem for asymptotically flat static spacetimes
containing a bounding weakly outer trapped surface.

The results presented in this chapter have been summarized in and will
also be sent to publication [29].

5.2 Embedded static KID

We begin this section with the definition of an embedded static KID. Recall that,

according to our definitions, a spacetime has no boundary.

Definition 5.2.1 An embedded static KID (X, g, K; N, Y, T) is a static KID,
possibly with boundary, which is embedded in a spacetime (M, g™) with static
Killing field gsuch that g|2 = Nii+Y, where i is the unit future directed normal
of ¥ in M.

Remark. If a static KID has no boundary and belongs to a matter model

for which the Cauchy problem is well-posed (e.g. vacuum, electro-vacuum, scalar
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field, Yang-Mills field, o-model, etc), it is clear that there exists a spacetime
which contains the initial data set a spacelike hypersurface. Whether this Cauchy
development admits or not a Killing vector 5 compatible with the Killing data
has only been answered in the affirmative for some special matter models, which
include vacuum and electro-vacuum [45]. Even in these circumstances, it is at
present not known whether the spacetime thus constructed is in fact static (i.e.
such that the Killing vector E is integrable). This property is obvious near points
where N # 0 (i.e. points where E is transverse to %), but it is much less clear
near fixed points, specially those with I; < 0. Indeed, these points belong to
a totally geodesic closed spacelike surface in the Cauchy development of the
initial data set. The points lying in the chronological future of this surface
cannot be reached by integral curves of the Killing vector starting on ». Proving
that the Killing vector is integrable on those points is an interesting and,
apparently, not so trivial task. In this thesis we do not explore this problem fur-
ther and simply work with the definition of embedded static KID stated above. []

In what follows, we will review some useful results concerning the structure

of the spacetime near fixed points of the static Killing 5

Proposition 5.2.2 Let (¥, ¢, K; N,?,T) be a static embedded KID and let
(M, g(4)) be the static spacetime where the KID is embedded. Consider a fixed
point p € I"P{\ > 0} C X and let Sy be the connected spacelike surface of fived
points in M containing p (which exists by Theorem|[2.4.9). Then, there exists a
neighbourhood V of p in M and coordinates {u,v, 2} on V such that {z*} are
coordinates for SoNV and the spacetime metric takes the Racz-Wald-Walker form

gﬁ@vw = 2Gdudv + yapdr®dz®, (5.2.1)

where SoNVY = {u = v = 0}, 9, is future directed and G and y4p are both positive
definite and depend smoothly on {w = uv, v},

Proof. Theorem 2.4.9] establishes that p belongs to a connected, spacelike,
smooth surface Sy which lies in the closure of a non-degenerate Killing horizon.
Thus, we can use the Récz-Wald-Walker construction, see [96], which shows that
there exists a neighbourhood V of p and coordinates {u, v, 2} adapted to SyNV
such that the metric ¢ takes the form

g = 2Gdudv + 20H sdx’du + yapda’da®, (5.2.2)
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where G, H, and y4p depend smoothly on {w,z4}. In these coordinates, the

Killing vector 5 reads
€= (00, —ud,), (5.2.3)

where ¢ is a (non-zero) constant and 0, is future directed. We only need to prove
that staticity implies that {u,v, 24} can be chosen in such a way that H, = 0.
A straightforward computation shows that the integrability condition & A d§ = 0

is equivalent to the following equations

GO Ha — HaduG = 0, (5.2.4)
H[A(?B]G + G@{AHB] = 0, (525)
H[AawHB] = 0. (5.2.6)

Equation (5.2.4) implies Hy = f4G, where f4 depend on z¢. Inserting this
in (5.2.5), we get Oafp = 0, which implies (after restricting V if necessary)
the existence of a function ((z%) such that f4 = 94¢. Equation (5.2.6) is then

identically satisfied. Therefore, staticity is equivalent to
Ha(w, 29) = G(w, 29)04¢ (). (5.2.7)

We look for a coordinate change {u,v, 2} — {u', v, 2’“} which preserves the
form of the metric and such that Hy = 0. It is immediate to check that

an invertible change of the form
{u =u(u'),v = v(v’,x/c),xA = x'A}
preserves the form of the metric and transforms H 4 as

du [ Ov
U/HA = w (&(:—/AG—FUHA) ) (528)

So, we need to impose GO v + vH,4 = 0, which in view of (5.2.7), reduces to
Oav+v94¢ = 0. Since v = v'e~¢ (with v’ independent of z) solves this equation,

we conclude that the coordinate change
{u = v =0 D) A = x’A}
brings the metric into the form (5.2.2)) (after dropping the primes). ]
Now, let us consider an embedded static KID in a static spacetime with Racz-

Wald-Walker metric (V, ggavw). Since the vector 0, is null on V, it is transverse
to X NV and, therefore, the embedding of ¥ NV can be written locally as

S (u, 2 = (u,v = d(u, 2?), 24, (5.2.9)
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where ¢ is a smooth function. A simple computation using (5.2.3) leads to

Mgy = 2¢'Guo, (5.2.10)
AG
N = + ud, - , 5.2.11
sy = (64 udl0) \/W_Gmm (5211
Yoy = G (odu— udd). (5.2.12)
where G = G(w = ug,r?) and indices A, B,... are raised with the inverse of

Aap = yap(w = uep, z™).
Since Y is spacelike, the quantity 20,¢ — é8A¢8A¢ is positive. In particular,
this implies that
Butp > 0, (5.2.13)

which will be used later. For the sets {u = 0} and {¢ = 0} in XNV we have the
following result.

Lemma 5.2.3 Consider an embedded static KID (¥, g, K; N, Y, 7) and use Rdcz-
Wald-Walker coordinates {u,v,x*} in a spacetime neighbourhood V of a fized
point p € 0"P{\ > 0} C X such that the embedding of ¥ reads (5.2.9). Then the
sets {u = 0} and {¢ = 0} in XNV are both smooth surfaces (not necessarily
closed). Moreover, a point p € 0"P{\ > 0} in XNV is a non-fired point if and

only if u¢ = 0 with either u or ¢ non-zero.

Proof: The lemma follows directly from the fact that both sets {u = 0} and
{¢ = 0} in ¥ are the intersections between ¥ and the null smooth embedded
hypersurfaces {u = 0} and {v = 0} in (V,gg)yw), respectively. The second
statement of the lemma is a direct consequence of equations (5.2.3)) and (5.2.10).

5.3 Properties of 9"”{\ >0} on an embedded
static KID

In this section we will explore in more detail the properties of the set 97 {\ > 0}
in . In particular, we will study the structure 9"°?{\ > 0} in an embedded KID
when no additional hypothesis are made. First, we will briefly recall some results
of the previous chapter which will be used below. In Proposition|4.3.9/we showed
that an open set of fixed points in 9"P{\ > 0} in a static KID (X, g, K; N, 37,7')
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is a smooth and totally geodesic surface. Moreover, Lemma/4.3.6 and Proposition
imply that every arc-connected component of the open set of non-fixed
points in 9"P{\ > 0} C X is a smooth submanifold (not necessarily embedded)
of ¥ and has either 67 = 0 or 6= = 0. The structure of those arc-connected
components of 9"P{\ > 0} having exclusively fixed points or exclusively non-
fixed points is therefore clear with no need of additional assumptions. However, for
the case of arc-connected components having both types of points an additional

assumption on the sign of NY'V¥\ was required to conclude smoothness (see

Propositions [4.3.13] and [4.3.14). This hypothesis was imposed in order to avoid
the existence of transverse fixed points in 9"P{\ > 0} (see stage 1 on the proof
of Proposition 4.3.13). Actually, the existence of transverse points is, by itself,
not very problematic. Indeed, as we showed in Lemma [4.3.12] the structure of
9"P{\ > 0} on a neighbourhood of transverse fixed points is well understood and
consists of two intersecting branches. The problematic situation happens when a
sequence of transverse fixed points tends to a non-transverse point p. In this case
the intersecting branches can have a very complicated limiting behavior at p. If we
consider the non-transverse limit point p, then we know from the previous chapter
(see stage 2 on the proof of Proposition [4.3.13) that locally near p there exists
coordinates such that A\ = Q2z% — ((2%), with ¢ a non-negative smooth function.
In order to understand the behavior of 9P{\ > 0} we need to take the square
root of (. Under the assumptions of Proposition [4.3.13 we could show that the
positive square root is C''. For general non-transverse points, this positive square
root is not C*. In fact, is not clear at all whether there exists any C! square root
(even allowing this square root to change sign). The following example shows a
function ¢ which admits no C! square root. It is plausible that the equations that
are satisfied in a static KID forbid the existence of ¢ functions with no C* square
root. This is, however, a difficult issue and we have not been able to resolve it.
This is the reason why we need to restrict ourselves to embedded static KID
in this chapter. Assuming the existence of a static spacetime where the KID is
embedded, it follows that, irrespectively of the structure of fixed points in X, a

suitable square root of  always exists.

Example. Non-negative functions do not have in general a C* square root.
A simple example is given by the function p = y? 4+ 2% on R%2. We know, however,
that this type of example cannot occur for the function ¢ because the Hessian of
¢ must vanish at least on one point where ( vanishes (and this is obviously not

true for p).

The following is an example of a non-negative function ¢ for which the function
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and its Hessian vanish at one point and which admits no C! square root. Consider
the function ((y,z) = 2%y* + z* + f(y), where f(y) is a smooth function such
that f(y) = 0 for y > 0 and f(y) > 0 for y < 0. Recall that the set of fixed
points consists of the zeros of (, and a fixed point is non-transverse if and only
if the Hessian of ¢ vanishes (see the proof of Proposition [4.3.13). It follows that
the fixed points occur on the semi-line 0 = {y > 0,z = 0}, with (0,0) being
non-transverse and (y > 0,z = 0) transverse. Consider the points p = (1,—1)
and q = (1,1). First of all take a curve v joining them in such a way that it
does not intersect o. It is clear that ( remains positive along + and, therefore,
its square root cannot change sign (if it is to be continuous). Now consider the
curve v = {y = 1,—1 < z < 1} joining p and q (which does intersect o). Since
¢l = 22(14 2%), the only way to find a C' square root is by taking u = zv/1 + 22,
which changes sign from p to q. This is a contradiction to the property above.

So, we conclude that no O square root of ¢ exists.

Let us see that, in the spacetime setting, this behavior cannot occur. Our first
result of this section shows that the set 9"?{\ > 0} in an embedded KID is a
union of compact, smooth surfaces which has one of the two null expansions equal

to zero.

Proposition 5.3.1 Consider an embedded static KID (3, g, K; N, Y, T), compact
and possibly with boundary 0%. Assume that every arc-connected component of
0"P{\ > 0} with I, = 0 is topologically closed. Then

9"P{\ > 0} = US,, (5.3.1)

where each S, is a smooth, compact, connected and orientable surface such that
its boundary, if non-empty, satisfies S, C 5. Moreover, at least one of the two

null expansions of S, vanishes everywhere.

Proof. Let {&,} be the collection of arc-connected components of 9"P{\ >
0}. We know that the quantity I; is constant on each &, (see Lemma [4.3.10).
Consider an arc-connected component &, of 9P{\ > 0} with I; = 0. Since all
points in this component are non-fixed, it follows that &, is a smooth submanifold.
Using the hypothesis that arc-connected components with /; = 0 are topologically
closed it follows that &, is, in fact, embedded. Choose m to be the unit normal

satisfying

Y = N, (5.3.2)
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on &,4. This normal is smooth (because neither Y nor N vanish anywhere on Sa),
which implies that &, is orientable. Inserting Y = N into equation (4.2.3) and

taking the trace it follows
p+q=0. (5.3.3)

Consider now a &, with I; # 0. At non-fixed points we know that G, is a
smooth embedded surface with VZ\ # 0. On those points, define a unit normal

m by the condition
Nni(A) > 0 (5.3.4)

We also know that Viz)\ = 2rY; where I; = —2k2. Let us see that &, = S U
S3,4, where each G, , and G4, is a smooth, embedded, connected and orientable
surface. To that aim, define

Si1a = {pe€ B, such that /<a|p > 0} U { fixed points in &,},
G20 = {p € B, such that /£|p < 0} U{ fixed points in &,}.

Notice that the fixed points are assigned to both sets. It is clear that at non-
fixed points, both &, , and &, are smooth embedded surfaces. Let q be a fixed
point in &, and consider the Racz-Wald-Walker coordinate system discussed in
Proposition [5.2.2 The points in &, NV are characterized by {u¢p = 0} (due to
(5.2.10)). Inserting (5.2.10) and (5.2.12) into VZ\ = 2xY; yields, at any non-fixed
point g’ € &, NV,

2¢% (¢pdu + ude) |¢ = 2k (pdu — ude) |-

Since du # 0 (because u is a coordinate) and d¢ # 0 (see equation (5.2.13)) we
have

k>0 on {u=0,¢F#0},
k<0 on {u#0,¢=0} (5.3.5)

Consequently, the non-fixed points in &; , NV are defined by the condition {u =
0,0 # 0} and the non-fixed points in Sy, NV are defined by the condition
{u#0,¢ = 0}. It is then clear that &, ,NV = {u =0} and &, , NV = {¢ = 0},
which are smooth embedded surfaces. It remains to see that the unit normal m,
which has been defined only at non-fixed points via (5.3.4)), extends to a well-
defined normal to all of &, , and Gy, (see Figure5.2).




5. Uniqueness of static spacetimes with trapped surfaces 125

u=20 )
N <0 N >0

Figure 5.2: In the Réacz-Wald-Walker coordinate system we define four open re-
gionsby I ={u>0}N{p >0 ={u<0}nN{p>0}IIT={u<0}N{p <
0}, 1V = {u > 0}N{¢ < 0}. The normal on its boundaries which satisfies (5.3.4)
is depicted in red color. It is clear graphically that these normals extend smoothly
to the fixed points on the hypersurfaces {u = 0} and {¢ = 0}, such as q in the
figure. This figure is, however, only schematic because one dimension has been
suppressed and fixed points need not be isolated in general. A formal proof that

m extends smoothly in all cases is given in the text.

This requires to check that the condition (5.3.4), when evaluated on V defines
a normal which extends smoothly to the fixed points. Consider first the points
{u # 0,¢ = 0}. The unit normal to this surface is m = €|V>¢|'V>¢ where

€ = 1 and may, a priori, depend on the point. Since

N _ uthd AG
{u#0,6=0} N 20,0 — Goap04p

Viz)“{u;e(w:o} = 2C4GUV?¢,

expression (5.3.4) implies

AG
20,6 — GO0 ¢

0< Nm(/\)|{u7é0,¢>:0} = 2EC4GAU2au¢|VE¢|g\/

Hence ¢ = 1 at all points on {u # 0,¢ = 0}. Thus the normal vector reads
m = |VZ¢\9_1V2¢ at non-fixed points, and this field clearly extends smoothly to
all points on &, , N V. This implies, in particular, that &, , is orientable.

The argument for &, , is similar. Consider now the points {u = 0,¢ # 0}.

The unit vector normal to this surface is m = €|V>u|'V>u where ¢ = =£1.
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Using (5.2.10) and (5.2.11) in (5.3.4) gives now

AG
20,0 — GO,004p

0< Nn_i()\)]{u:07¢¢0} = 26’C4G¢2\V2u|g\/

which implies ¢ = 1 all points on {u = 0,¢ # 0}. The normal vector is m =
|V>ul ' V>u which again extends smoothly to all points on G54 NV. As before,
S, 1s orientable.

Let us next check that &;, has 6t = 0 and S,, has 6~ = 0 (both with
respect to the normal m defined above). On open sets of fixed points this is a
trivial consequence of Proposition 4.3.9/which implies both p = ¢ = 0. To discuss
the non-fixed points, we need an expression for Y in terms of /. Let Y = ¢/ N1,
where ¢’ = +1. Using Y = ivEA, we have

1
;—KIVEAIE =Y (\) =N (\) >0

Hence €’ = sign(k) and

—

Y = sign(k)Nm. (5.3.6)
Inserting this into (4.2.2) and taking the trace, it follows
sign(k)p+q=0 (5.3.7)

This implies that 6t = p+ ¢ = 0 at non-fixed points of S; , and §~ = —p+¢ =0
at non-fixed points at Gs,. At fixed points not lying on open sets, equations
6t =0 (resp. 0~ = 0) follow by continuity once we know that &, (resp. Ga )
is smooth with a smooth unit normal.

The final step is to prove that &, , and G4, are topologically closed. Let us
first show that &, is topologically closed. Consider a sequence of points {p;} in
S, converging to p. It is clear that p € 9"P{\ > 0}, so we only need to check that
we have not moved to another arc-connected component. If p is a non-fixed point,
then {\ = 0} is a defining function for 9"?{\ > 0} near p and the statement is
obvious. If p is a fixed point, we only need to use the Racz-Wald-Walker coordinate
system near p to conclude that no change of arc-connected component can occur
in the limit. To show that each &, ,, G2, is topologically closed, assume now
that p; is a sequence on &, ,. If the limit p is a fixed point, it belongs to &,
by definition. If the limit p is a non-fixed point, we can take a subsequence {p;}
of non-fixed points. Since x remains constant on the sequence, it takes the same

value in the limit, which shows that p € &, ,, i.e. G, is topologically closed.
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The surfaces S, in the statement of the theorem are the collection of {&,}
having I; = 0 and the collection of pairs {&;,, Gy,} for the arc-connected
components &, with I; # 0. The statement that 05, C 93 is obvious. [ |

Remark 1. In this proof we have tried to avoid using the existence of
a spacetime where (X%,g¢, K; N,?,T) is embedded as much as possible. The
only essential information that we have used from the spacetime is that, near
fixed points, A\ can be written as the product of two smooth functions with
non-zero gradient, namely u and ¢. This is the square root of ( that we
mentioned above. To see this, simply note that if a square root h of ( exists,
then A = Qoz? — ¢ = Q%x — h* = (Qoz — h) (Qox + h)). The functions Qyz + h
have non-zero gradient and are, essentially, the functions v and ¢ appearing the
Réacz-Wald-Walker coordinate system. O

Remark 2. The assumption of every arc-connected component of 9*P{\ > 0}
with [; = 0 being topologically closed is needed to ensure that these arc-connected
components are embedded and compact. From a spacetime perspective, this
hypothesis avoids the existence of non-embedded degenerate Killing prehorizons
which would imply that, on an embedded KID, the arc-connected components
of 9"P{\ > 0} which intersect these prehorizons could be non-embedded or
non-compact (see Figure [2.7/in Chapter [2). Although it has not been proven,
it may well be that non-embedded Killing prehorizons cannot exist. A proof

of this fact would allow us to drop automatically this hypothesis in the theorem. []

We are now in a situation where we can prove that 9"P{\ > 0}t = 9'rT+*
under suitable conditions on the trapped region and on the topology of . This
result is the crucial ingredient for our uniqueness result later. The strategy of the
proof is, once again, to assume that 9"P{\ > 0}°** £ J'PT* and to construct a
bounding weakly outer trapped surface outside 9'PT". This time, the surface we
use to perform the smoothing is more complicated than 9"P{\ > 0}¢**, which we
used in the previous chapter. The newly constructed surface will have vanishing
outer null expansion and will be closed and oriented. However, we cannot guar-
antee a priori that it is bounding. To address this issue we impose a topological
condition on int(X) which forces that all closed and orientable surfaces separate
the manifold into disconnected subsets. This topological condition involves the

first homology group H;(int(X), Zs) with coefficients in Z, and imposes that this

homology group is trivial. More precisely, the theorem that we will invoke is due
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to Feighn [54] and reads as follows
Theorem 5.3.2 (Feighn, 1985) Let N' and M be manifolds without boundary

of dimension n and n + 1 respectively. Let f : N — M be a proper immer-
sion (an immersion is proper if inverse images of compact sets are compact). If
Hi(M,Zs) =0 then M\ f(N) is not connected. Moreover, if two points py and
p2 can be joined by an embedded curve transverse to f(N'), then py and ps belong
to different connected components of M\ f(N).

The proof of this theorem requires that all embedded closed curves in M
are the boundary of an embedded compact surface. This is a consequence of
Hy (M, Zs) = 0 and this is the only place where this topological condition enters
into the proof. This allows us to understand better what topological restriction
we are really imposing on M, namely that every closed embedded curve is the
boundary of a compact surface.

Without entering into details of algebraic topology, we just notice that
H,(M, Zy) vanishes if H;(M,Z) = 0 (see e.g. Theorem 4.6 in [112]) and, in turn,
this is automatically satisfied in simply connected manifolds (see e.g. Theorem
4.29 in [99]).

Theorem 5.3.3 Consider an embedded static KID (%, g, K; N,}_},T) compact,
with boundary 0% and satisfying the NEC. Suppose that the boundary can be
split into two non-empty disjoint components 9% = 9~ L UI+E (neither of which
are necessarily connected). Take OTY as a barrier with interior ¥ and assume
0t[0~%] < 0 and 01[0T%] > 0 Let TT, T be, respectively, the weakly outer
trapped and the past weakly outer trapped regions of 3. Assume also the following
hypotheses:

1. Every arc-connected component of 9"P{\ > 0}*** with I, = 0 is topologically

closed.
2. Mgig > 0.
3. H, (mt(i),ZQ) ~0.
4. T~ is non-empty and T~ C T™.

Denote by {\ > 0}°*" the connected component of {\ > 0} which contains O*%.
Then

atop{)\ > O}ea:t — atopT—l—’
Therefore, O"P{\ > 0}°** is a non-empty stable MOTS which is bounding with

respect to OTY and, moreover, it is the outermost bounding MOTS.
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Proof. After replacing E — —{ if necessary, we can assume without loss
of generality that N > 0 on {\ > 0}***. From Theorem [2.2.30, we know that
the boundary of the weakly outer trapped region T+ in % (which is non-empty
because 0F[0~%] < 0) is a stable MOTS which is bounding with respect to 9%,
O"PT~ is also non-empty by assumption.

Since we are dealing with embedded KID, and all spacetimes are boundary-
less in this thesis, it follows that (X, g, K; N, Y, 7) can be extended as a smooth
hypersurface in (M, g(4))ﬁ. Working on this extended KID allows us to assume
without loss of generality that °PT+ and §°PT~ lie in the interior of . This
will be used when invoking the Kriele and Hayward smoothing procedure below.

First of all, Theorem [3.4.10/ implies that 9"P{\ > 0}*** cannot lie completely
in 7" and intersect the topological interior %* (here is where we use the NEC).
Therefore, either "P{\ > 0}**" intersects the exterior of 9"PT™" or they both
coincide. We only need to exclude the first possibility. Suppose, that 9"P{\ >
0}¢** penetrates into the exterior of 9"PT". Let {{} be the collection of arc-
connected components of 9"P{\ > 0} which have a non-empty intersection with
9"P{\ > 0}***. In Proposition [5.3.1 we have shown that {4} decomposes into
a union of smooth surfaces S,. Define its unit normal 7’ as the smooth normal
which points into {\ > 0}°" at points on 9"P{\ > 0}**. This normal exists
because all S, are orientable. By (5.3.4) and the fact that N > 0 on {\ > 0}
we have that on the surfaces S, with I; # 0, the normal 7’ coincides with the
normal m defined in the proof of Proposition 5.3.1. On the surfaces S, with I; = 0,
this normal coincides with 17 provided Y points into {\ > 0}¢*, see (5.3.2). Since,
by assumption, 9"P{\ > 0} penetrates into the exterior of T, it follows that
there is at least one S, with penetrates into the exterior of T". Let {S, } be the
subcollection of {S,} consisting on the surfaces which penetrate into the exterior
of 9"PT*. A priori, none of the surfaces S, need to satisfy p+ ¢ = 0 with respect

to the normal m’. However, one of the following two possibilities must occur:

1. There exists at least one surface, say Sy, in {S,/} containing a point q €
atop{)\ > O}Ezt such that ?lq points inside {A > O}ewﬁ’ or

2. All surfaces in { S, } have the property that, for any q € S, N9"“P{\ > 0}

we have }7|q is either zero, or it points outside {\ > 0}

1Simply consider 9% as a surface in (M, g™) and let m the be the spacetime normal to
9% which is tangent to . Take a smooth hypersurface containing 8% and tangent to 7. This
hypersurface extends (X, g, K; N, 37', 7). It is clear that the extension can be selected as smooth

as desired.
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In case 1, we have that Sy satisfies p + ¢ = 0 with respect to the normal m/ .
Indeed, we either have that Sy satisfies Iy = 0 or Iy # 0. If I; = 0 then, since Y
points into {\ > 0}***, we have that 77 and m’ coincide. Since S, satisfies p + ¢
with respect to 7 (see (5.3.3)) the statement follows. If I; # 0 then x > 0 on Sy
(from (5.3.6) and the fact that m = m’). Thus, p + ¢ = 0 follows from (5.3.7).

In case 2, all surfaces {S, } satisfy 6~ = —p + ¢ = 0 with respect to m’ and
we cannot find a MOTS outside 9'PT*. However, under assumption 3, we have
T~ C T and hence each S, penetrates into the exterior of 7~. We can therefore
reduce case 2 to case 1 by changing the time orientation (or simply replacing 6%
and T" by #~ and T~ in the argument below).

Let us therefore restrict ourselves to case 1. We know that Sy either has no
boundary, or the boundary is contained in d~%. If Sy has no boundary, simply
rename this surface to S;. When Sy has a non-empty boundary, it is clear that
So must intersect 9PT". We can then use the smoothing procedure by Kriele
and Hayward (see Lemma [3.5.1) to construct a closed surface S; penetrating
into the exterior of 9"PT* and satisfying T < 0 with respect to a normal m”
which coincides with m’ outside the region where the smoothing is performed
(see Figure [5.3). As discussed in the previous chapter, when Sy and 9"PT* do
not intersect transversally we need to apply the Sard Lemma to surfaces inside
OPT T If 9T is only marginally stable, a suitable modification of the initial
data set inside 9"PT" is needed. The argument was discussed in depth at the end
of the proof of Theorem and applies here without modification.

oy

Figure 5.3: The figure illustrates the situation when Sy has boundary. The grey
region represents the region with A > 0 in . In this case we use the smoothing
procedure of Kriele and Hayward to construct a smooth surface S; from Sy and
0"PT* (in blue). The red lines represent precisely the part of S; which comes

from smoothing Sy and 9"PT+.
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So, in either case (i.e. irrespectively of whether Sy has boundary of not),
we have a closed surface S; penetrating into the exterior of 9"PT" and satis-
fying 6% < 0 with respect to m”. Here we apply the topological hypothesis 3
(Hy(%,Z3) = 0). Indeed S, is a closed manifold embedded into int(3). Since S,
is compact, its embedding is obviously proper. Thus, the theorem by Feighn [54]
(Theorem [5.3.2) implies that int(3) \ S; has at least two connected components.
It is clear that one of the connected components € of int(X) \ Sy contains 973,
Moreover, by Feighn’s theorem there is a tubular neighbourhood of S; which
intersects this connected component only to one side of S;. Consequently,
is a compact manifold with boundary 9Q = S; N 0+tX. If follows that S; is
bounding with respect to d+%. The choice of 7" is such that " points towards
Ot3. Consequently S; is a weakly outer trapped surface which is bounding

with respect to 93 penetrating into the exterior of 9?7, which is impossible. B

Remark 1. If the hypothesis T- C T is not assumed, then the possibility 2
in the proof of the Theorem would not lead to a contradiction (at least with our
method of proof). To understand this better, without the assumption 7~ C T
it may happen a priori that all the surfaces S, (which have = = 0 and penetrate
in the exterior of 9"PT*) are fully contained in 7. A situation like this is
illustrated in Figure (5.4, where 0'PT~ intersects 0'PT+. It would be interesting
to either prove this theorem without the assumption 7= C TF or else find a
counterexample of the statement 0"P{\ > 0}°** = J"PT+ when assumption 4 is

dropped. The problem, however, appears to be difficult. O

5.4 The uniqueness result

Finally, we are ready to state and prove the uniqueness result for static spacetimes

containing trapped surfaces.

Theorem 5.4.1 Let (X, g, K; N, 37, 7) be an embedded static KID with a selected
asymptotically flat end X5° and satisfying the NEC. Assume that ¥ possesses a

weakly outer trapped surface S which is bounding. Assume the following:

1. Every arc-connected component of 9"P{\ > 0}*** with I, = 0 is topologically

closed.

2. T~ is non-empty and T~ C T™.




132 5.4. The uniqueness result

)

Figure 5.4: The figure illustrates a hypothetical situation where T+ C T~ does
not hold and the conclusions of the Theorem [5.3.3 would not be true. The red

ext

8t°pT+

continuous line represents the set 9"P{\ > 0}** which is composed by a smooth
surface with 7 = 0, lying inside of 9"?T* (in blue) and partly outside of 9"PT~
(in green), and a smooth surface with #~ = 0, which lies partly outside of 9"PT*

and inside of 9%PT~.

3. Hy(%,7Z5) = 0.

4. The matter model is such that Bunting and Masood-ul-Alam doubling

method for time-symmetric initial data sets gives uniqueness of black holes.

Then (X\TT, g, K) is a slice of such a unique spacetime.

Proof. Take a coordinate sphere S, = {r = r¢} in the asymptotically flat end
Y3 with ry large enough so that A > 0 on {r > o} C X&° and all the surfaces
{r = r1} with r; > ry are outer untrapped with respect to the unit normal
pointing towards increasing r. S, is a barrier with interior Q, = X\ {r > r¢}.

Take Y to be the topological closure of the exterior of S in §2,. Then
define =% = S and 7% = S,. Let {\ > 0} be the connected component
of {\ > 0} C X containing S,. All the hypothesis of Theorem are
satisfied and we can conclude 9"P{\ > 0} = J"PT*. This implies that
the manifold ¥ \ 7% is an asymptotically flat spacelike hypersurface with
topological boundary 97(3 \ T") which is compact and embedded (moreover,
it is smooth) such that the static Killing vector is timelike on > \ 7" and null
on 9"P(X \ T7). Under these assumptions, the doubling method of Bunting
and Masood-ul-Alam can be applied. Hence, hypothesis 4 gives uniqueness. Bl

Remark 1. In contrast to Theorems [4.4.1] and [5.1.1, this result has been
formulated for weakly outer trapped surfaces instead of outer trapped surfaces.
As mentioned in the proof of Theorem [5.3.3 this is because, (¥, g, K; N,?,T)
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being an embedded static KID, it can be extended smoothly as a hypersurface
in the spacetime. It is clear however, that we are hiding the possible difficulties
in the definition of embedded static KID. Consider, for instance, a static KID
with boundary and assume that the KID is vacuum. The Cauchy problem is of
course well-posed for vacuum initial data. However, since ¥ has boundary, the
spacetime constructed by the Cauchy development also has boundary and we
cannot a priori guarantee that the static KID is an embedded static KID (this
would require extending the spacetime, which is as difficult — or more — than
extending the initial data).

Consequently, Theorem includes Miao’s theorem in vacuum as a
particular case only for vacuum static KID for which either (i) S is not the
outermost MOTS, (i) SN IX = 0 or (iii) the KID can be extended as a vacuum
static KID. Despite this subtlety, we emphasize that all the other conditions of
the theorem are fulfilled for asymptotically flat, time-symmetric vacuum KID
with a compact minimal boundary. Indeed, condition 4 is obviously satisfied for
vacuum. Moreover, the property of time-symmetry implies that all points with
A = 0 are fixed points and hence no arc-connected component of 9"P{\ > 0}
with I} = 0 exists. Thus, condition 1 is automatically satisfied. Time-symmetry
also implies T~ = T and condition 2 is trivial. Finally, the region outside the
outermost minimal surface in a Riemannian manifold with non-negative Ricci
scalar is R® minus a finite number of closed balls (see e.g. [68]). This manifold is

simply connected and hence satisfies condition 3. 0

Remark 2. Condition 4 in the theorem could be replaced by a statement of

the form

4’. The matter model is such that static black hole initial data implies unique-
ness, where a black hole static initial data is an asymptotically flat static
KID possibly with boundary with an asymptotically flat end X5° such that
9"P{\ > 0} (defined as the connected component of {\ > 0} containing
the asymptotic region in 3§°) is a topological manifold without boundary

and compact.

The Bunting and Masood-ul-Alam method is, at present, the most powerful
method to prove uniqueness under the circumstances of 4. However, if a new

method is invented, Theorem 5.4.1 would still give uniqueness. U
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Remark 3. A comment on the condition T~ C T'" is in order. First of all,
in the static regime, 7" and T~ are expected to be the intersections of both
the black and the white hole with 3. Therefore, the hypothesis T- C T could
be understood as the requirement that the first intersection, as coming from
8+i, of ¥ with an event horizon occurs with the black hole event horizon.
Therefore, this hypothesis is similar to the hypotheses on 9"P{\ > 0}*** made in
Theorem [4.3.14. However, there is a fundamental difference between them: The
hypothesis T~ C T is an hypothesis on the weakly outer trapped regions which,
a priori, have nothing to do with the location and properties of 9"P{\ > 0}*.
In a physical sense, the existence of past weakly outer trapped surfaces in
the spacetime reveals the presence of a white hole region. Moreover, given a
(34+1) decomposition of a spacetime satisfying the NEC, the Raychaudhuri
equation implies that 7~ shrinks to the future while 7" grows to the future
(see [1]) (“grow” and “shrink” is with respect to any timelike congruence in the
spacetime). It is plausible that by letting the initial data evolve sufficiently long,
only the black hole event horizon is intersected by . The uniqueness theorem
5.4.1 could be applied to this evolved initial data. Although this requires much
less global assumptions than for the theorem that ensures that no MOTS can
penetrate into the domain of outer communications, it still requires some control
on the evolution of the initial data. In any case, we believe that the condition
T- C T is probably not necessary for the validity of the theorem. It is an

interesting open problem to analyze this issue further. O

We conclude with a trivial corollary of Theorem [5.4.1, which is nevertheless

interesting.

Corollary 5.4.2 Let (X,9, K = 0;N,Y = 0; p, J = O,Tij;ﬁ) be a time-symme-
tric electrovacuum embedded static KID, i.e a static KID with an electric field E
satisfying

VZEEZ = 0, p = |E|§, Tij = |E|2923 — 2EZEJ

Let ¥ = KUXE® where K is a compact and X3 is an asymptotically flat end and
assume that 0% # 0 with mean curvature with respect to the normal which points
inside Y satisfying p < 0. Then (3,9, K = 0; N,Y = 0, p, J = O,Tij,ﬁ) can be
isometrically embedded in the Reissner-Nordstrom spacetime with M > |Q|, where
M is the ADM mass of (¥, g) and Q is the total electric charge of E, defined as
Q=+ fS’rO E'mqns,, where Sy, C X§° is the coordinate sphere {r = ro} and m it

unit normal pointing towards infinity.
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Remark. The standard Majumdar-Papapetrou spacetime cannot occur be-
cause it possesses degenerate Killing horizons which are excluded in the hypothe-
ses of the corollary (recall that, by Proposition[2.4.11, degenerate Killing horizons

implies cylindrical ends in time-symmetric slices). U







Chapter 6
A counterexample of a recent
proposal on the Penrose

inequality

6.1 Introduction

In this chapter we will give a counter-example of the Penrose inequality proposed
by Bray and Khuri in [19].

As discussed in Chapter [2] in a consistent attempt [19] to prove the stan-
dard Penrose inequality (equation (2.3.6)) in the general case (i.e. non-time-
symmetric), Bray and Khuri were led to conjecture a new version of the Penrose
inequality in terms of the outermost generalized apparent horizon (see Definition

2.2.17)) as follows.

Mapn = %ﬁ’, (6.1.1)
where M ,p,, is the ADM mass of a spacelike hypersurface >, which contains an
asymptotically flat end 35°, and | S, denotes the area of the outermost bounding
generalized apparent horizon S,,; in X. As we already remarked in Section 2.3,
this inequality has several convenient properties such as the invariancy under time
reversals, no need of taking the minimal area enclosure of S,,;, and the facts that
it is stronger than and covers a larger number of slices of Kruskal with
equality than (2.3.6). Furthermore, it also has good analytical properties which
potentially can lead to its proof in the general case. Indeed, Bray and Khuri
proved that if a certain system of PDE admits solutions with the right boundary
behavior, then (6.1.1) follows.

Nevertheless, as we also pointed out in Section [2.3] inequality (6.1.1) is not
directly supported by cosmic censorship. In fact, it is not difficult to obtain par-

ticular situations where S,,; lies, at least partially, outside the event horizon, as

137
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for example for a slice ¥ in the Kruskal spacetime for which 0"PT" and 9"PT~
intersect transversally. In this case, Eichmair’s theorem (Theorem 2.2.31) implies
that there exists a C% outermost generalized apparent horizon lying, at least
partially, in the domain of outer communications of the Kruskal spacetime.
Thus, it becomes natural to study the outermost generalized apparent horizon
in slices of this type in order to check whether holds or not. Surprisingly,
the result we will find is that there are examples for which inequality (6.1.1) turns

out to be violated. More precisely,

Theorem 6.1.1 In the Kruskal spacetime with mass My, > 0, there exist asymp-
totically flat, spacelike hypersurfaces with an outermost generalized apparent hori-
20 Sour Satisfying |Sou| > 167 Mz .

For the systems of PDE proposed in [19], this means that a general existence
theory cannot be expected with boundary conditions compatible with generalized
apparent horizons. However, simpler boundary conditions (e.g. compatible with
future and past apparent horizons) are not ruled out. This may in fact simplify
the analysis of these equations.

The results on this chapter have been published in [27], [28].

6.2 Construction of the counterexample

Let us consider the Kruskal spacetime of mass Mg, > 0 with metric

32M3

ds® = e /2MEr dady + r® (d6” + sin® 0d¢?)

r

where r(av) solves the implicit equation

r— QMKTG’I’/QMKT
QMKT

In this metric 9; is future directed and 9y is past directed. The region {a > 0,0 >

= (6.2.1)

0} defines the domain of outer communications and {¢ = 0}, {0 = 0} define,
respectively, the black hole and white hole event horizons. Consider the one-
parameter family of axially-symmetric embedded hypersurfaces X, = R x S?, with
intrinsic coordinates § € R, = € [—1,1], ¢ € [0, 27], defined by the embedding

Se={i=9—ex,0 =19+ ex,cos0 =x,0 =} .
Inserting this embedding functions into equation (6.2.1) we get

) 5 o T —2Mg, or/2Mic

Yy — et = M , (6.2.2)
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from which it is immediate to show that, for |¢] < 1, . does not touch the
Kruskal singularity (r = 0) for any value of {g,z} in their coordinate range.
It is also immediate to check that the hypersurfaces ¥, are smooth everywhere,
included the north and south poles defined by |z| = 1. It is straightforward to
prove that the induced metric g. on X, is positive definite and satisfies (for € is
small enough) g, = dr? +1r? (% +(1— x2)d¢2> + 0@ (1), where r is defined in
(6.2.2). Consequently, the hypersurfaces ¥, are spacelike and asymptotically flat.
Let us select .57 to be the asymptotically flat end of the region {a > 0,0 > 0}.

The discrete isometry of the Kruskal spacetime defined by {u,0} — {0, 4}
implies that under reflection with respect to the equatorial plane, i.e. (7, z,¢) —
(9, —z, ¢), the induced metric of 3, remains invariant, while the second funda-
mental form of . changes sign. The latter is due to the fact that X, is defined by
 — 0+ 2ex = 0 and hence the future directed unit normal to X, is proportional
(with metric coefficients which only depend on uv and z?) to di — do + 2edz and,
therefore, it changes sign under a reflection (7, x, ) — (9, —z, ¢) and a simulta-
neous spacetime isometry {u,0} — {v,4} (notice that this isometry reverses the
time orientation). Let us denote by XF the intersection of ¥, with the domain
of outer communications {@ > 0,0 > 0}, which is given by {y — |ez| > 0}. For
e # 0, 0"PXT is composed by a portion of the black hole event horizon and a por-
tion of the white hole event horizon. Moreover, 9"PT* is given by {§ — ex = 0},
while 0"PT~ is {§ + ex = 0} so that these surfaces intersect transversally on the
circumference {y = 0,z = 0} provided € # 0. By Eichmair’s theorem (Theorem
2.2.31), there exists a C*“ outermost generalized apparent horizon S,,; which
is bounding and contains both 9PT* and 9'PT~. Uniqueness implies that this
surface must be axially symmetric and have equatorial symmetry. In what follows
we will estimate the area of S,,; from below . To that aim we will proceed in two
steps. Firstly, we will prove that an axial and equatorially symmetric general-
ized apparent horizon S, of spherical topology and lying in a sufficiently small
neighbourhood of {§ = 0} exists (provided e is small enough) and determine its
embedding function. In the second step we will compute its area and prove that

it is smaller or equal than the area of the outermost generalized apparent horizon
Sout'

6.2.1 Existence and embedding function

This subsection is devoted to prove the existence of S. and to calculate its em-

bedding function up to first order in e. For that, we will consider surfaces S, of
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spherical topology defined by embedding functions {g = y(z,€),x = z,¢ = ¢}
in ¥, and satisfying y(—x, €) = y(x, €). Since the outermost generalized apparent

horizon is known to be C*¢ it is natural to consider the spaces of functions
U™ ={y e C™(S?*): 9py = 0,y(—x) = y(z)},

i.e. the spaces of m-times differentiable functions on the unit sphere, with Holder
continuous m-th derivatives with exponent o € (0, 1] and invariant under the axial
Killing vector on S? and under reflection about the equatorial plane. Each space
U™ is a closed subset of the Banach space C™*(S?) and hence a Banach space
itself. Let I C R be the closed interval where € takes values. The expression that
defines a generalized apparent horizon is p—|g| = 0, where p is the mean curvature
of the corresponding surface S, in ¥, with respect to the direction pointing into
Yo and ¢ is the trace on S, of the pull-back of the second fundamental form K
of .. For each function y € U*® the expression p — |g| defines a non-linear map
f:U?* x I — U% Thus, we are looking for solutions y € U*% of the equation
f=0.

We know that when € = 0, the hypersurface 3. is totally geodesic, which
implies ¢ = 0 for any surface on it. Consequently, all generalized apparent horizons
on Y.—g satisfy p = 0 and are, in fact, minimal surfaces. The only closed minimal
surface in ¥._¢ is the bifurcation surface Sy = {@ = 0,0 = 0}. Thus, the equation
f(y,e) = 0 has y = 0 as the unique solution when ¢ = 0. It becomes natural to
use the implicit function theorem for Banach spaces to show that there exists a
unique solution y € U?® of f = 0 in a neighbourhood of y = 0 for € small enough.
To apply the implicit function theorem it will be necessary to know the explicit
form of the linearization of the differential equation f(y,e) = 0. The following

lemma gives precisely the explicit form of f up to first order in e.

Lemma 6.2.1 Let X, be the one-parameter family of axially-symmetric hyper-
surfaces embedded in the Kruskal spacetime with mass My, > 0, with intrinsic
coordinates y € R, x € [—1,1], ¢ € [0, 27], defined by

e = {a:@—ex,@zg)—i-ex,cosﬁzx,gb:gb}.

Consider the surfaces S, C Y. defined by {§ = y(x),x, ¢} where the embedding
function has the form y = €Y, with Y € U™*(S?). Then, p and q satisfy

ply=ev.e) = MKlr T LY @)e+ 0@), (6.2.3)

1
_*]\4’1('7"\/E

q(y = €Y, e€) 3ze + O(€), (6.2.4)
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where L]z(z)] = —(1—22)2(x)+2x2(z)+2(x) and where the dot denotes derivative

with respect to x.

Proof. The proof is by direct computation. Let us define H = %e*’"/ 2Mier

Q = r? and = = cos 0, so that the Kruskal metric takes the form

¢@ = Hdado + . iy (1 - 2*)Qdg¢”.

2
The induced metric g. on >, is

~

g. = Hdij* + Qe + (1 — 22)Qde?, 6.2.5
1 2

where H, () are obtained from H, Q by expressing 7 in terms of (y,x) according
to . The induced metric 7. on S, satisfies

dz? + (1 — 22)Qd¢?, (6.2.6)

Ve = [ Q +62(Y%x)—1>£¥

1 — 22

where H, Q are obtained from H and Q by inserting y = €Y (x). Firstly, let us deal
with the computation of p = —myA? V?A e%y, where m is the unit vector tangent
to ¥ normal to S. which points to the asymptotically flat end in {a > 0,0 > 0}

and {€4} is a basis for T'S,. In our coordinates

&y = Oy + €Y ()0,
£y = Oy

<

The unit normal is therefore

1 (Q-e(1 -0 |
m=y 5 +<62<1 o 13ﬁ (dg - eY(x)dm) . (6.2.7)

. . . Ee g Ze :'; Ee T 26 T
Since 7 is diagonal, we only need to calculate V“eY, V€¢ €y Vz ey and V€¢ €

up to first order. The results are the following.

Vi — %@ (i'f + V8, In H) +O(e), (6.2.8)
’ 2(1 —a2)H
2¢ + (1 -9, nQ . .
Sept Y 9,1 2 2.
Ve, 20— 27) +€eY0;InQ + O(€?), (6.2.9)
~ — 2 ~ 9
Viel = _MM, (6.2.10)
’ 2H
(1—a?) <2x —(1—2%)0,1In Q)
Ve = 5 +O(e%), (6.2.11)
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where 8@62 means taking derivative with respect to y of Q and afterwards, sub-
stituting g = €Y (z) (and similarly for the other derivatives).

In order to compute the derivatives of H and Q, we need to calculate the
derivatives 0yr(y,x) and 0,7(y,x). This can be done by taking derivatives of
(6.2.2) with respect to x and g, which gives,

8M3
Oyr = e—LLer/2Mrry,
r
2
28MK7‘ e*T/2MKTx'
r

0,7 = —¢€

At € = 0 we have y = 0 and equation (6.2.2) gives T‘SZO = 2Mpg,. Then r g =
2Mp, + O(€) This allows us to compute the derivatives of H and Q up to first

order in e. The result is

>

0.H = 0O(e),

2
0;Q = 616]\6/[KTY+O(62),
2.0 = 0(é).

Inserting these equations into (6.2.6), (6.2.7), (6.2.8)), (6.2.9), (6.2.10) and
(6.2.11), and putting all these results together, we finally obtain that p =
—m APV el satisfies (6.2.3).

Next, we will study ¢ = B¢l e, K;;, where K is the second fundamental
form of X, with respect to the future directed unit normal. Since, 7. is diagonal,
we just have to compute e’el K;; = > K, + 29K, + K, and efi)eéKij = Kyg up
to first order. To that aim, it is convenient to take coordinates {T' = (0 —1),§ =
1(0+4),z,¢} in the Kruskal spacetime for which the metric g¥) is diagonal. In
these coordinates X, is defined by {1 = ex, g, z, ¢} and the future directed unit

normal to X, reads

n:\/A A — (—=dT + edz) .
Q—€e(1l—a2)H

The computation of the second fundamental form is straightforward and gives

K, = 0, (6.2.12)

20K,, = O(), (6.2.13)
_ ] IrQ’ e z 2

Ky = \/5{2(1_952)13 1—932} +0(e) (6.2.14)

Ky = Vi {% —e(1— xz)x} + O(e?), (6.2.15)
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where we have denoted by )’ the function obtained from @) by expressing r in

T’*QMKT T'/ZMKT . :
—2MKr (& . ThlS expression

terms of (T',7) according to 40 = §* — T? =
also allows us to compute drQ’ which, on ¥, (where 7' = ex) and using r =

2Mk, + O(e), takes the form

16M7
IrQ = —e K g+ O(€%).
Inserting this into (6.2.14) and (6.2.15), and using (6.2.6), it is a matter of simple
computation to show that ¢ = yAPel e}, K;; satisfies (6.2.4). |

From this lemma we conclude that f(y = €Y, €) = p(y = €Y, ¢€) — |q(y = €Y, €)|

reads
1

f(yze}/ue):MK\/E

The implicit function theorem requires the operator f to have a continuous

(L[Y (2)] — 3|z|)e + O(€). (6.2.16)

Fréchet derivative and the partial derivative D, f |(y:07€:0) to be an isomorphism
(see Appendix BJ). The problem is not trivial in our case because the appearance
of |x| makes the Fréchet derivative of f potentially discontinuouﬁ . However, the
problem can be solved considering a suitable modification of f, as we discuss in

detail next.

Proposition 6.2.2 There exists a neighborhood I C I of € = 0 such that
f(y,€) =0 admits a solution y(z,€) € U>*(S?) for all € € I. Moreover, y(x, €) is
C' in e and satisfies y(x, e = 0) = 0.

Proof. Firstly, let us consider surfaces S, in X, defined by {§ = y(z,€), z, ¢}
such that the embedding function has the form y = €Y', where Y € U?“. Since we
are considering surfaces with axial symmetry, neither p nor ¢ depend on ¢. Let n#
denote the spacetime coordinates, z* the coordinates on ¥, 2 the coordinates
on S, n*(z") the embedding functions of ¥ in M (which depend smoothly on z7),
and 2'(2%) the embedding functions of S in ¥ (which depend smoothly on z4).
Thus, by definition, we have
. i 9.k
P, =~y | O T ) 2 O

where Fzéék are the Christoffel symbols of ¥.. In this expression all terms depend
smoothly on (y(x),y(x),z,€), except 63:% which also depends on gj(z). There-

fore, p can be viewed as a smooth function of (§(x), y(x), y(x), x,€). Similarly, by

"We thank M. Khuri for pointing out this issue.
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definition,

AB. i _j >t "
q(z,€) = =y "n ey ep 90 L5(n(2))

0zt 027 ’

on” 8775]

Zi=zi(xA)

where all terms depend smoothly on (y(x),y(z),x, €) Therefore, setting y = €Y’
and since both p and ¢ are O(e) (see equations and ), we can write

p=€eP(Y(x), Y(x), Y(:L‘),l‘, €)

and

q= EQ(Y(J:)’ Y(ZL‘), z, 6)7

where P @ R3 x [-1,1] x I — R and Q@ : R? x [-1,1] x I — R are
smooth functions. Moreover, the function Q has the symmetry Q (z1, z2, 3, 24) =
—Q (x1, —w9, —x3,x4), which reflects the fact that the extrinsic curvature of >,
changes sign under a transformation + — —x and the symmetry Y (—x) = Y (z).
Let us write P(Y,€)(z) = P(Y(z),Y (z),Y(z),z,¢) and similarly Q(Y,¢)(z) =
QY (2),Y (2), ,€).

Now, instead of f, let us consider the functional F' : U%® x I — U%“ defined
by F(Y,e) = P(Y,¢e) —|Q(Y, €)|. This functional has the property that, for € > 0,
the solutions of F(Y,e) = 0 correspond exactly to the solutions of f(y,e) = 0
via the relation y = €Y. Moreover, the functional F' is well-defined for all € € I,
in particular at e = 0. Therefore, by proving that F' = 0 admits solutions in a
neighbourhood of € = 0, we will conclude that f = 0 admits solutions for € > 0
and the solutions will in fact belong to a neighbourhood of y = 0 since y = €Y.

In order to show that F' admits solutions we will use the implicit function
theorem. Equation (6.2.16) yields

F(Y,e=0)(z) = c(L[Y (2)] - 3|z|) (6.2.17)

where ¢ is the constant 1/(Mg,+/e) and L[Y] = —(1 — 2?)Y + 22Y + Y. As
it is well-known the eigenvalue problem (1 — z?)z(x) — 2z2(z) + Az(z) = 0 has
non-trivial smooth solutions on [—1,1] (the Legendre polynomials) if and only
if A\ =1(l+1), with l € NU{0}. Thus, the kernel of L[Y] (for which A = 1)
is Y = 0. We conclude that L is an isomorphism between U*® and U%®. Let
Y; € U be the unique solution of the equation L[Y] = 3|z|. For later use, we
note that Q(Y1,e = 0) = —3cx (see equation (6.2.4)). This vanishes only at x = 0.

This is the key property that allows us to prove that F'is C1(U?* x I).
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The C'(U?*xI) property of the functional P(Y ) is immediate from Theorem
B.3 in the Appendix/B. More subtle is to show that |Q| is C*(U?“ x I) in a suitable
neighbourhood of (Y3,e =0). Let ry > 0 and define

Ve ={(Y,e) €U x I : (Y = Y1, 6)||yzaxs < 70} (6.2.18)

First of all we need to show that |Q| is Fréchet-differentiable on V, , i.e. that
for all (Y,e) € V,, there exists a bounded linear map Dy |Q| : U** x [ — U*®
such that, for all (Z,8) € U>* x I, |Q(Y + Z,e+ )| — |Q(Y,€)| = Dy, |Q|(Z,0) +
Ry (Z,6) where || Ry.(Z,6)||po.« = o(]|(Z,0)]|y2axs). The key observation is that,
by choosing ry small enough in Definition [6.2.18] we have

QY €)(x)] = —a(x)Q(Y, e)(z) V(Y €) € Vi, (6.2.19)

where o(x) is the sign function, (i.e. o(z) = +1 for z > 0 and o(x) = —1 for
x < 0). To show this we need to distinguish two cases: when z lies in a sufficiently
small neighbourhood (—¢,¢) of 0 and when x lies outside this neighbourhood.
Consider first the latter case. As already mentioned, we have Q(Y7,e = 0) = —3cz
which is negative for x > 0 and positive for x < 0. Taking ry small enough, and
using that Q is a smooth function of its arguments it follows that the inequalities
Q(Y1,¢) <0 for x > e and Q(Y71,€) > 0 for x < —¢ still hold for any (Y, ¢€) € V,,.
For the points x € (—¢, €), the function Q(Y, €)(z) is odd in z, so it passes through
zero at x = 0. Hence, the relation (6.2.19) holds in (—¢, ¢) provided we can prove
that Q(Y €) is strictly decreasing at = = 0. But this follows immediately from the
fact that %b:o = —3c and Q is a smooth function of its arguments.

From its definition, it follows that Q(Y,¢€)(z) is C'* (note that only first
derivatives of Y enter in Q) and that the functional Q(Y €) has Fréchet derivative
(see Theorem B.3 in Appendix[B)

Dy, Q(Z,6)(x) = Ay, () Z(x) + By, () Z(x) + Cy.(x)0,

where Ay (z) = 0 Qly(w) vy war Bre(®) = 029y (@)@ a0d Cyelz) =
19| (v (2)¥(x),2,0)- We note that these three functions are Ch* and that Ay, Cy.
are odd, while By, is even (as a consequence of the symmetries of Q). Defining

the linear map
DY,€|Q|(Za 5) = _U(AY,EZ + BY,EZ + CY,65)7
it follows from (6.2.19) that

|Q(Y + Z,E + 5)‘ - |Q(K 6)| = DY,E’Q|(Z7 5) + RY,E<Z= 5)7
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with ||R(Z,0)]|po.e = o(||(Z,0)||y2axr). In order to conclude that Dy |@)| is the
derivative of |Q(Y €)|, we only need to check that, it is (i) well-defined (i.e. that its
image belongs to U%*) and (ii) that it is bounded, i.e. that || Dy.|Q|(Z,0)||yoa <
C(Z,6)||p2axs for some constant C.

To show (i), let us concentrate on the most difficult term which is —O'By76Z.
(because By (z) is even and need not vanish at z = 0). Since Z is an odd function,
—O'BY,EZ' is continuous. To show it is also Holder continuous, we only need to
consider points 1 = —a and o = b with 0 < a < b (if x1-x5 > 0, the sign function
remains constant, so —o By, Z is in fact C1®). Calling w(z) = —o(2) By, (z)Z(x)

and using that w(x) is even, we find

|w(z2) — w(w1)| = |w(b) —w(=a)| = [wb) —wla)| =

d(By.Z d(By .7 _
d(By..Z) b—al = d(Bv.Z) b—a|""%b—a|* <
dx dx
z=( T=¢
d(By Z d(By Z
( Y, ) |b—a|1_a|l‘2—$1|a§ ( Y, ) |J]2—ZL‘1|a
dx dx
z=( z=¢
d(By .7
< sup M |ze — 21| (6.2.20)

where the mean value theorem has been applied in the third equality and ¢ €
(a,b). We also have used that |b — a|® < |b+ a|* = |zg — 2¢|* and |b — a| < 1.
This proves that —O‘BKEZ. is Holder continuous with exponent . The remaining
terms —o(z)Ay(r)Z(x) and —o(x)Cy(x)d are obviously continuous because
they vanish at x = 0. To show Holder continuity the same argument that for
—0(2) By, () Z works.

To check (ii), we have to find and upper bound for the norm ||w(z)||yo.a.

|w(z)||po.e = sup |w(z)| + sup [w(zs) — w(ivl)|
T T1#£T2 ’Ig — x1|

d(By.Z)
dx

< sup By, ()| sup | Z(x)| + sup
< sup | By,(z)|sup \Z(x)] + sup \By,e(x)\ sup \Z(x)] + sup | By ()| sup \Z(:C)]
< (250 [ By (@)| + 5up | B (@))|(Z, ) g2oxi,

where, in the first inequality, (6.2.20) has been used. Since By (z) is C'®, then
(2sup, | By.c(x)|4sup, | By.(z)|) is bounded in the compact set [—1, 1] and, there-
fore, there exists a constant C' such that || — 0By Z||goe < C||(Z,0)||y2axs. A
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similar argument applies to —o Ay, Z and —oCy 0 and we conclude that Dy |Q|
is indeed a continuous operator.

In order to apply the implicit function theorem, it is furthermore necessary
that |Q| € CY(U* x I) (i.e. that Dy.|Q| depends continuously on (Y, ¢)). This
means that given any convergent sequence (Y;,, €,) € V,,, the corresponding oper-
ators Dy, ., |Q] also converge. Denoting by (Y, €) € V,, the limit of the sequence,

we need to prove that

||DYn,en|Q| - DY,E|Q|||£(U2’Q><I,U070‘) — 0,

where, for any linear operator & : U%® x I — U%“, the operator norm is

12(2,8) ][0
L ewzexipoey = sup ————>——.
[l ewexroon = sup o S st

For that it suffices to find a constant K (which may depend on (Y €)), such that

1Dy, | Q1 = Dy Q1)(Z, 6) |[o.e
< K(Z,0)pzextl (Yo — Vien — €)llpzaxs  (6.2.21)

for all (Z,8) € U** x I. Indeed, if (6.2.21) holds then the right-hand side tends
to zero when (Y,,€,) — (Y,¢) Again, the most difficult case involves o(By, —
By, ..)Z, so let us concentrate on this term (the same argument works for the
remaining terms in Dy, . |Q| — Dy.|Q]).

With the definition z = o(By.,. — By, .,)Z, we have

sup |2(2)| < sup|By.c(x) = By, ,(2)|sup | Z(x)|.

To bound the C%-norm of z in terms of [|(Z,0)||yzaxs||(Yn — Y, €0 — €)|luzaxr,
we have to use the mean value theorem on the function B = 0,Q (recall that
By, (x) = Bly(s)v(s)xe) By the definition O.f qu (see (6.2.18)) any element
(Y,e) € V,, satisfies that |Y —Yi|(x) < rgand |Y —Yi|(z) < ry Vo € [—1,1]. This
implies that there is a compact set K C R* depending only on ry and Y; such that
(Y(x),Y(x),z,¢) € K, for all z € [—1,1] and (Y,€) € V,,. When applying the
mean value theorem to the derivatives 018, 0,88 and 0,8 all mean value points
will therefore belong to K. Taking the supremum of these derivatives in K, we

get the following bound.

sup |z(x)| < s%p (|01B] + |028| 4 [04B]) sup | Z|||(Yn — Y, € — €)||2axs- (6.2.22)

Since B is smooth, (6.2.22) is already of the form (6.2.21).
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It only remains to bound the Holder norm of z in a similar way. As before,
this is done by distinguishing two cases, namely when x; - o5 > 0 and when
x1 - xg < 0. If 2y - 29 > 0 then o(x) is a constant function and therefore, to

obtaining an inequality of the form

o 232) = =)

wp e S KlZ D) o |(Ya =Y = Ol
T1F#T2

is standard (and a consequence of Theorem B.3)). When x; - x5 < 0, we exploit
the parity of the functions as in (6.2.20) to get

d((By, ., — By.)Z)
dx

|2(22) = 2(21)] < |22 — @1,

r=(

where ¢ € (a,b) and we are assuming r; = —a,z2 = b,0 < a < b without loss
of generality. Since the sign function o(z) has already disappeared, a bound for
the right hand side in terms of Ks|[(Z, )||vzaxr||(Yn =Y, €0 — €)||vzaxr|za — 21|
is guaranteed by Theorem This, combined with gives (6.2.21) and
hence continuity of the derivative of Dy, |Q| with respect to (Y, €) € V,,.

The final requirement to apply the implicit function theorem to F' = P — |Q)|
is to check that Dy F)|y, c—o) is an isomorphism between U?* and U%*. This is
immediate from equation (6.2.17) that implies

Dy Fly, ee0)(Z2) = F(Y1 + Z,e = 0) — F(Y;,€ = 0) = cL(Z),

and we have already shown that L is an isomorphism.

Thus, the implicit function theorem can be used to conclude that there exists
an open neighbourhood I € I of ¢ = 0 and a C' map Y : I — U%“ such
that Y(e = 0) = Y; and y = €Y (¢) defines a C>* generalized apparent horizon
embedded in ..

|

We will denote by S. the surface defined by this solution. The proposition
above implies that we can expand y(z, €) = Yi(x)e+o(e). From (6.2.16) it follows
that Y satisfies the linear equation L[Y)(z)] = 3|z|. Decomposing Y;(z) into
Legendre polynomials P(x), as Yi(z) = >.,°aP(x), where convergence is in

L?[—1, 1], this equation reads

LYi(2)] = > al[P(x)] = 3|x|.
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The Legendre equation, —(1 —2?)Py(z) + 22 P(z) —1(1+1)P(x) = 0, implies that
L[P(z)] = (I(l +1) + 1)P(z). We can also decompose |z| in terms of Legendre
polynomials. This computation can be found in [17] and gives

1 [e%S)
|.’L” = 5 + lZ;lePQZ(;C)

where
(41 + 1)(—1)“rl (20 —2)! 1

22 (=D +1) -
It follows that the unique solution to the equation L[Y;(x)] = 3|z| is

by =

w

S+ anPu(x (6.2.23)
=1

[\]

with

34+ D) (=D (21— 2)!
U P A S (6.2.24)

Qo) =

6.2.2 Area of the outermost generalized trapped horizon

In this subsection we will compute the area of S., to second order in €, and
we will obtain that it is greater than 16wM3% . Then, we will prove that any
generalized apparent horizon enclosing S, has greater or equal area than S, which
will complete the proof of Theorem [6.1.1.

Integrating the volume element of S., it is straightforward to get

27
/ / \/ Lte 232M[3(7‘ —r/2MKT<1_x2>(Y —1)+O(e3)d¢d:c

2
/ / |: 13(7" *T/2MK1"(1 _ SL’2)(§'/12 — 1) + O(€3> dodz,

where 7 still depends on e. Let us expand r = ry + 1€ + roe? + O(e?). Using
equation (6.2.2) and expanding the exponential therein, it follows

QMKT

r=2Mjp, + (Y2 —2H)e + O(e). (6.2.25)

Then, after inserting (6.2.23), (6.2.24) and (6.2.25)) into the integral and using
the orthogonality properties of the Legendre polynomials, we find

. 8 M2 2021 +1) + 1
15| = 167m M2, + ke < 42 T 31) +O(€).
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Since the second term is strictly positive, it follows that |S¢| > 167 MZ,. This is
not yet a counterexample of (6.1.1) because S, is not known to be the outermost
generalized apparent horizon. Before turning into this point, however, let us give
an alternative argument to show that the area increases. This will shed some light

into the underlying reason why the area of S. is larger than 167 M2 .

To that aim, let us now use coordinates {@, z, ¢} in X.. Then, the embedding
of ¥, becomes X, = {u,v = 4+ 2ex,x, ¢}, and the corresponding embedding in
5. for the surfaces S, is S, = {t = u(z,€),z,¢}. Again, u admits an expansion
u = Ui(x)e + o(e). The relationship between U; and Y] is simply Y} = Uy + z.
It follows that U; satisfies L{U(x)] = 3(|]z| — ). Similarly, if we take {0, z, ¢}
as coordinates for ¥, then the embedding of S, reads © = Vi (x)e + o(e), with V;
satisfying Y7 = Vi — x and therefore L[Vi(z)] = 3(|z| + x). Thus, L[U;(z)] > 0
and L[Vi(z)] > 0 and neither of them is identically zero. Since L is an elliptic
operator with positive zero order term, we can use the maximum principle to
conclude that Uy(x) > 0 and Vi(z) > 0 everywhere. Geometrically, this means
that S, lies fully in 3 for e small enough. In fact, the maximum principle applied
to L[Y;] = 3|z| also implies Y; > 0. This will be used below.

We can now view S, as a first order spacetime variation of the bifurcation
surface S._o. The variation vector 9. is defined as the tangent vector to the
curve generated when a point with fixed coordinates {x,¢} in S. moves as €
varies. This vector satisfies 9, = U;10; + V10; + O(e) and is spacelike everywhere
on the unperturbed surface S_o. If we do a Taylor expansion of |§6| around
€ = 0, we see that the zero order term is |S—o| = 167M2%,, as this is the area
of the bifurcation surface. The bifurcation surface is totally geodesic so that, in
particular, its mean curvature vector vanishes. Consequently, the linear term in
the expansion is identically zero as a consequence of the first variation of area
(2.2.3). For any € > 0 we have

d| S, -
|d | / Hse’ae)n

1 o
( 5 [+ L+ (—p+ )iy ,Ulaﬁvlaﬁ()(e)) ns, (6.2.26)

where H . 1s the spacetime mean curvature vector of S, (, ) denotes the scalar
product with the spacetime metric, and ll and [_ are the outer and the inner

null vectors which are future directed and satisfy (I, [_) = —2. Since on S_q the
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vectors J; and —0; are proportional to l:L and f_, we have

[ e
Se = %aﬁ_FO(E)’
e
g = \/87%(7«(—3ﬁ)+0(6),

is due to the normalization (I1,l_) = —2. Besides, ng =

where the factor ﬁ
Kr

4M% dx A dé + O(e). Then, inserting these expressions into the first variation

integral (6.2.26) and taking the derivative with respect to € at ¢ = 0, we obtain

d?|S|
de?

_16V2n M3,
(&

/_ [Ul(x)L[‘/i($)]‘|“/1(ZL')L[U1(1')] de,

1

e=0
where (6.2.3), (6.2.4) and the relations Y; = U; + x and Y} = V] — x has been

used. Since U; and V] are strictly positive and L[U; (z)], L[Vi(x)] are non-negative
15| > 0 and hence that the area of 5’6 is
0

and not identically zero, it follows =5

€=

larger than 167w M7, for small e.

We have obtained that the second order variation of area turns out to be
strictly positive along the direction joining the bifurcation surface with 5'6, which
is tied to the fact that L[U;] and L[V;] have a sign. The right hand sides of these
operators are (except for a constant) the linearization of |¢| ¢ and these objects
are obviously non-negative in all cases. We conclude, therefore, that the fact that
the area of S, is larger than 16w M2 is closely related to the defining equation
p = |g|. It follows that the increase of area is a robust property which does not
depend strongly on the choice of hypersurfaces Y, that we have made. In fact, had
we chosen hypersurfaces 3. = {u =y —ef(z),v =y + €6(r),cos0 = z,¢ = ¢},
the corresponding equations would have been L[U;(x)] = |L[3(z)]| — L|3(z)] and
L[Vi(z)] = |L[B(x)]| + L[B(x)]. The same conclusions would follow provided the
right hand sides are not identically zero.

Having shown that |S.| > 167 M2, for € # 0 small enough, the next step is to
analyze whether |§6| is a lower bound for the area of the outermost generalized
apparent horizon. Indeed, in order to have a counterexample of (6.1.1) we only
need to make sure that no generalized apparent horizon with less area than S.
and enclosing S, exists in 2.

We will argue by contradiction. Let S! be a generalized apparent horizon
enclosing S, and with | S| < |S.|. In these circumstances, S, cannot be area outer
minimizing. Thus, its minimal area enclosure S’é does not coincide with it. Now,

two possibilities arise: (i) either S’ lies completely outside S, or (ii) it coincides
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with S, on a closed subset K, while the complement gé \ IC (which is non-empty)
has vanishing mean curvature p everywhere.

To exclude case (i), consider the foliation of ¥, defined by the surfaces {g =
Yo, %, ¢}, where yo is a constant. We then compute the mean curvature p,, of
these surfaces. The induced metric is

’ 32M3
”)IZOB = ( r — 62—mer/2MKr') d$2 + (1 _ x2>r2d¢2.

1 — 22 r

The tangent vectors and the unit normal one-form are

59; = 81, é;b = 8¢, m = Ad@,

32M3 . . . G s 1
where A = \/ Tmefr/ 2Mkr is the normalization factor. Since % is diagonal we

just need the following derivatives

3+ 82 ME (2My, + 1) (1 — x?)e/2Mrr

Vieed =
ot AMp, (1 — 22)r? Yo
; 1—a2H)r
vt — L=,
& % AMg,
Inserting all these expressions in p,, = —m;y*? V?A e’y we obtain

_ 4 3+ 82 M2, (2My, + 1)(1 — 22)e "/ 2Mrr N 1
Pro =2\ AMeyr (8 — 322 M3, (1 — 22)e PMir) A ) P°

Thus, taking —1 < € < 1 small enough so that

5 /r-gjine"‘min/2MK'r
el —F

32M3.,
where 7'y, s the minimum value of 7 in X, (recall that 7y, > 0 provided |e| < 1),
we can assert that p,, > 0 for all yo > 0.

We noted above that Yi(x) > 0 everywhere. Thus, for small enough positive
€, the function y(x,¢€) is also strictly positive. Since S”; lies fully outside S, the
coordinate function ¢ restricted to SZ achieves a positive maximum gy, somewhere.
At this point, the two surfaces S’ and {§ = 7.} meet tangentially, with S’ lying
fully inside {g = y.} (see Figure[6.1). This is a contradiction to the maximum
principle for minimal surfaces (see Proposition with K = 0 in Appendix B).

It only remains to deal with case (ii). The same argument above shows that
the coordinate function ¢ restricted to gé \ K cannot reach a local maximum. It
follows that the range of variation of § restricted to 5’2 is contained in the range
of variation of j restricted to S, (see Figure [6.2).
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Figure 6.1: If the minimal area enclosure S’ (in red) lies completely outside S,
then Sé, which is a minimal surface, must touch tangentially from the inside a

surface {y = y.} (in blue) which has p, > 0.

{@ = ymax}

S s
AN T T

Figure 6.2: In the case (ii), the minimal area enclosure S! coincides with S, in
a compact set. The coordinate function ¢ restricted to SZ cannot achieve a local
maximum in the set where S/ and S. do not coincide (in red). Then, this set can

be viewed as an outward variation of order € of the corresponding points in S..
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Since maxg ¢ — ming § = O(e), it follows that we can regard S/ as an out-
ward variation of S, of order ¢ when e is taken small enough. The corresponding
variation vector field 7 can be taken orthogonal to S. without loss of generality,
i.e. ¥ = v, where 1 is the outward unit normal to S.. The function v vanishes
on I and is positive in its complement U = S. \ K. Expanding to second order

and using the first and second variation of area (see e.g. [35]) gives
G = 18] te / pe vmg,
U
¢ V2 (s ) dv
+5/U (’v§6V|2 + 7 (R € — R — ’KSE|2 +p?§‘e) +p5}£) g, +O(63>,

where Vg , R% and ¢, are, respectively, the gradient, scalar curvature and second
fundamental form of S, and R* is the scalar curvature of .. Now, the mean
curvature pg_of S, reads pg = M}f—:ﬁm + o(€) (see equation (6.2.3)) and bAoth
R> and k g, are of order € (because ¥, has vanishing scalar curvature and S.—g
is totally geodesic). Moreover, R% = 1/(2M%,) + O(e). Thus,

. . 3|z|v Vg v|? v?
Sl =S| + € e 5 b+ O(E).

It follows that, for small enough €, the area of S’é is larger than S. contrarily

to our assumption. This proves Theorem [6.1.1] and, therefore, the existence of
counterexamples to the version (6.1.1) of the Penrose inequality.

It is important to remark that the existence of this counterexample does not
invalidate the approach suggested by Bray and Khuri to study the general Penrose
inequality. It means, however, that the emphasis should not be put on generalized
apparent horizons. It may be that the approach can serve to prove the standard

version (2.3.6) as recently discussed in [20].




Chapter 7

Conclusions

In this thesis we have studied some questions within the framework of the
theory of General Relativity. In particular, we have concentrated on some of
the properties of marginally outer trapped surfaces (MOTS) and weakly outer
trapped surfaces in spacetimes with symmetries, specially static isometries,
and its application to the uniqueness theorems of black holes and the Penrose

inequality. We can summarize the main results of this thesis in the following list.

1. We have obtained a general expression for the first variation of the outer
null expansion 6% of a surface S along an arbitrary vector field E in terms of
the deformation tensor of the spacetime metric associated with the vector

{. This expression has been particularized when S is a MOTS.

2. Starting from a geometrical idea that generates a family of surfaces by mov-
ing first along E and then along null geodesics, we have used the theory of
linear elliptic second order operators to obtain restrictions on any vector
field on stable and strictly stable MOTS. Using the expression mentioned
in the previous point, these results have been particularized to generators
of symmetries of physical interest, such as Killing vectors, homotheties and
conformal Killing vectors. As an application we have shown that there exists
no stable MOTS in any spacelike hypersurface of a large class of Friedmann-
Lemaitre-Robertson-Walker cosmological models, which includes all classic
models of matter and radiation dominated eras and those models with ac-

celerated expansion which satisfy the null energy condition (NEC).

3. For the situations when the elliptic theory is not useful, we have exploited
the geometrical idea mentioned before to obtain similar restrictions for
Killing vectors and homotheties on outermost and locally outermost MOTS.

As a consequence of these results, we have shown that, on a spacelike hyper-
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surface possessing an untrapped barrier .5, a Killing vector or a homothety
E cannot be timelike anywhere on a bounding weakly outer trapped surface
whose exterior lies in the region where 5 is timelike, provided the NEC holds

in the spacetime.

For the more general cases when the elliptic theory simply cannot be ap-
plied, a suitable variation of the geometrical idea has allowed us to obtain
weaker restrictions on any vector field 5 on locally outermost MOTS. This
results have also been particularized to Killing vectors, homotheties and

conformal Killing vectors.

Analyzing the Killing form in a static Killing initial data (KID)
(2,9, K; N, Y, 7) we have shown, at the initial data level, that the topolog-
ical boundary of each connected component {\ > 0}, of the region where
the Killing vector is timelike is a smooth injectively immersed submanifold
with 7 = 0 with respect to the outer normal which points into {A > 0},
provided

(1) NY'VEX|grorpasoy, > 0 if 0"P{X > 0}, contains at least one fixed

point.

(ii) NY'm|otorrsoy, > 0 if 9"P{\ > 0}o contains no fixed point, where m

is the unit normal pointing towards {\ > 0},.

There are examples in the Kruskal spacetime where these conditions do not
hold and 9"P{\ > 0}, fails to be smooth and has 67 # 0.

Under the same hypotheses as before we have proven a confinement result
for MOTS in arbitrary spacetimes satisfying the NEC and for arbitrary
spacelike hypersurfaces, not necessarily time-symmetric. The hypersurfaces
need not be asymptotically flat either and are only required to have an
outer untrapped barrier S,. This result, which also have been proved at the
initial data level, asserts that no bounding weakly outer trapped surface can
intersect {\ > 0}¢*, where {\ > 0}**" denotes the connected component
of {A > 0} which contains S,. A condition which ensures that all arc-
connected components of 9"P{\ > 0} are topologically closed is required.
This condition is automatically fulfilled in spacetimes containing no non-

embedded Killing prehorizons.

. We have proven that the set 9"P{\ > 0} in an embedded static KID is a

union of smooth injectively immersed surfaces with at least one of the two
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null expansions equal to zero (provided the topological condition mentioned

in the previous point is satisfied).

7. Using the previous result, we have shown that, in a static embedded KID
which satisfies the NEC and possesses an outer untrapped barrier S, and a

et is the out-

bounding weakly outer trapped surface, the set 9"P{\ > 0}
ermost bounding MOTS provided that every arc-connected component of
J"P{\ > 0}* is topologically closed, the past weakly outer trapped region
T~ is contained in the weakly outer trapped region T and a topologi-
cal condition which ensures that all closed orientable surfaces separate the

manifold.

8. With the previous result at hand, we have obtained a uniqueness theorem
for embedded static KID containing an asymptotically flat end which sat-
isfy the NEC and possess a bounding weakly outer trapped surface. The
matter model is arbitrary as long as it admits a static black hole uniqueness
proof with the Bunting and Masood-ul-Alam doubling method. This result
extends a previous theorem by Miao valid on vacuum and time-symmetric
slices, and allows to conclude that, at least regarding uniqueness of black
holes, event horizons and MOTS do coincide in static spacetimes. This re-
sult requires the same hypotheses as the result in the previous point. As
we have mentioned before, the condition on the arc-connected components
of 9"P{\ > 0} is closely related with the non-existence of non-embedded
Killing prehorizons and can be removed if a result on the non-existence of
these type of prehorizons is found. The condition T~ C 7" is needed for
out argument to work. Trying to drop this hypotheses is a logical next step,

but it would require a different method of proof.

9. Finally, we have proved that there exist slices in the Kruskal spacetime
where the outermost generalized apparent horizon has area greater than
167 M%,, where My, is the mass of the Kruskal spacetime. This gives a
counterexample of a Penrose inequality recently proposed by Bray and
Khuri (in terms of the area of the outermost apparent horizon) in order
to address the general proof of the standard Penrose inequality. The ex-
istence of this counterexample does not invalidate the approach of these
authors but indicate that the emphasis must not be on generalized appar-

ent horizons.







Appendix A

Differential manifolds

In this Appendix, we will give a definition of a differentiable manifold which

allows us to consider manifolds with and without boundary at the same time.
We follow [66].

Consider the vector space R™ and let w, be a one-form defined on this vector
space (the index « is simply a label at this point). Let us define the set H, =
{r e R" : w,(7") > 0}, which is either a half plane if w, # 0 or the whole space if

wo = 0. The concept of differentiable manifold may be defined as follows.

Definition A.1 A differentiable manifold is a topological space M together
with a collection of open sets U, C M such that:

1. The collection {U,} is an open cover of M, i.e. M = |JU,.

2. For each « there is a biyjective map p, : Uy, — V,, where V, is an open
subset of H, with the induced topology of R™. Every set (Uy, pq) is called
a chart or a local coordinate system. The collection {(Uy, pa)} is called an

atlas.

3. Consider two sets U, and Ug which overlap, i.e. U, NUg # 0, and consider
the map 030 o5+ 0o(Us NUs) — ¢s(U, NUg). Then, there exists a map
Yap : Wo — Ws, where W, and W3 are open subsets of R" which, respec-
tively, contain ©,(U,UUs) and p(U,UUg) such that @ag is a differentiable

bijection, with differentiable inverse and satisfying gpa6|%(UaﬂUﬁ) = pgop, .

Remark. Since no confusion arises, we will denote a differential manifold
(M,{U,}) simply by M. Note that manifolds need not be connected according
to this definition. O
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Definition A.2 A differentiable manifold M is of class C* if the mappings pus
and their inverses are C*.
A differentiable manifold M is smooth (or C*) if it is C* for all k € N.

Definition A.3 M s a differentiable manifold with boundary if for at
least one chart U, we have w, # 0. In this case, the boundary of M s defined
as OM = |J {p € U, such that w, (va(p)) =0}
a,wa7#0
Remark. Along this thesis the sign 0 will denote the boundary of a mani-
fold while the sign 9'P will refer to the topological boundary of any subset of a

topological space (both concepts are in general completely different). [

Definition A.4 M is a differentiable manifold without boundary if w, =
0 for all c.

It can be proven that OM is a differentiable manifold without boundary.

Definition A.5 The interior int(M) of a manifold M is defined as int(M) =
M\ OM.

We will denote by U the topological closure of a set U and by (OJ its topological

interior.

Definition A.6 A differentiable manifold, with or without boundary, is ori-
entable if there exists an atlas such that for any two charts (U, ¢a) and (Ug, pp)
which overlap, i.e. U, NUg # 0, the Jacobian of Spaﬁ’UauUﬁ on U, NUg is positive.
Such an atlas will be called oriented atlas

A differentiable manifold with an oriented atlas is said to be oriented.

Definition A.7 Consider an oriented manifold M endowed with a metric g™.
The volume element 1™ of (M, g™) is the n-form ) 0 =/ |det g |eq,...an
in any coordinate chart of the oriented atlas. Here, €q,. o, @S the totally antisym-

metric symbol and det g™ is the determinant of g™ in this chart.

All manifolds in thesis are assumed to be Hausdorff and paracompact. These

concepts are defined as follows.

Definition A.8 A topological space M is Hausdorft if for each pair of points
p,q with p # q, there exist two disjoint open sets U, and Uy such that p € U, and
qe U,
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Definition A.9 Let M be a topological space and let {U,} be an open cover of
M. An open cover {V3} is said to be a refinement of {U,} if for each Vs there
exists an U, such that Vg C U,. The cover {Vz} is said to be locally finite if
each p € M has an open neighbourhood W' such that only finitely many Vj satisfy
W NV # 0.

The topological space M is said to be paracompact if every open cover {U,} of
M has a locally finite refinement {Vjs}.







Appendix B
Elements of mathematical

analysis

This Appendix is devoted to introducing some elements of mathematical analysis
which are used throughout this thesis.

Firstly, recall that a Banach space is a normed vector space which is complete.
Let X', Y be Banach spaces with respective norms || - ||+ and || ||y. Let Uy C X,
Uy C Y be open sets. A function f : Uy — Uy is said to be Fréchet-differentiable
at © € Uy if there exists a linear bounded map D, f : X — ) such that

) = @) = Def Wy
e IRl

f is said to be C! if it is differentiable at every point € Uy and the map
Df:Uy — L(X,Y) defined by Df(x) = D, f is continuous. Here L(X,)) is the
Banach space of linear bounded maps between X and ) with the operator norm.

A key tool in analysis is the implicit function theorem.

Theorem B.1 (Implicit function theorem (e.g. [36])) Let X, Y, Z be Ba-
nach spaces and Uy, Uy, Uz respective open sets with 0 € Uz. Let f : Uy x Uy —
Uz be C' with Fréchet-derivative D, f.

Let kg € Uy, yo € Y satisfy f(xo,yo) = 0 and assume that the linear map

Dyf|($07yo) Y = Z,
@ - D(xo,yo)f(0>g)

1s invertible, bounded and with bounded inverse. Then there exist open neighbour-
hoods x¢g € Uy, C Ux and yo € Uy, C Uy and a Ct map g : Uz, — Uy, such
that f(x,g(x)) = 0 and, moreover, f(z,y) = 0 with (z,y) € Uy, x Uy, implies
y = g(x).
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In the context of partial differential equations, one important class of Banach
spaces are the Holder spaces.

Let Q C R" be a domain and f : Q — R. Let 3 = (31, -+, 3,) be multi-index
(ie. 3; € NU{0} for all i € {1,---n}) and define |3| = 3", B; . Denote by D’ f
the partial derivative D? f = fol +++ 0,0, f when this exists. For k € NU {0} we
denote by C*(Q) the set of functions f with continuous derivatives D?f for all 3
with || < k.

Let 0 < a < 1. The function f is Holder continuous with exponent « if

[f] = sup ‘f(l’) — f(y)’
¢ x’%fﬁ |‘T - y|a

is finite. When o = 1, the function is called Lipschitz continuous.

Definition B.2 For 0 < a <1 and k € NU {0} the Hélder space C** () is the
Banach space of all functions u € C*(Q) for which the norm

k
[k =Y sup|D?f| + max[D" f],

ax
B=0 © 1B1=k
s finate.

The definition extends to Riemannian manifolds if we replace |z — y| by the
distance function d(z,y) between two points.
The following result appearing in [56] (pages 448-449 and problem 17.2) is

useful when we apply the implicit function theorem in Chapter 6.

Theorem B.3 Let ¢ € C?%(Q) with Q C R a domain and consider the maps
F:C*(Q) — C"*(Q)

and

F:IT=0,x0—R,

where Qs C R? is a domain, which are related by

Assume that F € C*%(T'). Then F has continuous Fréchet derivative given by

DyF(p) = OF ‘(&(m,«&(x),w(x),x)@(x)+82f ‘(&(r)@(z),w(x),x)“"(”)
F05F | o)) P (2
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Consider a manifold S with metric g and let V be the corresponding covariant
derivative. Let a” be a symmetric tensor field , b* a vector field and ¢ a scalar.

Consider a linear second order differential operator L on the form
Lip = —a" (2) V50 + b(2)Vith + (), (B.1)

Definition B.4 L is elliptic at a point x € S if the matriz [a](x) is positive
definite.

Assume that S is orientable and denote by <,>;2 the L? inner product of
two functions ¥, ¢ : S — R defined by < ¢, ¢ >2= fs Y¢mg, where ng is the
(metric) volume form on S. Given a second order linear differential operator, the

formal adjoint LT is the linear second order differential operator which satisfies
< @ZJ,LTQS >r2=< qb,L@ZJ >r2 .

for all pairs of smooth functions with compact support. A linear operator L is
formally self-adjoint with respect to the product L? if LT = L.

When acting on the Holder space C%%(S) for 0 < a < 1, the linear second
order operator L becomes a bounded linear operator L : C%(S) — C%(S).
The formal adjoint is also a map LT : C2(S) — C%(S). An eigenvalue of L
is a number p € C for which there exist functions u,v € C%*%(S) such that
Liu]+iL[v] = p(u+iv ). The complex function u+iv is called an eigenfunction.

The following lemma concerns the existence and uniqueness of the principal
eigenvalue (i.e. the eigenvalue with smallest real part) of L and L. This result
is an adaptation of a standard result of elliptic theory to the case of compact

connected manifolds without boundary (see Appendix B of [3]).

Lemma B.5 Let L be a linear second order elliptic operator on a compact man-

ifold S. Then

1. There is a real eigenvalue \, called the principal eigenvalue, such that for
any other eigenvalue p the inequality Re(p) > A holds. The corresponding
eigenfunction ¢, Lo = A is unique up to a multiplicative constant and can

be chosen to be real and everywhere positive.

2. The formal adjoint LT (with respect to the L* inner product) has the same

principal eigenvalue X as L.
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For formally self-adjoint operators, the principal eigenvalue \ satisfies

< w,Lw >L2

\ =
peo?a(s?y < WP, >p2
$#0

, (B.2)

where the quotient %ﬁ?ﬁ is called the Rayleigh-Ritz ratio of the function .
This formula, which reflects the connection between the eigenvalue problems and
the variational problems, is also useful to obtain upper bounds for .

An important tool in the analysis of the properties of the elliptic operator L is
the maximum principle. The standard formulations of the maximum principle for
elliptic operators requires that the coefficient ¢ in (B.1) is non-negative (see e.g.
Section 3 of [56]). The following formulation of the maximum principle, which is
more suitable for our purposes, requires non-negativity of the principal eigenvalue.

Its proof can be found in Section 4 of [3].

Lemma B.6 Consider a linear second order elliptic operator L on a compact
manifold S with principal eigenvalue X > 0 and principal eigenfunction ¢ and let
¥ be a smooth function satisfying L > 0 (L <0).

1. If \=0, then Ly =0 and vy = C¢ for some constant C'.
2. If x>0 and Ly #Z 0, then ¢ >0 (i < 0) all over S.

3. If \>0 and Ly =0, then ¢ = 0.

For surfaces S embedded in an initial data set (3, g, K'), the outer null expan-
sion 6" rialso the inner null expansion 67) is a quasilinear second order elliptic
operator’ acting on the embedding functions of S. In this case, there also exists

a maximum principle which is useful (see e.g. [4]).

Proposition B.7 Let (X, 9, K) be an initial data set and let Sy and Sy be two
connected C?-surfaces touching at one point p, such that the outer normals of S,
and Sy agree at p. Assume furthermore that Sy lies to the outside of Sy, that is

in direction of its outer normal near p, and that

sup 07[S)] < inf 61[Ss].
S Sa

Then S = S5.

1A quasilinear second order elliptic operator @ has the form Qv = —a' (z,v, Vi))V; V1 +
b(z,, Vi), with the matrix [a*] being positive definite.
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In particular, if two MOTS touch at one point and the outer normals agree there
then the two surfaces must coincide. This maximum principle can be viewed as an
extension of the maximum principle for minimal surfaces which asserts precisely
that two minimal surfaces touching at one point are the same surface (see e.g.
[50]).

We discuss next the Sard Lemma, which is needed at several places in the
main text. First we define regular and critical value for a smooth map.

Let f : N — M be a smooth map. A point p € N is a regular point if
Dyf : TN — TppM has maximum rank (i.e. rank(Dyf) = max(n, m), where n
is the dimension of A" and m is the dimension of M). A critical point p € M
is a point which is not regular. A point ¢ € M is a regular value if f~!(q) is
either empty or all p € f~1(q) are regular points. A point q € M is a critical
value if it is not a regular value.

We quote Theorem 1.2.2 in

Theorem B.8 (Sard) Let N' and M be paracompact manifolds, then the set of

critical values of a smooth map f : N — M has measure zero in M.

This theorem is equivalent to saying that the set of regular values of f : N' —
M is dense in M.

For maps f : N — R the definition above states that p € N is a critical
point if and only if df|, = 0. Let p € N be a critical point and H, the Hessian
at p (ie. HP(X,Y) = X(?(f)ﬂp) For any isolated critical point p € N with
non-degenerate Hessian, the Morse Lemma (see e.g. Theorem 7.16 in [47]) asserts
that there exists neighbourhood U, of p and coordinates {z1,--- ,z,} on U, such
that p = (0,---0) and f takes the form f(z) = f(p) — (z1)® — -+ — (z,)* +
(441)*+ - - (2,)?* where the signature of H, is n — g. For arbitrary critical points
this Lemma has been generalized by Gromoll and Meyer [60]. The generalization
allows for Hilbert manifolds of infinite dimensions. In the finite dimensional case

Lemma 1 in [60] can be rewritten in the following form.

Lemma B.9 (Gromoll-Meyer splitting Lemma, 1969) Let N be a mani-

fold of dimension n and f: N — R a smooth map. Let p be a critical point (not

necessarily isolated) and Hy, the Hessian of f at p. Assume that the signature of
Hp 78 {_|_’... =, =0, ’()}
T o=

Then, tifere exists an open nffighbourhood Uy of p and coordinates {x1,--- ,x,}

such that p = {0,---0} and f takes the form

f(ac) = f(p) + (x1)2 +eeet ($q)2 - (:rq+1)2 - (‘rq+r>2 + h($q+r+17 T ;xn)
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where h is smooth and this function, its gradient and its Hessian vanishes at

($q+r+1 = 0, e, Ty = O)

Finally, the following result by Glaeser [58] is needed in Chapter [4] (proof
of Proposition [4.3.13) when dealing with positive square roots of non-negative

functions.

Theorem B.10 (Glaeser, 1963 [58]) Let U be an open subset of R™ and f :
U — R be C? and satisfy f > 0 everywhere. If the Hessian of f wvanishes ev-
erywhere on the set F' = {p € U, such that F(p) = 0}, then g = ++/f is C* on
U.
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