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ON THE MASS OF STATIC METRICS
WITH POSITIVE COSMOLOGICAL CONSTANT - II
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ABSTRACT. This is the second of two works, in which we discuss the definition of an appropriate
notion of mass for static metrics, in the case where the cosmological constant is positive and the
model solutions are compact. In the first part, we have established a positive mass statement,
characterising the de Sitter solution as the only static vacuum metric with zero mass. In this
second part, we prove optimal area bounds for horizons of black hole type and of cosmological
type, corresponding to Riemannian Penrose inequalities and to cosmological area bounds a la
Boucher-Gibbons-Horowitz, respectively. Building on the related rigidity statements, we also deduce
a uniqueness result for the Schwarzschild—de Sitter spacetime.
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1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

In this paper we continue the study started in [13] about the notion of virtual mass of a static
metric with positive cosmological constant. To make the exposition as much self-contained as
possible, we briefly recall the basic notions and definitions.

1.1. Setting of the problem and preliminaries. In this paper we consider static vacuum
metrics in presence of a positive cosmological constant. These are given by triples (M, go, ) where
(M, go) is an n-dimensional compact Riemannian manifold, n > 3, with nonempty smooth boundary
OM, and u € €°°(M) is a smooth nonnegative function obeying to the following system

uRic = D%u +

2A
u
n—1"

2A
1ugo, in M,
e (1.1)

Au=— in M,

where Ric, D, and A represent the Ricci tensor, the Levi-Civita connection, and the Laplace-Beltrami
operator of the metric gg, respectively, and A > 0 is a positive real number called cosmological
constant. We will always assume that the boundary dM coincides with the zero level set of u, so
that, in particular, u is strictly positive in the interior of M. For more detailed discussions on the
legitimacy of these assumptions, we refer the reader to [5, 30]. In the rest of the paper the metric
go and the function u will be referred to as static metric and static (or gravitational) potential,
respectively, whereas the triple (M, go,u) will be called a static solution. For a more complete
justification of this terminology as well as for some comments about the physical nature of the
problem, we refer the reader to the introduction of [13] and the references therein. Here, we only
recall that, having at hand a solution (M, go,u) to (1.1), it is possible to recover a static solution
(X,7) to the vacuum Einstein field equations

R
Rmfn§7+A7:o, in Rx M, (1.2)
just by setting X = R x M and letting v be the Lorentzian metric defined on X by
v = —uldt@dt + go.

To complete the setup of our problem, we now list some of the basic properties of static solutions
to system (1.1), whose proof can be found in [5, Lemma 3] as well as in the indicated references.



S. BORGHINI AND L. MAZZIERI

e Concerning the regularity of the function u, we know from [21, 56] that u is analytic. In
particular, by the results in [52], we have that its critical level sets are discrete.

e Since the manifold M is compact, OM = {u =0} and v > 0 in M \ 9M, the static potential
u achieves its maximum in the interior of M. To fix the notation, we set

Umax = AXU and MAX(u) ={p e M : u(p) = Umax} -

Since u is analytic, one has that, according to [42] (see also [38, Theorem 6.3.3]), the
locus MAX(u) is a (possibly disconnected) stratified analytic subvariety whose strata have
dimensions between 0 and n — 1. More precisely, it holds

MAX(u) = 20uxtu...uxnt,

where ¥ is a finite union of i-dimensional analytic submanifolds, for every : =0,...,n — 1.
This means that, given a point p € X', there exists a neighborhood p € 2 C M and an
analytic diffeomorphism f : Q — R"™ such that

fl@ny’) = Lnf(Q),

for some i-dimensional linear space L C R™. In particular, the set ¥"~! is a smooth
analytic hypersurface and it will play an important role in what follows. We will refer to
the hypersurface "1 as the top stratum of MAX(u).

e Taking the trace of the first equation in (1.1) and substituting the result into the second
one, it is immediate to deduce that the scalar curvature of the metric gg is constant, and
more precisely it holds

R =2A. (1.3)

In particular, we observe that choosing a normalization for the cosmological constant
corresponds to fixing a scale for the metric gg. Throughout the paper we will choose the
following normalization

n(n—1) .
2

So that in particular the manifold (M, go) will have constant scalar curvature R = n(n — 1).

A= (1.4)

e The boundary OM = {u = 0}, which is assumed to be a smooth submanifold of M, is also
a regular level set of u. In particular it follows from the equations that it is a (possibly
disconnected) totally geodesic hypersurface in (M, go). The connected components of M
will be referred to as horizons. In Definition 2 below, we will distinguish between horizons
of black hole type, horizons of cosmological type and horizon of cylindrical type. In order
to simplify the exposition of some of the results in the paper, it is convenient to suppose
that the manifold M is orientable. This of course is not restrictive. In fact, if the manifold
is not orientable, we can consider its orientable double covering, and transfer the results
obtained on this latter to the original manifold by means of the projection. We recall that
an orientation of M induces an orientation on the boundary M, therefore, in particular, if
M is orientable so are the horizons.

e Finally, one has that the quantity |Du| is locally constant and positive on 0M. Notice that
the value of |Du| at a horizon depends on the choice of the normalization of u. A more
invariant quantity is the so called surface gravity of an horizon .S, which can be defined as
the constant

_ Dl

K(S) ; (1.5)

Umax

where we recall that uy.x is the maximum of v in M. For a more precise explaination of
the physical motivations behind this definition, we refer the reader to [13].



ON THE MASS OF STATIC METRICS WITH POSITIVE COSMOLOGICAL CONSTANT - II 3

Recasting all the normalizations that we have introduced so far, we are led to study the following
System

uwRic = D?>u+nugy, in M

Au = —nu, in M
} with M compact orientable and R =n(n —1). (1.6)
u >0, in M\ oM
u =0, on OM

This system is of course equivalent to (1.1), with some of the assumptions made more explicit. In
this work, we are interested in the classification of static triples up to isometry, or at least up to a
finite covering. Even though these notions are quite natural, we recall their precise definitions in
the setting of static triples.

Definition 1. We say that two triples (M, go,u) and (M’, g, u') are isometric if there exists a
Riemannian isometry F : (M, go) — (M',g,) such that, up to a normalization of u, it holds
u=u'oF. We say that (M, go,u) is a covering of (M’, g{,,u') if there exists a Riemannian covering
F: (M, go) — (M, g{) such that, up to a normalization of u, it holds w =u'o F.

We conclude this subsection introducing some more terminology, whose meaning will be clarified
in the next subsection by the detailed description of the rotationally symmetric solutions to (1.6).

Definition 2. Let (M, go,u) be a solution to problem (1.6). A connected component S of OM is
called an horizon. An horizon is said to be:

e of cosmological type if: k(S) < v/n,
e of black hole type if: k(S) > v/n,
e of cylindrical type if: k(S) = v/n

where k(S) is the surface gravity of S defined in (1.5). A connected component N of M \ MAX (u)
is called region and we will denote by ON the collection of the horizons of M that lie in N, namely

ON = OMNN.
A region N is said to be:

e an outer region if all of its horizons are of cosmological type, i.e., if

S) < ,
scmax w(S) < Vi

e an inner region if it has at least one horizon of black hole type, i.e., if

max k(S) > v/n
Semo(ON) (8) > v,
e ¢ cylindrical region if there are no horizons of black hole type and there is at least one
horizon of cylindrical type, i.e., if
max k(S) = v/n.
SEW[)(@N) ( ) \/>
1.2. Rotationally symmetric solutions. In this subsection, we briefly recall the rotationally
symmetric solutions to (1.6). These have three different qualitative behaviour, depending on the
value of the mass parameter m, which is allowed to vary in the real interval [0, mpax], where
(n —2)n=2
Mmax = T . (17)
We observe that if the number my,,y is defined as above, then for every 0 < m < muyax the equation
fm(r) = 0, where f,,(r) = 1 —r2 — 2mr?™" has exactly two positive solutions 0 < r_(m) <
r4+(m) < 1. Moreover, in the interval [r_(m),r;(m)] the function f,,(r) assumes its maximum
value at 7(m) = [(n — 2)m]"/". For m = 0, one has that r¢(0) = r_(0) = 0 and r (0) = 1, whereas
for m = mpax, one has ro(Mmmax) = 7— (Mmax) = T+ (Mmax) = [(n — 2)/n]1/2.
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(a) de Sitter (b) Schwarzschild—de Sitter (c) Nariai

FIGURE 1. Rotationally symmetric solutions to problem (1.6). The red dot and red lines
represent the set MAX(u) for the three models.

de Sitter solution [25] (m = 0), Figure 1(a).

— n dlz| ® d|z
o Iyt

u = +1—|z]2. (1.8)
It is not hard to check that both the metric gy and the function u, which a priori are well
defined only in the interior of M \ {0}, extend smoothly up to the boundary and through
the origin. This model solution can be seen as the limit of the following Schwarzschild—de
Sitter solutions (1.9), when the parameter m — 0. The de Sitter solution is such that
the maximum of the potential is uya.x = 1, and it is achieved at the origin. Moreover, this
solution has only one connected horizon with surface gravity

Du|] = 1 on OM.

+ |x‘2gS"*1 ’

Hence, according to Definition 2 below, this horizon is of cosmological type.
Schwarzschild—de Sitter solutions [36] (0 < m < Mpyax), Figure 1(b).

d|z| @ d|x|
1—|z|?> = 2m|z
u = /1—|z|2 —2m|z[2™. (1.9)

M = W\B(O’T*(m)) CR", 90 = |27n + ‘x|298”—1 )

Here r_(m) and 7, (m) are the two positive solutions to 1 — 72 —2mr?~" = 0. We notice
that, for r_(m),r4(m) to be real and positive, one needs (1.7). It is not hard to check that
both the metric gg and the function u, which a priori are well defined only in the interior of
M, extend smoothly up to the boundary. This latter has two connected components with
different character

oM, = {la|=ri(m)}  and M- = {la| =r_(m)}.

In fact, it is easy to check (see formulee (1.12) and (1.13)) that the normalized surface
gravities satisfy
Du Du
K(OMy) = H& < v/n  and K(OM_) = H& > V/n.
Umax Umax
Hence, according to Definition 2 below, one has that 0M, is of cosmological type, whereas
OM _ is of black hole type. Furthermore, it holds

m 2/n
Umax = \/1 - ( > ’ MAX(U) = {’$| = To(m)} ) (110)

Mmax
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!

Mmax

FIGURE 2. Plot of the surface gravities |Du|/umax of the two boundaries of the
Schwarzschild—de Sitter solution (1.9) as a function of the mass m for n = 3. The red line
represents the surface gravity of the boundary M, = {r = r;(m)}, whereas the blue
line represents the surface gravity of the boundary OM_ = {r = r_(m)}. Notice that for
m = 0 we recover the constant value |Du| = 1 of the surface gravity on the (connected)
cosmological horizon of the de Sitter solution (1.8). The other special situation is when
M = Mmax. In this case the plot assigns to Mmax = 1/(3v/3) the unique value v/3 achieved
by the surface gravity on both the connected components of the boundary of the Nariai
solution (1.11).

where we recall that 7o(m) = [(n — 2)m]"/™. Notice that M \ MAX(u) has exactly two
connected components: M with boundary OM, and M_ with boundary OM_. According
to Definition 2, we have that M, is an outer region, whereas M_ is an inner region.

Nariai solution [44] (m = Mmmax), Figure 1(c).

1
M = [0,7] xS™7, 9o = [dr @ dr + (n — 2) ggn—1] ,

u = sin(r). (1.11)

This model solution can be seen as the limit of the previous Schwarzschild—de Sitter solutions,
when the parameter m — m,,,, after an appropriate rescaling of the coordinates and
potential u (this was shown for n = 3 in [29] and then generalized to all dimensions n > 3
in [19], see also [15, 16]). In this case, we have umayx = 1 and MAX(u) = {r/2} x S*~L.
Moreover, the boundary of M has two connected components with the same constant value
of the surface gravity, namely

[Du| = vn on OM.

In Subsection 1.3, we are going to use the above listed solutions as reference configurations in order
to define the concept of virtual mass of a solution (M, go,u) to (1.6). To this aim, it is useful to
introduce the functions ky and k_, whose graphs are plotted, for n = 3, in Figure 2. They represent
the normalized surface gravities of the model solutions as functions of the mass parameter m.

e The outer surface gravity function

ko [0, Mmax) — [1,v/n) (1.12)



6 S. BORGHINI AND L. MAZZIERI

is defined by
k+(0) = 1, form =0,

7”2 m — \Trolm)/ro{m 2
o= (BEEEEEET  ocncn,

where 7, (m) is the largest positive root of the polynomial Py, (r) = r"~2 —r™ — 2m. Loosely

speaking, ki (m) is nothing but the constant value of |Du|/umax at {|z| = r4(m)} for the
Schwarzschild—de Sitter solution with mass parameter equal to m. We also observe that &k,

is continuous, strictly increasing and k4 (m) — \/n, as m — mg,.

e The inner surface gravity function

k_:(0,mmax ] — [V/n, +00) (1.13)
is defined by
k_ (mmax) = \/ﬁ) for m = mmax,
ny2
k_(m) = r2(m) [1 = (ro(m)/r—(m))"] , if 0 <m < Mupax ,

1— (m/mmax)™

where 7_(m) is the smallest positive root of the polynomial P, (r) = r"~2 — " — 2m.

Loosely speaking, k_(m) is nothing but the constant value of |Du|/umax at {|z| =r_(m)}
for the Schwarzschild—de Sitter solution with mass parameter equal to m. We also observe
that k_ is continuous, strictly decreasing and k_(m) — +o0, as m — 0.

This concludes the list of rotationally symmetric solutions. However, it is worth mentioning that
in higher dimensions there is a simple generalization of the above model triples. In fact, one can
replace the spherical fibers in the Schwarzschild-de Sitter solution (1.9) with any (n—1)-dimensional
Einstein manifold (E" !, ggn—1) with Ricgn-1 = (n —2)gga—1. The resulting triple is still a solution
to (1.6), and it will be called generalized Schwarzschild-de Sitter solution

dr ® dr
1—7r2 —2mr2-n

uw=1-12—2mr2n, (1.14)

M = [r_(m),r4+(m)] x E" 1 go = + 7"2gE'n71 ,

Analogously, one can define the generalized Nariai solution as the triple

1
M = [O,ﬂ'] X Enil, go = ﬁ [dr@dr‘i_(n_Q)gEnfl],

u = sin(r), (1.15)

where, again, (E"~!, ggn-1) is an (n—1)-dimensional Einstein manifold with Ricgn—1 = (n—2)ggn—1.
Of course, the generalized solutions (1.14) and (1.15) are relevant only for n > 5, since for n = 3,4
the only (n — 1)-dimensional Einstein manifold with Ricgn-1 = (n — 2)ggn—1 is the round sphere
(S"1, ggn-1). We also mention that, exploiting a previous work of Bohm about the existence of
'non round’ Einstein metrics on spheres [12], Gibbons, Hartnoll and Pope in [27] were able to
exhibit infinite families of solutions to problem (1.6), in dimension 4 < n < 8. These solutions are
such that their boundary is connected and diffeomorphic to a (n — 1)-dimensional sphere. However,
they do not have a warped product structure. This suggests that a complete classification of the
solutions to problem (1.6) in dimension n > 4 is a very hard task. On the other hand, in dimension
n = 3, the only known solutions are the de Sitter, Schwarzschild—de Sitter and Nariai triple. The
question of whether these are the only ones is still open, although there are some partial results.
For instance, in [35, 39] it is proven that these models are the only locally conformally flat static
metrics, in [45] this result has been extended to the Bach-flat case and in [24] the case of cyclic
parallel Ricci tensor has been discussed. Some pinching conditions implying the same classification
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are provided in [5, 9]. Moreover, some further characterizations of the de Sitter metric have been
proven in [14, 20, 30].

Since it will be of some importance in the forthcoming discussion, we conclude this section
recalling the definition of Schwarzschild metric with mass parameter equal to m > 0. This is the
simplest (and also the early) example of a non flat static metric in the case where the cosmological
constant in the Einstein Field Equations (1.2) is taken to be zero.

e Schwarzschild solutions [49] (m > 0).

d|z| ® d|x|

1 —2m]|z|?2—n
u = y/1—2m|z]2". (1.16)

Here, the so called Schwarzschild radius r,(m) = (2m)Y (=2 is the only positive solution to
1 —2mr?~" = 0. It is not hard to check that both the metric gy and the function u, which
a priori are well defined only in the interior of M, extend smoothly up to the boundary.

M = R"\ B(0,7s(m)) C R", go = + |x\QgSn_1 ,

1.3. The virtual mass. As already discussed in [13], in the case of a positive cosmological constant
there does not seem to be a general consensus about what the right notion of mass should be. For
some possible approaches, as well as for more insights on the problems posed by the case A > 0,
we refer the reader to the following references [1, 6, 7, 8, 22, 34, 43, 50, 51, 54]. In our previous
work [13], we have introduced a different point of view, leading to a new notion of mass, that we
now recall.

Definition 3 (Virtual Mass). Let (M, go,u) be a solution to (1.6) and let N be a connected
component of M \ MAX(u). The virtual mass of N is denoted by (N, go,u) and it is defined in
the following way:

(i) If N is an outer region, then we set

D
p(N, go,u) = ki' <max| ”‘) : (1.17)

ON Umax

where k4 is the outer surface gravity function defined in (1.12).
(i) If N is an inner region, then we set

D
W(N, go,u) = k=t <max| “‘) , (1.18)

ON  Umax

where k_ is the inner surface gravity function defined in (1.13).

In other words, the virtual mass of a connected component N of M \ MAX(u) can be thought as
the mass (parameter) that on a model solution would be responsible for (the maximum value of)
the surface gravity measured at ON. In this sense the rotationally symmetric solutions described
in Subsection 1.2 are playing here the role of reference configurations. As it is easy to check, if
(M, go,u) is either the de Sitter, or the Schwarzschild—de Sitter, or the Nariai solution, then the
virtual mass coincides with the explicit mass parameter m that appears in Subsection 1.2.

It is important to notice that it is not a priori guaranteed that the above definition is well posed.
In fact, it could happen that the boundary of a connected component is empty or that the value of
the normalized surface gravity does not lie in the range of either k£ or k_. The first possibility can
be easily excluded arguing as in the No Island Lemma (see [13, Lemma 5.1]), whereas to exclude
the second possibility we need to invoke [13, Theorem 2.2]. This result tells us that, on any region
N of a solution (M, go,u), it holds

Dl
>

max k(S) = max > 1,

Semo(ON) ON Umax

and the equality is fulfilled only if (M, gg, u) is isometric to the de Sitter solution (1.8). As an
immediate consequence we obtain the following Positive Mass Statement for static metrics with
positive cosmological constant.
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Theorem 1.1 (Positive Mass Statement for Static Metrics with Positive Cosmological Constant).
Let (M, go,u) be a solution to problem (1.6). Then, every connected component of M \ MAX(u)
has well-defined and thus nonnegative virtual mass. Moreover, as soon as the virtual mass of
some connected component vanishes, the entire solution (M, go,u) is isometric to the de Sitter
solution (1.8).

We refer the reader to [13] for a more detailed discussion about the above statement as well as for
a comparison with the classical Positive Mass Theorem proved by Schoen and Yau [47, 48] (and
with a different proof by Witten [53]) for the ADM-mass of asymptotically flat manifolds with
nonnegative scalar curvature.

1.4. Area bounds. An important feature of the above positive mass statement is that it gives
a complete characterisation of the zero mass solutions. Another very interesting and nowadays
classical characterisation of the de Sitter solution is given by the Boucher-Gibbons-Horowitz area
bound [14], which in our framework can be phrased as follows

Theorem 1.2 (Boucher-Gibbons-Horowitz Area Bound). Let (M3, go,u) be a 3-dimensional
solution to problem (1.6) with connected boundary OM. Then, the following inequality holds

OM]| < 4. (1.19)
Moreover, the equality is fulfilled if and only if (M3, go,u) is isometric to the de Sitter solution (1.8).

Having at hand Theorem 1.1 and Theorem 1.2, it is natural to ask if in the case where the virtual
mass is strictly positive and the boundary of M is allowed to have several connected components,
it is possible to provide a refined version of both statements, whose rigidity case characterises
now the Schwarzschild-de Sitter solutions described in (1.9) instead of the de Sitter solution. In
accomplishing this program, we are inspired by the well known relation between the Positive Mass
Theorem and the Riemannian Penrose Inequality as they are stated in the classical setting, where
M3 is an asymptotically flat Riemannian manifold with nonnegative scalar curvature. To be more
concrete, we report a simplified version of these statements in the case where the 3-manifold has
one end and at most one compact horizon.

Theorem 1.3. Let (M3, gg) be a 3-dimensional complete asymptotically flat Riemannian manifold
with nonnegative scalar curvature and ADM-mass mapn (M3, go) equal to m € R. Then, the
following statements hold.

(i) Positive Mass Theorem (Schoen-Yau [47, 48], Witten [53]). The number m is always non-
negative

0<m.
Moreover, the equality is fulfilled if and only if (M3, go,u) is isometric to the flat Euclidean
space with u = 1.

(i) Riemannian Penrose Inequality (Huisken-Ilmanen [31], Bray [17]). Assume that the bound-
ary of M is non empty and given by a connected, smooth and compact outermost minimal
surface. Then, the following inequality holds

[OM]

< m. 1.20
160 — m ( )

Moreover, the equality is fulfilled if and only if (M3, go,u) is isometric to the Schwarzschild
solution (1.8) with mass parameter equal to m.

For the precise definitions of asymptotically flat manifold and ADM-mass, we refer the reader to
the above cited references. We also observe that in the original statement of the Positive Mass
Theorem, the 3-manifold (M3, g) is a priori allowed to have a finite number of ends and that the
rigidity statement holds in a stronger way, meaning that as soon as the mass of one end is vanishing,
then the whole manifold is isometric to the Euclidean space. Concerning the Riemannian Penrose
Inequality, it is worth pointing out that in the original statement by Huisken and Ilmanen [31, Main
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Theorem]|, the boundary of M is a priori allowed to have a finite number of connected component,
namely OM = Sy U S1 U ... U Sk, and the authors are able to prove the following inequality

Jmaxo<j<k [Sj| _ .
167 -

where m = mapy (M3, g). With a different proof, Bray is able to recover in [17, Theorem 1] a
stronger version of the above inequality, namely

\/|50+...+|5K| .
167 -

Of course, when OM is connected, the two inequalities are the same and they reduce to (1.20). To
introduce our first main result, we focus on this simple version of the Riemannian Penrose Inequality
and we observe that, using the definition of the Schwarzschild radius given below formula (1.16), it
can be rephrased as follows

OM| < 167m* = 4r(2m)* = drrf(m),

where m = mapy (M 3, g). Having these considerations in mind, we can now state one of the main
results of the present paper.

Theorem 1.4 (Refined Area Bounds). Let (M3, gg,u) be a 3-dimensional solution to problem (1.6)
and let N be a connected component of M3\ MAX (u) with virtual mass

m = (N, go,u) € (0,1/(3V3)] .
Let S C ON be the horizon with the largest surface gravity in N, namely
k+(m) if N is outer,
k(S) = { k—(m) if N is inner,
Vn if N is cylindrical.
Then, S is diffeomorphic to the sphere S?. Moreover, the following inequalities hold:
(i) Cosmological Area Bound. If N is an outer region, then
S| < dmri(m). (1.21)

Moreover, if the equality is fulfilled and S = ON, then the triple (M3, go,u) is isometric to
the Schwarzschild—-de Sitter solution (1.9) with mass m.

(ii) Riemannian Penrose Inequality. If N is an inner region, then
S| < 4772 (m). (1.22)

Moreover, if the equality is fulfilled and S = ON, then the triple (M3, go,u) is isometric to
the Schwarzschild—de Sitter solution (1.9) with mass m.

(iii) Cylindrical Area Bound. If N is a cylindrical region, then

4
5] < g (1.23)

Moreover, if the equality is fulfilled and S = ON, then the triple (M3, go,u) is covered by
the Nariai solution (1.11).

Remark 1. Notice that the rigidity statements are only in force when ON is connected. Concerning
the rigidity statement in point (iii) of the above theorem, we observe that there is only one orientable
triple which is not isometric to the 3-dimensional Nariai solution but that is covered by it, which is
the quotient of the Nariai triple by the involution

L2 [0,7] x S? = [0, 7] x S, t,z) = (m—t,—x),

where we have denoted by —x the antipodal point of x on S?. The existence of this solution was
pointed out in [5, Section 7].
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About the previous statement some comments are in order. First, the fact that S is necessarily
diffeomorphic to a sphere is not a new result. In fact, a stronger result is already known from [5,
Theorem B], where it is shown that every connected component of the boundary of a static solution
to problem (1.6) is diffeomorphic to a sphere. Our approach allows to prove the same topological
result, but only in the case where the horizons of (M3, go,u) are somehow separated from each
other by the locus MAX(u). Concerning the area bounds, we observe that, conceptually speaking,
the inequality (1.21) should be compared with the Boucher-Gibbons-Horowitz Area Bound (1.19),
since it involves the cosmological horizons of the solution, whereas the inequality (1.22) should be
compared with (1.20) since it is a statement about horizons of black hole type.

An analogous statement holds in higher dimension, giving the natural analog of the inequality

RBM
|OM| < /BM =1 —2) do, (1.24)

which has been obtained by Chrusciel in [20, Section 6] in the case of connected boundary, extending
the Boucher-Gibbons-Horowitz method to every dimension n > 3. Of course, in the above inequality
ROM stands for the scalar curvature of the boundary. Moreover, the equality is fulfilled if and only
if (M, go,u) coincides with the de Sitter solution.

Theorem 1.5. Let (M, go,u) be a solution to problem (1.6) of dimension n > 3, and let N be a
connected component of M \ MAX(u) with connected smooth compact boundary ON. We then let
m € (0, mmax] be the virtual mass of N, namely

m = M(N,go,U) :
Let S C ON be the horizon with the largest surface gravity in N, namely

k+(m) if N is outer,

k(S) = { k-(m) if N is inner,

NG if N is cylindrical .

Then, the following inequalities hold:

(i) If N is an outer region, then

1< ([ iy i) i) (1.25)

Moreover, if the equality is fulfilled and S = ON, then (M, go,u) is isometric to the
Schwarzschild-de Sitter solution (1.9) with mass m, for n = 3,4. Whereas for n > 5 it is
isometric to some generalized Schwarzschild-de Sitter solution (1.14) with Einstein fiber.

(i) If N is an inner region, then

S| < (/9me> 2 (m). (1.26)

Moreover, if the equality is fulfilled and S = ON, then (M, go,u) is isometric to the
Schwarzschild—de Sitter solution (1.9) with mass m, for n = 3,4. Whereas for n > 5 it is
isometric to some generalized Schwarzschild—de Sitter solution (1.14) with Einstein fiber.

(iii) If N is a cylindrical region, then
S
15| < / R 4. (1.27)
gn(n—1)

Moreover, if the equality is fulfilled and S = ON, then (M, go,u) is covered by the Nariai
solution (1.11), for n = 3,4. Whereas for n > 5 it is covered by some generalized Nariai
solution (1.15) with Einstein fiber.



ON THE MASS OF STATIC METRICS WITH POSITIVE COSMOLOGICAL CONSTANT - II 11

The proof of the above statement will be given in Section 5, except for the rigidity statements,
whose proof will be discussed in Section 6, and for the cylindrical case, that will be discussed in
Section 8. It is clear that Theorem 1.4 follows directly from Theorem 1.5, applying the Gauss-Bonnet
formula. We also mention that the rigidity statement for Theorem 1.5 will be deduced by some
more general statements (see Corollaries 6.1, 6.5 and 8.7) which correspond to some balancing
formulas, in the case where the boundary of NV is allowed to have several connected components.
The inequalities proven in Theorem 1.5 share some analogies with the ones developed in [26, 55],
see in particular [55, Theorem B|.

Our approach will also allow us to prove some area lower bounds on the horizons. These lower
bounds do not require the connectedness of the boundary of our region N and depend on the area
of the hypersurface ¥ € MAX(u) that separates N from the rest of the manifold.

Theorem 1.6 (Area Lower Bound). Let (M, go,u) be a solution to problem (1.6) of dimension
n > 3, and let N be a connected component of M \ MAX(u) with connected smooth compact
boundary ON. We let m € (0, mpmax] be the virtual mass of N, namely

m = M(Nvg(]au)-

Let Xy = NN M\ N be the possibly stratified hypersurface separating N from the rest of the
manifold M. Then, the following inequalities hold:

(i) If N is an outer region, then

n—1
ON]| > [2((2” S, (1.28)

and the equality is fulfilled if and only if (M, go,u) is isometric to the Schwarzschild—de
Sitter solution (1.9) with mass m, for n = 3,4. Whereas for n > 5 it is isometric to some
generalized Schwarzschild—de Sitter solution (1.14) with Finstein fiber.

(i) If N is an inner region, then

r_ (m) n—1
|ON| > [ro(m)} 1N, (1.29)
and the equality is fulfilled if and only if (M, go,u) is isometric to the Schwarzschild—de
Sitter solution (1.9) with mass m, for n = 3,4. Whereas for n > 5 it is isometric to some
generalized Schwarzschild—-de Sitter solution (1.14) with Einstein fiber.

(iii) If N is a cylindrical region, then
|ON| > |En], (1.30)

and the equality is fulfilled if and only if (M, go,u) is covered by the Nariai solution (1.11),
for n = 3,4. Whereas for n > 5 it is covered by some generalized Nariai solution (1.15)
with Einstein fiber.

In the notations of Theorem 1.6, if we also assume that dN is connected we can combine the
lower and upper bounds proved in Theorems 1.4 and 1.6 to obtain an area lower bound for the
hypersurface 3. The general statement of this result is given in Theorem 5.3. Here we report the
special 3-dimensional case, in which the bound turns out to be particularly nice.

Corollary 1.7. Let (M, go,u) be a 3-dimensional solution to problem (1.6), and let N be a connected
component of M \ MAX(u) with connected smooth compact boundary ON. We let m € (0, mmax] be
the virtual mass of N, namely

m = pu(N,go,u) .
Let Xy = NN M\ N be the possibly stratified hypersurface separating N from the rest of the
manifold M. Then it holds

1Xn| < 4mwrd(m),
and the equality is fulfilled if and only if (M, go,u) is either isometric to the Schwarzschild—de Sitter
solution (1.9) with mass 0 < m < Mmax or (M, go,u) is covered by the Nariai solution (1.11).
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Mmax

FICURE 3. In this plot we have numerically analyzed the relation between formule (1.32)
and (1.33), in function of the values of m (on the x-axis) and of m_ (on the y-axis). The
red line represents the points where m = m_, so that the Schwarzschild-de Sitter solutions
lie on this line. The coloured region is the one where (1.33) is stronger than (1.32). The
darker the colour, the better our formula is. To give also a quantitative idea, the black
region at the bottom is where the difference between the right hand side of (1.32) and the
right hand side of (1.33) is greater than 3.

We conclude this subsection with a comparison of our Theorem 1.4 with the following recent
result due to Ambrozio.

Theorem 1.8 ([5, Theorem C|]). Let (M, go,u) be a 3-dimensional solution to problem (1.6), let
So, ..., Sp be the connected components of OM and let ko, ...,K, be their surface gravities. If
(M, go,u) is not isometric to the de Sitter solution (1.16), then

p 9.
i:g—ﬂw < 4% (1.31)
i=0 i

Moreover, if the equality holds, then (M, go,u) is isometric to the Nariai solution (1.11).

Of course Ambrozio’s result is slightly different from ours under certain aspects, as Theorem 1.8
does not require any assumption on MAX(u) and has a global nature, whereas our Theorem 1.4
uses the locus MAX(u) to decompose the manifold into several connected components and provides
on each of these components a (local) weighted inequality in the spirit of the above (1.31). Let us
compare the two statements in a couple of special cases. First of all, if our solution (M, g, u) has a
single horizon and it is not isometric to the de Sitter solution, then Theorem 1.8 gives
oM <

which is a neat improvement of the classical Boucher-Gibbons-Horowitz inequality (1.19). In this
respect, our Theorem 1.4 gives the same inequality if the horizon is of cylindrical type, a stronger
inequality when the horizon is of black hole type and a worse result if the horizon is of cosmological
type.

Let us now compare the two statements in the case upon which our result is modelled, that is,
suppose that our solution (M, go,u) is such that

M\ MAX(u) = My UM_,
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where M, is an outer region with connected boundary dM, and M_ is an inner region with
connected boundary OM_. If we denote by

m4y = M(M-‘r?gOvu)’ m_ = M(M—7907u)7
the virtual masses of My and M_, then inequality (1.31) in Theorem 1.8 writes as

47
3
On the other hand, inequalities (1.21) and (1.22) in Theorem 1.4 give

kp(my) [OMy] + k—(m-)[OM_| < —[ky(my) + k_(m-)] . (1.32)

ke (m) M| + k- (m_)|OM_| < dr [k (mo)r2(ms) + k- (m_)r2(m_)] . (1.33)

The two inequalities (1.32), (1.33) are compared in Figure 3, where we have highlighted the values
of my,m_ for which our formula (1.33) improves (1.32). This comparison suggests that our result
is particularly effective when the set MAX(u) separates the manifold into an outer region and
an inner one, and motivates in turn our definition of a 2-sided solution to problem (1.6) (see
Definition 4 below), providing us with the natural setting for the uniqueness statement described
in the next subsection.

1.5. Uniqueness results. In this subsection, we discuss a characterization of both the Schwarz-
schild—de Sitter and the Nariai solution, which is in some ways reminiscent of the well known
Black Hole Uniqueness Theorem proved in different ways by Israel [33], zum Hagen, Robinson and
Seifert [57], Robinson [46], Bunting and Masood-ul Alam [18] and recently by the second author in
collaboration with Agostiniani [4]. This classical result states that when the cosmological constant
is zero, the only asymptotically flat static solutions with nonempty boundary are the Schwarzschild
triples described in (1.16). In order to clarify what should be expected to hold in the case of
positive cosmological constant, let us briefly comment the asymptotic flatness assumption. Without
discussing the physical meaning of this assumption nor reporting its precise definition — which on
the other hand can be easily found in the literature — we underline the fact that it amounts to both
a topological and a geometric requirement. More precisely, each end of the manifold is a priori
forced to be diffeomorphic to [0,400) x S*~! and the metric has to converge to the flat one at a
suitable rate, so that, up to a convenient rescaling, the boundary at infinity of the end is isometric
to a round sphere. Another important feature of the asymptotic flatness assumption is that the
static potential approaches its maximum value at infinity.

From this last property, it seems natural to guess that the boundary at infinity of an asymptotically
flat static solution with A = 0 should correspond in our framework to the set MAX(u). The same
analogy is also proposed in [16, Appendix], where it is used to justify the physical meaning of
the normalization (1.5) for the surface gravity. Before presenting the precise statement of this
uniqueness result, it is important to underline another feature of the set MAX(u), that is peculiar of
our setting. In fact, in sharp contrast with the A = 0 case, we observe that MAX(u) may in principle
disconnect our manifold. On the other hand, this situation is not only possible but even natural,
since it is realized in the model examples given by the Schwarzschild—de Sitter solutions (1.9) and
the Nariai solutions (1.11). Here, the set MAX(u) separates the manifold into two regions, one of
which is either outer or cylindrical, while the other is either inner or cylindrical. Having this in
mind, it is natural to introduce the notion of a 2-sided solution to problem (1.6).

Definition 4 (2-Sided Solution). A triple (M, go,w) is said to be a 2-sided solution to problem (1.6)
if
M\MAX(u) = M, UM_,

where M4 is either an outer or a cylindrical region, that is

max k(S) = max
Semo(OM) OM4 Umax
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FIGURE 4. The drawing represents the possible structure of a generic 2-sided solution
to problem (1.6). The red line represents the set MAX(u), with the separating stratified
hypersurface > put in evidence. The blue colour of a boundary component indicates a black
hole horizon, whereas the green colour indicates a cosmological horizon. Cylindrical horizons
are not considered in this figure since they are non generic.

and M_ is either an inner or a cylindrical region, that is

max k(S) = max
Sem(dM_) OM- Umax
The generic shape of a 2-sided solution is shown in Figure 4. We recall that, by a classical
theorem of Lojasiewicz [42], the set MAX(u) is given a priori by a possibly disconnected stratified
analytic subvariety of dimensions ranging from 0 to (n — 1). In particular, it follows that a 2-sided
solution contains a stratified (possibly disconnected) hypersurface ¥ C MAX(u) which separates
M, and M_, that is, My N M_ = . This hypersurface will play an important role in our analysis,
as it represents the junction between the regions M, and M_. We are now ready to state the main
result of this subsection.
A careful analysis along Y, combined with the area upper and lower bounds for the horizons
stated in Subsection 1.4, will lead to the proof of the following 3-dimensional Black Hole Uniqueness
Theorem:

Theorem 1.9. Let (M, go,u) be a 3-dimensional 2-sided solution to problem (1.6), and let ¥ C
MAX(u) be the stratified hypersurface separating My and M_. Let also

my = M(M+7g07u)a and m-— = M(M—7907u)
be the virtual masses of My and M_, respectively. Suppose that the following conditions hold

e mass compatibility my =m = m_ for some 0 < m < Mpax,

e connected cosmological horizon OM is connected.

Then the triple (M, go,w) is isometric to either the Schwarzschild—de Sitter solution (1.9) with mass
0 < m < mpax or to the Nariai solution (1.11) with mass m = mpyax.

The hypothesis of connected cosmological horizon is motivated by the beautiful result in [5,
Theorem B], where it is proven that any static solution (M, gg,u) admits at most one unstable
horizon. From a physical perspective, one may expect that the unstable horizons should be the
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ones of cosmological type, whereas the horizons of black hole type should be stable. This is what
happens for the model solutions, as one can easily check. This observation leads us to formulate
the following conjecture, which, if proven to be true, would allow to remove the assumption of
connected cosmological horizon from Theorem 1.9.

Conjecture. An horizon of cosmological type is necessarily unstable. In particular, every static
solution to problem (1.6) has at most one horizon of cosmological type.

1.6. Summary. In the remainder of the paper we will prove the results stated in this introduction.
We will first focus on outer and inner regions, since the analysis of these two cases is similar. Our
study is based on the so called cylindrical ansatz, introduced in [2, 3, 4], which consists is finding
an appropriate conformal change of the original metric gg in terms of the static potential u.

After some preliminaries (Section 2) in 3 we will describe this method, we will set up the
formalism and we will provide some preliminary lemmata and computations that will be used
throughout the paper. Building on this, we will prove in Section 4 a couple of integral identities in
the conformal setting.

In Section 5 we will proceed to the proof of the inequalities in Theorems 1.4, 1.5 and 1.6, for
both the cases of outer and inner regions. In Section 6 we will translate the integral identities
proven in Section 4 in terms of the original metric gg. As a consequence, we will prove the rigidity
statements for Theorems 1.4, 1.5, together with some weighted area inequalities for the horizons.

In Section 7 we will show that our analysis can be improved under the assumption that the
solution is 2-sided, and this will lead us to the proof of Theorem 1.9 stated in Subsection 1.5, in
the case where m; < Mmax-

Finally, in Section 8 we will focus on the cylindrical regions. The analysis of the cylindrical case
is slightly different, as our model solution will be the Nariai triple instead of the Schwarzschild—de
Sitter triple, however the ideas behind our analysis are completely analogous. In this section we
will establish the results stated in Subsection 1.4 for cylindrical regions and we will complete the
proof of Theorem 1.9 by studying the case mi = mpyax-

2. ANALYTIC PRELIMINARIES

This section is devoted to the setup of the cylindrical ansatz, which will be the starting point of
the proofs of our main results. We will work on a single region IV of our manifold M, and we will
always suppose that N is not cylindrical, that is

max k(S) # Vn.

Semo(ON)

The case of equality requires a different analysis, and will be studied separately in Section 8.

The cylindrical ansatz is inspired by the analogous technique used in [2, 3, 4], and consists in an
appropriate conformal change of the original triple. The idea comes from the observation that the
Schwarzschild-de Sitter metric can be made cylindrical via a division by |z|?. In fact, the metric
1 d|z| ® d|z| 9 B d|z| ® d|z|
W <1 — m,g _ 2m\x!2_” + ’1“ gS"1> + gsn-1,

2P [ = 2mfafrm)
after a rescaling of the coordinate ||, is just the standard metric of the cylinder R x S*~!. We
would like to perform a similar change of coordinates on a general solution (M, go,u).

To this end, in Subsection 2.1 we are going to define on a region N of a general triple (M, go, u)
a pseudo-radial function ¥ : N — R. The function ¥ will be constructed starting from the static
potential u, and in the case where u is as in the Schwarzschild-de Sitter solution (1.9), it will
simply coincide with |z|.

Subsection 2.2 is devoted to the proof of the relevant properties of the pseudo-radial function.
Most of the results in this subsection are quite technical, and the reader is advised to simply
ignore this part of the work and to come back only when needed. However, there is one result that
deserves to be mentioned. In Proposition 2.3 we will prove that static potentials satisfy a reverse
Lojasiewicz inequality. The proof does not depend so deeply on the equations in (1.6), and can
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thus be adapted to a much larger family of functions. This will be the object of further studies.
For the purposes of this work, the reverse Lojasiewicz inequality will be crucial in the Minimum
Principle argument that leads to Proposition 3.3. It is interesting to notice that Proposition 3.3, in
turn, will allow to improve the reverse Lojasiewicz inequality, as explained in Remark 6. However,
since the proof of Proposition 3.3 exploits the equations in (1.6), we do not know if the improved
Lojasiewicz inequality still holds outside the realm of static potentials.

2.1. The pseudo-radial function. Let (M, gy, u) be a solution to problem (1.6), and let N be a
connected component of M \ MAX(u). As already discussed above, in this subsection we focus on
inner and outer region. In other words, the quantity

will always be supposed to be different from /n. In particular, the virtual mass

m = /’L(qu()vu)?

is strictly less than mmuyax. The special case m = mpax will be discussed later, in Section 8.

The aim of this subsection is that of defining a pseudo-radial function, that is, a function that
mimic the behavior of the radial coordinate |z| in the Schwarzschild—de Sitter solution. First of all,
we recall that our problem is invariant under a normalization of u, hence we first rescale u in such
a way that its maximum is the same as the maximum of the Schwarzschild—de Sitter solution with
mass m.

Notation 1. We will make use of the notations Mmax, Umax ntroduced in (1.7), (1.10). We recall
their definitions here

— 2)n—2 2/n
Mmax = % ) umax(m) = \/l - ( m ) .
n Mmax

We emphasize that umax = Umax(m) s a function of the virtual mass m of N. We will explicitate
that dependence only when it will be significative.

Normalization 1. We normalize u in such a way that its mazimum is umax(m), where m is the
virtual mass of N and umax(m) is defined as in Notation 1.

As usual, we let 7 (m) > r_(m) > 0 be the two positive roots of the polynomial P, (z) =
"2 — 2™ — 2m, we set 7o(m) = [(n — 2)m]"/" and we define the function
Fo i [0, umax(m)] X [r—(m),r(m)] — R
(u,9) — Fn(u,9) = u® =14 ¢° +2myp”™"
It is a simple computation to show that JF,,/0v = 0 if and only if ¢ = 0 or ¢ = ro(m). Therefore,
as a consequence of the Implicit Function Theorem we have the following.

Proposition 2.1. Let u be a positive function and let umax be its maximum value. Then there
erist functions

Yo [0, umax] — [r—(m),ro(m)] , ¥y 1 [0,umax] — [ro(m),r(m)] ,
such that Fy,(u,_(u)) = Fip(u, 4 (u)) =0 for all u € [0, umax(m)].
Let us make a list of the main properties of 1)y and ¥_, that can be derived easily from their
definition.

e First of all, we can compute ¢4, ¥_ and their derivatives using the following formulae

u? =1 -3 —2myi ™. (2.1)

u . Pl i s

b= oy T Tyt (2.2)

Yy = — 0w
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e The function _ takes values in [r_(m),ro(m)], hence ¥ < rj(m) = (n — 2)m and
from (2.2) we deduce
oo >0, - >0, lim ¢_ = +oo.
U—>Umax

e The function v, takes values in [ro(m),r4(m)], hence ¢ > rif(m) = (n — 2)m and from

the first formula in (2.2) we deduce that z/}+ is nonpositive and diverges as u approaches
Umax- Moreover, the second formula in (2.2) can be rewritten as

_ ¥

u

b {1+[1+<n—1><n—2>mw;"}¢i},

from which it follows @L < 0. Summing up, we have

¢+§Oa ,(L+§07 lim 1/.}4*:_00'

U—Umax

Let us now come back to our case of interest, that is, let us consider a region N C M \ MAX(u).
We want to use the functions ¥4 in order to define a pseudo-radial function on N. To this end, we
distinguish between the case where N is an outer or an inner region, according to Definition 2.

e If IV is an outer region, then our reference model will be the outer region of the Schwarzschild—
de Sitter solution (1.9). Accordingly, we define the pseudo-radial function ¥ as

U, : N — [ro(m),ri(m)]
p > Yi(p) =¥y (ulp)).

Notice that, if N is the outer region of the Schwarzschild—de Sitter solution (1.9) with mass
m, for every p € N the value of ¥ (p) is equal to the value of the radial coordinate |x| at p.

(2.3)

e If N is an inner region, then our reference model will be the inner region of the Schwarzschild—
de Sitter solution (1.9). Accordingly, we define the pseudo-radial function W_ as

V_: N — [r_(m),ro(m)]
p— V_(p) :=v_(u(p)).

Notice that, if N is the inner region of the Schwarzschild-de Sitter solution (1.9) with mass
m, for every p € N the value of ¥_(p) is equal to the value of the radial coordinate |z| at p.

(2.4)

In the case of 2-sided solutions we will need a global version of the definition above.

o If (M, go,u) is a 2-sided solution in the sense of Definition 4, then we define the global
pseudo-radial function as

U: M — [r_(m),r+(m)]

Yi(ulp)) ifpe M,

p— ¥(p):=v_(ulp)) ifpeM_,
ro(m) if p € MAX(u) .

(2.5)

If (M, go, u) is isometric to the Schwarzschild—de Sitter solution (1.9) with mass m, then ¥
coincides with the radial coordinate |z|. The function ¥ is continuous by construction, but
a priori we have no more information about its regularity near the set MAX(u). However,
in Subsection 2.2 we will prove that W is always Lipschitz. Moreover, we will also show that
U is €2 at the points of the top stratum of the hypersurface ¥ C MAX(u) that separates
M+ and M_.

By definition, we have the following relation between the derivatives of the pseudo-radial function
¥ and the potential u.

DU. = (¢4 ou)Du, D20 = (¢y ou)D%u + (41 ou) du ® du. (2.6)
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FIGURE 5. Relation between u? (on the x-axis) and the pseudo-radial functions (on the
y-axis) for different values of the virtual mass m. The blue lines represent the relation with
1_ whereas the red lines represent the relation with ¢¥,. We have also included in the plot
a dashed line showing the relation between the radial coordinate and the static potential in
the de Sitter solution (1.8), which represents the limit case when m — 0.

Notation 2. In the following sections, we will perform several formal computations. In order
to stmplify the notations, we will avoid to indicate the subscript £, and we will simply denote by
U = 1) o u the pseudo-radial function on a region N of M \ MAX(u), where we understand that ¥
is defined by (2.3) if we are in an outer region and by (2.4) if we are in an inner region. When
there is no risk of confusion, we will also avoid to explicitate the composition with u, namely, we
will write ¢ instead of 1 o u. For instance, the formule in (2.6) will be simply written as

DU = ¢ Du, D>V = ¢ D%*u + ¢ du® du,

2.2. Preparatory estimates. Here we collect some lemmata that will be useful in the following.
The first one shows an important connection between the value of the pseudo-radial function at the
boundary and the surface gravity.

Lemma 2.2. Let (M, go,u) be a solution to problem (1.6) and let N C M \ MAX(u) be a region
with virtual mass m = u(N, go,u) < Mmax. If N is outer, then

D
max Y =1.

oN " |1y (m)[1 = (ro(m)/r(m))"]

If N is inner, then

D
max Y =1.

oN~ |r_(m)[1 = (ro(m)/r—(m))"]

Proof. The proof is an easy computation. We recall from the definition of the virtual mass m of
N, that maxgy |Du|/umax = k+(m), where ki are the surface gravity functions defined by (1.12)
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and (1.13), and the sign + depends on whether N is an outer or inner region. Therefore, we have

a Du Umax a |DU|
max —| = 77 max
ON |ry(m) [1 — (ro(m)/ri(m)) ] ri(m)‘l — (ro(m)/ri(m)) ‘ ON Umax
U
— max - k:t (m)
re(m)[1 = (ro(m)/re(m))"|
where the last equality follows from the definition of k4 and k_. O

Remark 2. Following the proof of Lemma 2.2, it is easy to see that, if N is an outer region, then,
for every u(N, go,u) < m < mpyax it holds

Du
max <1.

N |7 (m)[1 = (ro(m)/ro-(m))"]| =

Similarly, if N is an inner region, one can see that for every 0 < m < p(N, go,u) it holds

Du
max <1.

oN - |r_(m)[1 — (ro(m)/r—(m))"]| ~

This remark will be useful in Section 7, where we will work with parameters m that do not necessarily
coincide with the virtual mass.

We now pass to discuss an estimate for the gradient of the potential v near the maximum points.
This estimate will be an important ingredient in the proof of Lemma 2.5 below, which is the result
that we will actually need in the following. However, Proposition 2.3 is also interesting on its own.
In fact, it can be interpreted as a reverse Lojasiewicz inequality for the function u (for the original
Lojasiewicz inequality, see [41, Théorem 4]). Proposition 2.3 is stated for solutions to problem (1.6),
but we emphasize that a similar property can be proven for a much larger class of functions, as it
will be discussed in a forthcoming work.

Proposition 2.3. Let (M, go,u) be a solution to problem (1.6) and let umax be the mazimum of u.
Then, for every 0 < B < 1, there exists a constant Kg and an open neighborhood Qg > MAX(u)
such that

Duf*(z) < Kp [tmax — ul@)]”,
for all x € Qp.

Proof. We consider the function
w = [Dul? — K (tmax — 1)?,
where K > 0 is a constant that will be chosen conveniently later. We compute
Dw = D|Du)? + BK (tmax — 1)~ Du,
and diverging the above formula
Aw = ADul? + BK (umax — 1)~ TP Au+ B(1 — B)K (tumax — u)~ % [Duf?
2
o =3 A0 = R s

where in the second equality we have used Bochner formula. Since |Du| goes to zero as we
approach MAX(u), so does the quantity h = 2Ric(Du, Du) + 2(DAu|Du). Moreover, we have
|D2u| > (Au)?/n = nu? > 0 in a neighborhood of MAX(u). From the compactness of the level sets
of u, it follows that we can choose n > 0 small enough such that

= 2|D?u|? 4 2Ric(Du, Du) + 2(DAu | Du) + SK

|h| < 2D%u?  on {Umax — 7 < U < Umax} -
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Therefore, from the identity above we find

Au |Dul?
2 I G O G =
B Au w 9 1
= K —— + B(1 - ﬁ)K(Umax — P +B(1-B)K ——

where in the second equality we have used [Dul? = w + K (umax — u)’. It follows that, on
{umax - T’ S u S umax}, lt hOldS
1

Aw — B(1 - BK e

w > X [Au+ (1 -5)X], (2.7)

(Umax

where

On {umax — N < u < upax} we have

X =

>
(Umax — u)1=F = pl=F"
Moreover, Au is continuous and thus bounded in a neighborhood of MAX(w). This means that, for
any K big enough, we have (1 — 8)X + Au > 0 on the whole {umax — 7 < u < Upax}. For such
values of K, the right hand side of (2.7) is nonnegative, that is,

1

L =

w >0, on {umax — 7 < U < Upax ) -

Therefore, we can apply the Weak Maximum Principle [28, Corollary 3.2] to w in any open set
where w is €2 ~that is, on any open set of {Umax — 17 < U < Umax } that does not intersect MAX (u).
Up to increasing the value of K, if needed, we can suppose

Dul? maxy—, v |[Dul?
K > max Dyl 5 = {u um‘"‘g m 1D
{u:umax_n} (umax - ’LL) n
so that w < 0 on {u = umax — n}. Now we apply the Weak Maximum Principle to the function w
on the open set Q¢ = {tmax — 7 < 4 < Upax — €}, obtaining

)

w < max(w) = max max (w), max (w), < max max (w),0p .
< max(w) { s (), wax | >} { (@) }

U=Umax —

Taking the limit as ¢ — 0, from the continuity of v and the compactness of the level sets, we have
lim. 0 maX{u:umaX_g}(w) = 0, hence we obtain w < 0 on {umax — 7 < u < Upax}. Recalling the
definition of w, we have proved that the inequality

Du)? < K (tmax — u)?
holds in Q = {umax — 7 < ¥ < Umax}, which is a collar neighborhood of MAX(u). O

The above result can actually be improved in the following way. Take @ < f < 1. In the
neighborhood €3 given by Proposition 2.3, we have

[Duf>  |Duf’
(umax - u)a B (umax - U)ﬂ
for some constant K. Since > «, the right hand side goes to zero as we approach MAX(u) and
we obtain the following corollary.

: (umax - U)B_a < K,B (Umax - u),@—a 5

Corollary 2.4. Let (M, go,u) be a solution to problem (1.6) and let umax be the mazimum of u.

Then, for every p € MAX(u), it holds
) |Du?
lim —_—
cZMAX (u), z—p (umax — u)a

(z) =0,

forall0 < a < 1.
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Of course, we have specified z € MAX(u) in the limit above because otherwise the function in the

argument is not defined. Corollary 2.4, in turn, allows us to prove the following useful estimate
near MAX (u).

Lemma 2.5. Let (M, go,u) be a solution to problem (1.6) and let ¥ = 1) o u be defined by (2.3)
or (2.4) with respect to a parameter m € (0, mmax). Then, for every p € MAX(u), it holds

lim 42 [Duf’(z) = 0,

T—p

for every 0 < o < 1.

Proof. First, we compute

2 2

Umax — U 1 U ax — U

[1— (ro(m)/¥)"]*  tmax T4 [1— (ro(m)/v)"]?
1 1 — (m/Mmax) ™ — 1 + 2 + 2map>~"
Umax + U [1- (ro(m)/¢)"]2
: Lzﬁ __mmi 1= (no(m)/9)"
(Umax +w) [1 = (ro(m)/¥)"] (n—2)" 1= (ro(m)/y)"

We want to show that the quantity above has a finite nonzero limit as we approach MAX(u). If we
denote z = ro(m) /1, the equation above can be rewritten as

Umax — U _ Umax — U
[1— (ro(m)/0)")  (1=2")7
B r3(m) g n 1—2"2
 (Umax +u)(1 — 27) [z n—2 1—z”}
B r3(m) [ 9 n 1+z—|—~--—f—z”_3]
(Umax + u)(1 — 2z7) n—2 14zt ... 42071
B r3(m) 272 ‘1+z—%z2 (I1+z+--+2"73)
(Umax +u)(L+ 2+ 4 2771)2 1—2 ’

It is clear that the first factor above has a finite nonzero limit as we approach MAX(u), that is,
when z goes to 1. Concerning the second factor, one easily computes
1+z— 222 (1424 +2"79)
= N —
1—-=2 n— 2

(1-=2) Zn— — (L4242,
k=1

Substituting, we easily obtain
Umax — U ~rg(m)
5 =
(1= (ro(m)/¥)"]"  27Umax

where f(z) is a function that is analytic near z = 1 and such that f(1) = 0. In particular, recalling
formula (2.2), we have proved that (umax — u)1? has a finite limit as we approach the set MAX(u).
Therefore, for any p € MAX(u) and 0 < a < 1, we compute

1+ f(2)], (2.8)

o« |Duf?

(umax - u)a

lim ¢**|Du|?(z) = lim [(umax — u)i)? (x),
T—p T—p

and, since (Umax — u)w2 has a finite limit on MAX(u), from Corollary 2.4 we conclude. O

Lemma 2.5 will be crucial later in the proof of Proposition 3.3, where a Minimum Principle argument
will be used to prove a stronger result, namely, that the quantity ¢|Du| is bounded near MAX (u),
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see Remark 6. In particular, since (umay — u)? is also bounded near MAX (u), as shown in the
proof of Lemma 2.5, it follows that the quantity

4‘D(Vumax—u) m

is bounded near MAX(u). In other words, the function y/umax — u is always Lipschitz continuous
on M.

It is worth remarking that, in the neighborhood of the points of the top stratum of MAX(u), we
can actually prove a much more precise result about the behavior of the static potential u. We
recall that with top stratum of MAX(u) we mean the open subset ¥ C MAX(u) which is a (n — 1)-
dimensional analytic submanifold. In other words, the points p € ¥ are the ones such that there
exists a neighborhood € of p and an analytic function f : © — R such that MAX(u) N Q = f~1(0)
and |df| # 0 in Q.

‘2 _ |Duf?

Proposition 2.6. Let (M, gy, u) be a solution to problem (1.6) and let p € MAX(u) be a point
in the top stratum of MAX(u). Let Q be a small neighborhood of p such that ¥ = Q N MAX(u)
is contained in the top stratum and Q \ X has two connected components Q4,Q_. We define the
signed distance to X as

r(z) =

Then the following expansion holds:

+d(x,Y), ifzeQy,
—d(z,%), ifreQ_.

nn+1)
e

U = Umax |1 —

n 9 n 3 1 " 12
n "3 — ~ (2nh
2" T 24<"||Jr

where H is the mean curvature of X with respect to the normal pointing towards Q4.

H? — n2> rd +O(r5)] , (2.9)

Proof. Let (x!,...,2") be a chart centered at p, with respect to which the metric go and the
function u are analytic. From the fact that p belongs to the top stratum of MAX(u), it follows
that we can choose an open neighborhood 2 of p in M, where the signed distance r(z) is a well
defined analytic function (see for instance [37], where this result is discussed in full details in the
Euclidean space, however the proofs extend with small modifications to the Riemannian setting).
More precisely, we have
r= ¢($1?"'71‘n)7

where ¢ is an analytic function. Since 7 is a signed distance function, we have |Dr| = 1, which
implies in particular that one of the partial derivatives of ¢ has to be different from zero. Without
loss of generality, let us suppose 9¢/dx! # 0 in a small neighborhood €2 of p. As a consequence, we
have that the function

H:R" 5 R, H(r,zb,...,2") = r—¢(zt,... z").

satisfies 0H /0x! = —0¢/0z' # 0 in 2. We can then apply the Real Analytic Implicit Function
Theorem (see [38, Theorem 2.3.5]), from which it follows that there exists an analytic function
h: R™ — R such that
H(r,h(r,z?, ... 2"),z% ..., 2") =0.
1

In other words, the change of coordinates from (r,22,...,2") to (z!,...,2"), which is obtained
setting 2! = h(r,2%,...,2"), is analytic, and in particular u is an analytic function also with
respect to the chart (r,z2,...,2"). In the following computation, it is convenient to denote this
new analytic chart as y = (y',...,9"), where y* = r and y’ = 2 for i = 2,...,n. In particular, in
this new chart, the smooth hypersurface ¥ N Q coincides with the points with y! = 0. Since u is
analytic, we can take its Taylor expansion in p
o
Umax — u(y) = Z Z Ary', (2.10)

k=2 |I|=k
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where I = (I, ..., I,) is a multi-index and |I| = I1+- - -+1I,,. Since umax—u = 0 on ¥NQ = {y! = 0},
the summand on the right hand side of (2.10) must be identically zero when we set y' = 0. From
this it follows that A; = 0 whenever I; = 0.

We now prove that A7 = 0 also when I; = 1. In fact, suppose that this is not true, and let k
be the smallest integer such that there exists a multi-index I with |I| =k, I; = 1 and A # 0.
Consider points of the form

gl = ehol ¥ = eo,
where ¢ € R, 0! =1 and o' € R\ {0} for all i = 2,...,n. Recalling that A; = 0 whenever I; = 0
and whenever |I| < k and I; = 1, at these points it holds

Umax — U = 271 Z Aol + O(st).
\I|=k, =1
We recall that we are supposing that there are some nonzero coefficients in the sum on the right
hand side, hence we can choose the values of ¢2,...,¢" in such a way that Z|I|=k, =141 ol <o0.
Therefore, for small values of £ > 0, we would have umax — u < 0, against the hypothesis that umax
is the maximum value of u.
From these considerations, it follows that we can write

Umax — u(y) = (y1)2 : (A(Z,O,...,O) + yl f)a (211)

where f is an analytic function. Notice that, at the point p, we have d,u =0 for all « = 1,...,n,
and from the second equation in (1.6) we find

—NUmax = Au = 936 [aiﬂu - Flgf%u] =2 9(1)1 A(z,o,...,o) =2 A(z,o,...,o) .

It follows that A2, . ) = NUmax/2 > 0.

Now that we have found a good expansion of u around the point p, it is convenient to come back
to the old notation (r,22,...,2"). Namely, we set again r = y! and 2 = ¢’ for all i = 2,...,n.
Rewriting (2.11) recalling also that a = numax/2, we obtain the following expansion

n

u(r, ) = Upax — 5 Umax 2+ f, (2.12)
We now want to gather more information on the analytic function f. To this end, set ¥, = {r = p}
and observe that all ¥, with p small enough are smooth, since (r,z) = (r, x2,...,2") is an analytic

chart and [Dr| =1 # 0. In particular, of course, we have ¥y = ¥ N 2. On each 3,, the laplacian of
u satisfies the following well known formula

Au = D*u(ny,n,) + H* (Du|n,) + A% u, (2.13)

where n, = 0/0r is the go-unit normal to X,, H*» is the mean curvature of ¥, with respect to n,
and A¥ru is the laplacian of the restriction of u to Y, with respect to the metric induced by go on
Y,. Evaluating (2.13) at p = 0, since 4 = umax and |Du| = 0 on X, recalling also that Au = —nu,
we immediately get

D%u(v,v) = Au = —numax
in agreement with expansion (2.12). We now differentiate formula (2.13) two times with respect to
r, obtaining the following

ou Pu s 0%u  OH™ Ou 0 v
I L N
"or o8 oz " Tor or + o=
0*u  O*u s Ou OH* 0%u  O*H> Ou 0 5
o T TG T2 g2 T g gt

Let us focus first on the terms involving A* u. Calling g(ry the metric induced by go on %, and
Iy the Christoffel symbols of g;), we have
2

9% L du
X _ 2] 1) i
AU = 96y 5ig7 T 90 Linij gk
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where the indices i, j, k vary between 2 and n. On the other hand, notice from (2.12) that

0%u B 0%u B 9Pu B 0*u _ 0
0xidxi |,y Ordai|,_,  Or20xi|_,  Or20xidxi|_,
for all 4,57 = 2,...,n. From this, it easily follows
0 0% 5
aTA u"r:O = WA u|r:0 = 0 .
Since we also know that Ou/0r = 0 and 9?u/0r? = —numayx when r = 0, from the expansions above
we deduce
Pu
By, | max H
0*u oH>r
w| = 2numaX7| — NUmax H2 4 1 Umax ,
r=0 r=0

where we have denoted by H the mean curvature of Q N¥ = ¥y for simplicity. Furthermore,
from [32, Lemma 7.6] and the first equation in (1.6) we get

OH>" : H? D2u(v, v) L, B2
- _ h2_ : - _ h2 N B S A — _ h2_
B = = Ricn) = = (P - ) [P )] < i

where we have used D?u(v, V) = —numayx, as proven above. Now that we have computed the third
and fourth derivative of u, we can use this information to improve (2.12) and get the desired
expansion of the static potential wu. ]

Proposition 2.6 has some very useful consequences for our analysis. Let us start from the simplest
one. From expansion (2.9), we can compute the explicit formula for the gradient of u as we approach
a point p in the top stratum of MAX(u) as

L DuPe) o ntudr? 4 00
2ZMAX (u),z—p Umax — u(x) T—)O n/2) Umax r2 + O(TS)
= 2N Umax - (2.14)

In particular, recalling formula (2.8), at each point of the top stratum we deduce the following
identity
[Duf?(x)

lim
@MAX(u). 2= 2 () [1 — (ro(m) /3b(x))"]”
We will see that the left hand side of formula (2.15) admits an interpretation as the norm of the
gradient of a pseudo-affine function (see formula (3.10)) that will be of extreme importance in the
rest of the work.
A second important consequence of Proposition 2.6 is the following regularity result for the
pseudo-radial function W.

=1. (2.15)

Proposition 2.7. Let (M, go,u) be a solution to problem (1.6) and let p € MAX(u) be a point
in the top stratum of MAX(u). Let Q be a small neighborhood of p such that ¥ = QN MAX(u)
is contained in the top stratum and Q \ X has two connected components Q4,Q_. We define the
function

(ﬂf) y Zf x € §+ y
U_(z), ifzreQ,
where W is the pseudo-radial function defined by (2.3) with respect to a parameter m € [0, Mpax)

and Y _ is the pseudo-radial function defined by (2.4) with respect to the same parameter m. Then
the function U is €3 in Q.
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Proof. Let us start from formula (2.8) obtained in the proof of Proposition 2.5, where we recall
that we had set z = ro(m) /1. It is clear that it is possible to refine (2.8) by expanding around
z =1 the function f(z) appearing in it. Namely, we can write
2
Umax — U rg(m
Y Y U e (RS ) B CAT)
[1 = (ro(m)/9)"]"  2nUmax

for suitable A, B € R. The computation of the precise values of the coefficients A, B is tedious and
it will not be necessary in our proof, as for our argument it is sufficient that such coefficients exist.
If we also expand 1 — (ro(m)/¥)" =1 — 2™ in terms of 1 — z, from (2.16) we obtain

ot Uy camg e Da-0(@-)] . ()

for suitable coeflicients C, D € R that, once again, we avoid to compute explicitly. We want to
use (2.17) in order to prove that 1 — z can be expanded in terms of r close to ¥. We do this by

applying (2.17) repeatedly as follows
1-=2
1—2z = m\/umax_u

2numax VUmax — U
) V1I+C(1—2)+D(1—2)2+0((1-2)3)

/ 2numax V Umax — U
TO \/1 + C 2numax V Umax —U + D2numax umax_u) + O ((1 _ 2)3)

m) /1+C(1—2)+0((1-z)?) r2(m) 1+0(1—2

2NUmax VUmax — U

T2 m max '
o(m) 1+C 2”12;';1“ V/Umax—u +D2%@Z§;)X s O ((1—2)%)
\/1+c 2";('fna)x %ﬂg(xl L +0((1-2)?)

We observe, again from (2.17), that O(1 — z) = O(umax —u)"/? = O(r). Now we use Proposition 2.6
to substitute umax — u with its expansion (2.9). Using the known expansions for square roots and
fractions, the cumbersome formula above reduces to

l—z=FE+ Fr+ Gr* + O@?).
for suitable coefficients F, F', G. Notice that these coefficients are not necessarily constant, as they

can depend on H and |h| coming from the expansion of u. Finally, we can substitute back in (2.16)
to obtain

Umax — U r2(m)
— — = 20 + Pr+ Qr* + 0@, (2.18)
[1 = (ro(m) /)] Mmax
for suitable coefficients P, @ (that again, may not be constant). We are now ready to prove the
regularity of W. Recalling (2.2), and using again the expansion (2.9) of u, we compute
o(v?) - Ou
=) _ 9 -
or vy or
2u 8u
1= (ro(m)/¥)"

2 U VUmax — U Ou
VUmax — U 11— (To(m)/l/’)” .
We can now expand the three factors using (2.9) and (2.18), obtaining

o(v?)
or

=R+ Sr+Tr*+ 003,
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where the coefficients R, S, T depend only on H and |h|. It is then clear that d(¥2)/dr, and also
its first and second derivatives, are continuous along r = 0. A completely analogous reasoning can
be done for O(V?)/dxt, for all i = 2,...,n. It follows that U2, and thus ¥, is 3.

It should be mentioned that it is possible to compute precisely the coefficients of the expansion
of U. A sufficiently simple way of doing it is to recall that ¥ = ro(m) on MAX(u) and then write

U =ro(m) + Wr + Xr2 + Y73 +00%),

where W, X, Y are functions of the coordinates 2, ..., z" only. Now one can compute the expansions
of the left and right hand sides of the relation u?> = 1 — W2 — 2m¥2~" to obtain information on
the functions W, X, Y. With some lenghty (but standard) computations, one obtains

Umax |72 H? urznax 3 4
U = ro(m) + umaxr + =5~ |[bl° + (n+1)(n 1) =12 " R(m) = 2n| " +0(7).
Anyway, this expansion will not be useful in what follows. O

Finally, we conclude this subsection with another important consequence of Proposition 2.6,
which is the following regularity result on the top stratum of MAX(u).

Proposition 2.8. Let (M, go,u) be a solution to problem (1.6) and let 3 be the top stratum of
MAX(u). Then X is a €' hypersurface (possibly with boundary).

Proof. We already know that the top stratum X is an analytic hypersurface, meaning that each
point p € ¥ admits a neighborhood €2 such that there exists an analytic function f : ) — R with
QNY = f~40) and |df| # 0 on the whole . It remains to prove that 3 is a ¢! hypersurface
also at the points that do not belong to ¥. Let then p € ¥\ ¥ and let > p be a small open
neighborhood. From the Lojasiewicz Structure Theorem [38, Theorem 6.3.3], it follows that we can
choose €2 small enough so that

YNQ =30 Uy, (2.19)

for some k € N, where the ¥;’s are connected analytic hypersurfaces contained in the top stratum
Yandpe X, foralli=1,...,k Foreveryi=1,... &k and for every x € ¥;, let us denote by n;(z)
the unit normal to ¥; at the point z.
We now show that the following limit
lim n,(x) (2.20)
TEX;, T—=D

exists for every i = 1,...,k. To this end, suppose that this is not the case, that is, suppose that,
for some i, there exists a sequence of points {z;}jcn on 3; with z; — p as j — oo and such
that the sequence of normal vectors n;(z;) does not converge. Considering an orthonormal basis
n;(x;), Xa(2;5), ..., Xn(2;) of Tp;; M, we easily see from formula (2.11) that the hessian D?u at the
point z; is represented by the following matrix

—NMUmax 0 ... O

0 0O ... 0
(2.21)

0 0O ... 0

Since the normal vectors n;(z;) belong to S*~! (viewed as a subspace of Ty, M), which is compact,
we can find two subsequences {xgi)}, {acgi)} of {;}en such that the corresponding normal vectors

ni(xg-i)), nz(:cﬁ)) converge to XM, X3 € 871 (viewed as a subspace of T, M) with X(1) £ +Xx(2),

Up to pass to subsubsequences, we can also suppose that Xg(asg-i)), e ,Xn($§i)) converge to
some vectors Xéz), e ,X,(f) in T,M for ¢ = 1,2. Notice that the continuity of gg grants us that

X, Xél), e ,Xr(Ll) and X @, XéQ), e ,Xq(f) are both orthonormal bases of T}, M. Since u is analytic,

its hessian is continuous, hence passing to the limit along the subsequence {ajgi)} we deduce that
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(a) Transversal point (b) Cuspidal point (¢) Touching point

FIGURE 6. Visual 1-dimensional representation of the possible singularities of X. The first
part of the proof of Proposition 2.8 is concerned with showing that the normal to X is well
defined everywhere, thus ruling out transversal singularities like the one pictured in 6(a).
To exclude folding singularities (cuspidal points 6(b) or multiple hypersurfaces touching
tangentially 6(c)) one needs a different argument, which is presented in the second part of
the proof.

D2y at the point p is represented by the matrix (2.21) with respect to the basis X, Xél), .. ,X,gl).
Analogously, if we take the limit of D?u along the second subsequence, we get that D?u at the point
p is represented by the matrix (2.21) with respect to X(Q),XQ(Q), e X,(f). On the other hand, since
XM £ £X@ it is clear that the change of basis from X, Xél), e ,Xfml) to X(2),X2(2), e 7X7(12)
must modify the first line and the first row of the hessian matrix, hence we have a contradiction.
Therefore necessarily the limit in (2.20) must exist. Let us also observe that the limit in (2.20)
cannot depend on the index i € {1,...,k}, otherwise we could repeat the same argument working
with two sequences on two different hypersurfaces to obtain the same contradiction. Therefore, up
to a suitable choice of the orientation, all of the 3;’s share the same normal at the point p € ¥\ X.
In particular, the tangent space 7,3 is well defined.

We are not finished yet, as it may happen that p is a cuspidal point or that there are multiple
hypersurfaces touching at p, see Figure 6. We now show that such folding singularities cannot
happen by proving that ¥ is uniformly distant from itself along its normal direction. Let us start
by considering a point x € ¥ and a unit speed geodesic v with 7(0) = = and #(0) orthogonal to X.
Since M is compact and complete, there exists a positive constant K > 0 such that every such ~(t)
exists (that is, it does not reach the boundary 0M) and is smooth for |[¢| < K. From the above
observations on the hessian of u, it follows that the restriction of u to -y satisfies the following

n
(wey)(t) = tmax = 5 Umax 2 + o(t),

where o(t) is an error term such that, for all ¢,

(uo)"(&) .13
o)) < L2V s,
for some £ € R with || < ¢. Since u and ~ are smooth and M is compact, in particular we have
that the derivatives of u o v are bounded, hence there exists a constant C' such that |o(t)| < C [¢]3.
But this implies that, for every |t| < min{numax/(2C), K} it holds

(numax
2C

This means that every point of v(¢) with |[t| < min{numax/(2C), K}, t # 0, does not belong to
MAX(u). This must hold for every unit speet geodesic starting from a point of ¥ and directed
orthogonally to . From this property it follows that there cannot be folding pathologies at our
point p. In fact, if there exist X1, 39 in the decomposition (2.19) that form a fold, this would mean
that orthogonal geodesics starting from points of ¥; arbitrarily close to p would intersect o (which
is also contained in MAX(u)) for arbitrarily small values of ¢. This is in contradiction with what
we have just proven, hence such singularities cannot exist. This concludes our proof. O

n
(UO'Y)(t) = umaX - §umaxt2 + O-(t) < umax - - |t|> CtQ S umax.
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Remark 3. The authors are deeply indebted to P. T. Chrusciel, who suggested the argument used
in Proposition 2.8 to rule out folding singularities.

Remark 4. We emphasize that in Proposition 2.8 we are not claiming any regularity of the
boundary of ¥, which in principle can be any stratified submanifold of dimension n — 2. However,
we will need Proposition 2.8 only in the study of the separating hypersurface of a 2-sided solution,
and it is clear that such hypersurface has empty boundary. In other words, Proposition 2.8 tells us
that the separating hypersurface of a 2-sided solution is €. In Section 7, starting from this, we
will refine the analysis to show that such hypersurface is actually €.

3. THE CYLINDRICAL ANSATZ

In Subsection 3.1 we will finally use the pseudo-radial function ¥ to set up our cylindrical ansatz.
More precisely, on a region N of our initial manifold, we will consider the new metric

)

= 3%
and we will also define a pseudo-affine function . The definitions are chosen in such a way that, if
(M, go, u) is isometric to the Schwarzschild—de Sitter solution, then the metric g is just the standard
cylindrical metric and ¢ is an affine function, that is, the norm of Vi with respect to the metric g
is constant on M (here we have denoted by V the Levi-Civita connection of g). Conversely, the
general idea in the future proofs will be to find opportune conditions that force ¢ to be affine
and g to be cylindrical, thus proving the isometry with the Schwarzschild—de Sitter solution. The
highlight of this subsection is Proposition 3.1, where we will translate the equations in problem (1.6)
in terms of g and (.

In Subsection 3.2 we will analyze the level sets of ¢, and in particular we will write down the
relations between the mean curvature and second fundamental form of the level sets with respect
to go and g.

In Subsection 3.3 we will apply the Bochner formula and the equations of the conformal
reformulation of problem (1.6) written down in Proposition 3.1, in order to deduce an elliptic
inequality for the quantity
where 3 is a suitably chosen positive function. A Minimum Principle argument, together with
an estimate on the behavior of V|, near MAX(u) (which is provided by the reverse Lojasiewicz
inequality proved in Subsection 2.2) will allow us to prove that w is positive on our region N. This
will give us an important bound from above on the norm of the gradient of ¢, which will be of
great importance in the next sections.

As a first consequence of this bound on |Vlg, in Subsection 3.4 we will prove the monotonicity
along the level sets of u of the function ® defined in (3.28). From this we will deduce an area lower
bound for the boundary of our region V.

3.1. Conformal reformulation of the problem. Let (M, go,u) be a solution to problem (1.6),
and let N be a connected component of M \ MAX(u). As already observed, when (M, go,u) is the
Schwarzschild—de Sitter solution, the pseudo-radial function ¥ = v o u, defined by (2.3) or by (2.4)
depending on whether N is outer or inner, coincides with the radial coordinate |z|, provided the
parameter m in the definition of ¥ coincides with the virtual mass of V. As anticipated, we want
to proceed via a cylindrical ansatz, that is, on IN we consider the following conformal change
90

and we rephrase problem (1.6) in terms of g. We fix local coordinates in N and we compute the
relation between the Christoffel symbols I') 5, G 5 of g, go

1

T
FaB_Gaﬁ_w

(52059 + 5302% = (g0)as(90) "0, W ) . (3.2)
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Denote by V, A, the Levi-Civita connection and the Laplace-Beltrami operator of g. For every
z € €°°, we compute

V242 = D2z + — (a 2050 + 0, U3z — (Dz DU ) g° >) (3.3)

(8

Ayz = P*Az — (n —2)(Dz [DP) (3.4)

Substituting z = ¥ in formulee (3.3) and (3.4), and using the equations in (1.6) we compute
1
V20 = D20 + 7 (quf ® dU — |D\I/]2g0)

. 1 1 ' DY
—¢D2u+<.+n+ +nw>d\ll®d\ll—| s
u

uY (0 (0
] 2
= wyRic + <u1d.)+n;_1+n7ﬁ> dW@d\D—lejllgg—nuwzz/}g, (3.5)
AT = P> AT — (n — 2)y|DT|?
2 2

= Y2 Au + (Zﬂwnd’) DY

= —nuyp*y + 1 + — ! +n= | |V (3.6)
— 5t 2, ,

On the other hand, we know from [11, Theorem 1.159] that the Ricci tensors of gg and g are related
by the formula

. . -2 2(n—2 1 -3
Ric = Ric, — nTVQ\I/ + ("W,)dqf ® d¥ — (wAg\I/ + %yvmyﬁ) g
o m=2_, 2(n—2) : Yy Ve
= Rie = — =VA0 4+ = = dV @ Y + nqu/)—<n—2+ u+u¢)> = (3.7)
Substituting (3.7) in (3.5) we obtain
o [n=2 1], [2(r—=2) n 1 n—l—l]
Ricy = [w + WAV LG [wg + 2 + ENE + s d¥ ® d¥
: v 29 [V
n¢(¢uw)+<n2+ u+u¢> ng (3.8)

In order to simplify the above expressions, we notice that, a posteriori, in the rotationally symmetric
case we expect the equality [Dul? = (u/1))2, or equivalently \V\I/@ = (u1))?, to hold pointwise
on N. For this reason, it is convenient to introduce a function ¢ € €°°(N) which satisfies
|Vg0|2 |V\If| /(u))?, so that, a posteriori, we expect |V|, = 1 pointwise on N, that is, we expect
p to be an afﬁne function. Such a function ¢ can be defined in several ways. In fact, if ¢ is such a
function, also ¢ £ ¢, with ¢ € R, satisfies the same equality |Vp|, = 1. However, all these choices
are actually equivalent for our analysis, hence we will fix ¢ now, once and for all. We define the

pseudo-affine function p as
r4(m) dt
= ) 3.9
o) = | T (3.9)
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Despite the integrand has a singularity for ¢ = r4(m), the integral in (3.9) is finite. In fact, setting
s=1—1t>—2mt>", fixed n > [(n — 2)m]"/™, we have

+m) - gy 0 —ds
/,, ts  Jipomyrn 202[1 — (n — 2)mt—"]\/s

n

_ 1 /1’722""72‘ ds
~ 2?1 = (n = 2)mn~"] Jo

\/1—772—2771772_"
= — < o0.
n?[L — (n —2)mn~"]

B

The singularity of the integrand when ¢t = r_(m) can be handled in the same way. It follows that ¢
is well defined and smooth on N. However, a priori we do not know if the gradient of ¢ is bounded
when we approach MAX(u), because both the numerator and the denominator of formula (3.10)
below go to zero. This point will be addressed in Proposition 3.3, where we will show that |V|, is
bounded above by 1 on the whole N. Notice that the definition of ¢ is chosen in such a way that,
when N is outer and p € N, we have ¢ = 0 on ON. Instead, when N is inner and p € 9N, that is,
U(p) = r_(m), the function ¢ assumes its maximum value.

For future convenience, we also write down some formulae for the gradient and the hessian of ¢

ol = Dot = Lo ouf = - (’Z?S)/¢)n}27 .10
T s .
Vip = —v;f - @(“*:ﬁ)dwd“’

- —j;}/)DQu n ;f;muy?go _ nuf; (u+w) du @ du (3.12)

Combining equations (3.10), (3.12) with (3.6), (3.8), we arrive with some computations to a
conformal reformulation of system (1.6).

Proposition 3.1. Let (M, go,u) be a solution to problem (1.6), and let N be an outer or inner
region with virtual mass

m = p(N,go,u).
Let also W = 1) o u be the pseudo-radial function defined by (2.3) or (2.4), depending on whether N

is an outer or inner region, respectively. Then the metric g = go/W? and the pseudo-affine function
@ defined in (3.9) satisfy the following system of differential equations

. V]2 [ 2 (0 } -
Ric,=—|(n—2)u+ = |Vp—(n—2)dp@dp+ [(n —2)|Vy|? — (u— = |Ayp|g, in N,
o= =2t S|V — (= Do do + | (0= 2)[Tel} - (=) A )
Ago =np (1= |Vel?), in N,
with boundary conditions
(go =0 on ON,
r4(m) _ if N outer, 3.14
© = (o = / dt on NN MAX(U), Zf ourer ( )
ro(m) tV1 — 12 — 2mt2—n
( r4(m) dt
= Pmax = on ON,
rer /r (m) tV1—12 —2mt2—n , .
() p if N inner. (3.15)
r+(m t -
=g = on N N MAX(u),
(7 /m(m) VI 2 2mezn )
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Tracing the first equation of (3.13), one obtains

nubh — nip?

where Ry is the scalar curvature of g. In the cylindrical situation, which is the conformal counterpart
of the Schwarzschild-de Sitter solution, R4 has to be constant. In this case, the above formula
implies that also |[V¢|, has to be constant and equal to 1, as already anticipated. For these reasons,
also in the situation, where we do not know a priori if g is cylindrical, it is natural to think of Vi
as to a candidate splitting direction and to investigate under which conditions this is actually the
case. A first important observation is that the splitting is in force when ¢ is an affine function,
that is, when its hessian V2 and the quantity 1 —|V|, vanish everywhere in our region.

Proposition 3.2. Let (M, go,u) be a solution to problem (1.6), and let N be an outer or inner
region with virtual mass

m = M(Nagmu)'
Let ¥ = 1powu be the pseudo-radial function defined by (2.3) or (2.4), depending on whether N is an
outer or inner region, respectively. Finally, let g = go/V? and let o be the pseudo-affine function
defined by (3.9). If V2o =0 and |[Vy|, =1 on N, then (M, go,u) is isometric to a generalized
Schwarzschild—de Sitter solution (1.14) with mass m.

Proof. Let us suppose that N is an outer region, the inner case being completely equivalent.
Proceeding as in the proof of [2, Theorem 4.1], we obtain that ({0 < ¢ < ¢g}, g) is isometric to the
product

([0,00) x ON , dp @ dep + g™V,
where g2V is the metric induced by g on ON. From the first equation in (3.13) we deduce that
Ricjon = (n — 2)g?N. Recalling the definition of ¢ and the relation between g and go, we deduce

that gg is isometric to
dV @ d¥

= 4 p2g?N |
This proves that (IV, go,u) is isometric to the outer region of a generalized Schwarzschild-de Sitter
solution (M?, g, u®) defined by (1.14), where ¥ is the radial coordinate. It remains to prove that
this isometry between the outer regions extends to an isometry between the whole (M, go,u) and
the whole (M?, g5, u®). To this end, we distinguish two cases, depending on whether the (possibly
stratified) hypersurface Xy = N N M \ N C MAX(u) is orientable or not.

e Let us start by considering the case in which ¥y is an orientable hypersurface. Since M is
orientable by hypothesis, the hypersurface ¥ is orientable if and only if it is two sided,
meaning that any neighborhood of ¥y contains both points of N and points outside V.
Considering the corresponding chart in (M?, g, ©®), by analytic continuation we can extend
the isometry between (NN, go, u) and the outer region of (M?, g;, u®) to all the points in the
chart. That way, the isometry pass through ¥, and we can continue to argue chart by chart
until we finally cover all the manifold M, thus proving the global isometry of (M, go, u) and
(M?, g5, u®).

e If X is not orientable, this means that it is one sided, that is, every point of Xy has
a neighborhood that is entirely contained inside N. Therefore, it easily follows that
(M, go,u) = (N, go,u) is isometric to (Mi, g5, u®)/ ~, where ~ is a relation on the points of

MAX®(u) = {p € M* : u*(p) = Umax} C OM .
We first observe that this relation is induced by an involution
L s MAX®(u) — MAX®(u).

In fact, the neighborhood of a point 2 € MAX®(u) inside (M~ go) is isometric to an half
space R’} endowed with a metric such that the boundary OR’} is smooth. In order for the

manifold (Mi, go)/ ~ to be smooth at z it is necessary that there exists exactly one point
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t(z) € MAX?®(u), t~(z) # x, such that x ~ ¢ (x). Moreover, ¢, has to be continuous and
to reverse the orientation. It is also clear that ¢2 is the identity, so that ¢~ is indeed an
involution.

We now notice that the mean curvature vector H of the hypersurface MAX® (u) has
constant nonzero norm and it always points outside M7 on the whole MAX?®(u), hence

the same holds on MAX®(u)/ ~. In particular, at the points z and ¢ (z) the vector H
points outside M7 . Therefore, in a chart centered at x = ¢+ (z) in the quotient manifold we

would have that H points in one direction according to the measure at =, and points in the
opposite direction if measured at ¢ (x), which means that the mean curvature of ¥ at x is
not well defined. Since the same reasoning can be repeated at each point z € 3, we would
have that the mean curvature in nowhere defined on X, against the fact that we know that
Yn = MAX(u) is a stratified hypersurface, so that in particular it is smooth .77~ !-almost
everywhere. We have reached a contradiction, hence Yy is necessarily oriented and the
first case applies.

This concludes the proof. ]

3.2. The geometry of the level sets. In the forthcoming analysis a crucial role is played by
the study of the geometry of the level sets of ¢, which coincide with the level sets of u in N, by
definition. Hence, we pass now to describe the second fundamental form and the mean curvature of
the regular level sets of ¢ (or equivalently of u) in both the original Riemannian context (N, go)
and the conformally related one (N,g). To this aim, we fix a regular level set {¢ = so} and
we construct a suitable set of coordinates in a neighborhood of it. Note that {¢ = s} must be
compact, by the properness of . In particular, there exists a real number § > 0 such that in
the tubular neighborhood Us = {sp — 0 < ¢ < so + ¢} we have |Vg|, > 0 so that U is foliated
by regular level sets of ¢. As a consequence, Us is diffeomorphic to (so — d,s0 + J) x {¢ = so}
and the function ¢ can be regarded as a coordinate in Us. Thus, one can choose a local system
of coordinates {p,¥%,...., 971}, where {9%....,9""1} are local coordinates on {¢ = sg}. In such a
system, the metric g can be written as

_ dp®dyp
Vel
where the latin indices vary between 1 and n — 1. We now fix in Us the g-unit vector field

vg = —V/|Ve|s. We also define v as the go-unit vector field that points in the same direction as
vy at every point, that is

+ gij (p, 9., 9" A @ dY

_J—Du/|Du|, if N outer,

| Du/|Dul, if N inner.
We will denote by h and H the second fundamental form and mean curvature with respect to the
metric gg and the normal v. We will denote by h, and H, the second fundamental form and mean

curvature with respect to the metric g and the normal v,. According to these choices, the second
fundamental forms of the level sets of u or ¢ are given by

Diju if N out
- i outer
D ) ) VZQ
hg(.)) = 2| ul Eg) = Tu?® , for i,j=1,..,n—1 (3.17)
J DZ]u . . J |VQO|g
—_—, if N inner,
[Dul

Taking the traces of the above expressions with respect to the induced metrics we obtain the
following expressions for the mean curvatures in the two ambients

Au  D?u(Du,Du)
Tl T Dup
Au  D?u(Du, Du)
Dul  [DufF

if N outer,
Ao VEp(Ve, V)

H= -
’v90|g ’V‘P@

H, = (3.18)

if V inner,
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Taking into account expressions (3.10), (3.12), one can show that the second fundamental forms
are related by

Lo ¥l 0
n = . hY — 42 IPu 9. (3.19)
The analogous formula for the mean curvatures reads
Hy = oH — (n—1)[¢)| |Dul (3.20)

Concerning the nonregular level sets of ¢, we first observe that, since u is analytic on M
(see [21, 56]), then ¢ is analytic on the whole N. As anticipated in Subsection 1.1, it follows from
the results in [42] (see also [38, Theorem 6.3.3]) that there exists an hypersurface S C Crit(y) such
that 27"~ 1(Crit(p) \ S) = 0. In particular, the (n — 1)-dimensional Hausdorff measure of the level
sets of ¢ is locally finite. Moreover, the unit normal to a level set is well-defined #"!-almost
everywhere, and so are the second fundamental form h, and the mean curvature H,. We now
compute the relation between hy, H, and h,H at a point yg € S. Let v,v, be the unit normal
vector fields to S at yo with respect to go, g respectively. Since \I/g\g =1 = |v]? = ¢? |V|§,
we deduce that v, = ¢v. Let (0/0x',...,8/02" ) be a basis of T},9, so that in particular
(0/0xt,...,0/02" 1, v,) is a basis of T,y M. Recalling (3.2) and observing that the derivatives of
u and V¥ in yo are all zero since yo € Crit(p) = Crit(u), we have

(9) _ .i) -G = .i) L N A NS ()

hij” = <v18:1:j Vg>g =T =Gy = <D28:L‘j Vg>g R <D26:L'j V> N ?/’h” '
Taking the trace we obtain H, = ¢H. This proves that formulae (3.19) and (3.20) hold also at any
point yo € S, so that in particular they hold #"!-almost everywhere on any level set.

3.3. Consequences of the Bochner formula. Starting from the Bochner formula and using the
equations in (3.13), we find

Ay Vely = 2[V2plg + 2Ricg(Vep, Vi) + 2(VAgp | Vi)
P . .
= 2|V%2 — |(n —2)u+ vl 20| (VIVels | Vg — 2|(n+ Du+npg| [Vels Age. (3.21)
We will use (3.21) to compute the laplacian of the function

u

i
The function f is smooth in N. We will denote by 3’ the derivative of S with respect to , more
precisely, 3’ € €°°(N) is the function that satisfies V3 = V. One computes

w:ﬁ(l_ ’v90|§) ) Whereﬁ:;/;z‘l_ (n_2)m¢—n‘ :¢2

g/ = n¢y + (n— 2u, (3.22)
Vw = —BV|V§0|§ + Bﬂ/ngo. (3.23)
In order to compute the laplacian of w, we take the divergence of (3.23)
B B\’ / g
Bgw = S (BVIVGL V), — B2 IVel; + () wl Vel + 5 (Vu| iy + Zuwdyg
and using formula (3.21) we obtain
P I e B 1)l B P (B oui
Agw = =28 ||[V7¢l; " (n—2)u+ J + 2nap 25 (Vw|Vp)g + nyp 5 2) |w
+ [(é) - (g)Q + ((n —2)u+ i + nW) 5/ 4 2n(n + Dudd + 2n(n + 1)¢2¢2} V|2

< [(n — 2)u — @ﬂ (Vw| V) +n(n — 2)mip* " [(n — 2) + (n+ 2)| V|2 w . (3.24)
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In particular, w satisfies an elliptic inequality on our connected component N and, as a consequence
of the Minimum Principle, we obtain the following relevant bound on the gradient of the pseudo-affine
function .

Proposition 3.3. Let (M, go,u) be a solution to problem (1.6) and let N C M \ MAX(u) be an
outer or inner region with virtual mass m = u(N, go,u). Let also g, be defined by (3.1), (3.9).
Then it holds

Velg <1, (3.25)
on the whole N. Moreover, if [V|, =1 at a point in the interior of N, then |Vyls =1 on the
whole N and (M, go,u) is isometric to a generalized Schwarzschild-de Sitter solution (1.14) with
mass m.

Proof. We recall from (3.10) that it holds
Dyl

Vel = T
= (ro(m)/¥)"|
therefore, from Lemma 2.2 we deduce that w > 0 on ON. On the other hand, from the definition
of w, we compute

u

Y
Since 3 goes to 0 as we approach MAX(u), and also 1/}]Du|2 goes to 0 by Lemma 2.5, we have w — 0
as we approach MAX(u). We also recall that ¢, g, thus also w, are analytic in the interior of N.
As observed in Subsection 1.1, this implies that the critical level sets of w are discrete. Therefore
there exists 7 > 0 such that any 0 < ¢ < 7 is a regular values for w. In particular, the set

Ne = {lw| = &}
has a smooth boundary. Since we have already observed that w — 0 as we approach 0N and
MAX(u), we have that IV, is a compact domain contained in the interior of N. In particular, the

coefficients of the elliptic inequality (3.24) are bounded in N, and we can apply the Weak Minimum
Principle (see for instance [28, Corollary 3.2]) to deduce that

w = B~ [Vol2) = ¥ 2 o,

minw > minw > —¢, (3.26)

e ONe
where in the latter inequality we have used the fact that the boundary of N. is contained in
{w = e} U{w = —¢}. Since inequality (3.26) holds for all 0 < € < 7, taking the limit as ¢ — 0 we
obtain w > 0 on the whole N, and (3.25) follows.

Now we pass to the proof of the second part of the statement. Let x be a point in the interior of
N such that |Vy|,(z) = 1. In particular it holds w(x) = 0 and we have proved above that w > 0
on the whole N. Applying the Strong Minimum Principle on an open set €2 containing x, we obtain
w = 0, or equivalently |V¢|, =1, on 2. From the arbitrariness of Q we deduce |Vp|, =1 on N,
and plugging this information inside the Bochner formula (3.21), we obtain [VZp|, = 0. We can
now invoke Proposition 3.2 to conclude. U

Remark 5. Proposition 3.3 should be compared with [10, Proposition 1], where an analogous
result is obtained for a vast class of static perfect fluid solutions. The proof in [10] is based on the
application of the Mazximum Principle to an elliptic inequality which seems to be closely related to
the one used in our proof.

Remark 6. Translating the thesis of Proposition 3.3 back in terms of u, gy, we have that ¢\Du| 18
bounded in N, and recalling formula (2.8), we deduce that the quantity |Du|?/(umax — u) is bounded
on N. In particular, for any p € N N MAX(u) there exists a collar neighborhood p € Q, C N and a
constant K, such that

DuP () < Kp tmas — ula)] (3.27)
for any x € Q,. The same proof can be repeated on each inner and outer region, and a similar result
will also be shown for cylindrical regions, see Proposition 8.2. It follows from these considerations
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that inequality (3.27) is always in force in a neighborhood of any p € MAX(u). This is an
improvement of Proposition 2.3 proved above.

3.4. Area lower bound. In this subsection, we will study the function
B(s) = / Veol, do, . (3.28)
{p=s}

which is defined on s € [0, pg) or s € (0, Pmax] depending on whether maxyy |Du|/umax is less or
greater than /n, respectively. As an application of Proposition 3.3, one can prove the following
monotonicity result for ®.

Proposition 3.4. Let (M, go,u) be a solution to problem (1.6), let N be a connected component
of M\ MAX (u) with virtual mass m < Mmmax, and let ®(s) be the function defined by (3.28), with
respect to the metric g and the pseudo-affine function ¢ defined by (3.1), (3.9).

(i) If N is an outer region, then the function ®(s), defined for s € [0,¢p), is monotonically
nonincreasing. Moreover, if ®(s1) = ®(s2) for two different values 0 < s1 < s3 < g, then
the triple (M, go,u) is isometric to a generalized Schwarzschild—de Sitter triple (1.14) with
mass m.

(ii) If N is an inner region, then the function ®(s), defined for s € (@0, Pmax), is monotonically
nondecreasing. Moreover, if ®(s1) = ®(s2) for two different values po < s1 < $2 < Pmax,
then the solution (M, go,u) is isometric a generalized Schwarzschild—de Sitter triple (1.14)
with mass m.

Proof. Consider the case N outer, that is, maxgy |Du|/umax < y/n. In particular, the determination
of 9 is (2.3), ¢ € [0,¢0), ¥ <0 and Ay < 0 (this last inequality is a consequence of the second
equation of system (3.13) and of Proposition 3.3). Integrating Agp <0 in {51 < ¢ < s} for any
0 <51 < 892 < g, we get

Agpdo, < 0. (3.29)
{s1<p<s2}

Applying the Divergence Theorem to inequality (3.29), we easily obtain ®(sy) < ®(sq), therefore ®
is nonincreasing. To prove the rigidity statement, we observe that, if the equality ®(s1) = P(s2)
holds for some 0 < s1 < 53 < g, then Agp =0 on {s1 < ¢ < s2}, hence by the analyticity of ¢
we deduce Agp =0 on N. Recalling the definition of Ay, this in turn implies V|, =1 on N.
Substituting this information in the Bochner formula (3.21) we obtain |V2p|, = 0, hence we can
apply Proposition 3.2 to conclude.

If instead N is an inner region, that is, maxgy |Du|/tumax > /1, then ¢ is as in (2.4), ¢ €
(0, Pmax) and Agp > 0. Proceeding in the same way as above, we obtain the opposite monotonicity
for ®. The rigidity statement is proved in the same way as in the preceding case. U

If the limit of ®(s) exists as s — g, then this limit is finite since |V¢|4 is bounded (this is a
consequence of Proposition 3.3) and the level sets are compact. Therefore, from the monotonicity
of ® we can deduce the following global monotonicity property.

Corollary 3.5. Let (M, go,u) be a solution to problem (1.6), let N be a connected component
of M\ MAX(u) with virtual mass m < Mmmax, and let g and ¢ be defined by (3.1), (3.9). Let

Ynv = NN M\ N be the possibly stratified hypersurface separating N from the rest of the manifold
M. Then

Xnlg < [ON]g. (3.30)

Moreover, if the equality holds, then (M, go,u) is isometric to a generalized Schwarzschild—de Sitter
triple (1.14) with mass m.
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Proof. If N is outer, then we know that the function ®(s), defined for 0 < ¢ < ¢, is monotonically
nonincreasing by Proposition 3.4, hence lim,_,,, ®(s) < ®(0). Moreover, from Lemma 2.2, we know
that [Vp|, <1 on ON, thus ®(0) < [, dog = |dN|,. This proves the following

ON|, > 1 Vol|,do, .
| lg > Si)rgo {@:s}‘ ¢lgdoyg

It remains to show that the right hand side is greater than or equal to |Xx|s. To this end, for a
small value € > 0, consider a set S; C X such that |S.|; < e and X \ S: is contained in the top
stratum of ¥ . From Proposition 2.7 and formula (3.10) we know that g, o are €2 and

|[Du/?
— — 1
$2 [1 = (ro(m)/9)"]
as we approach the top stratum of ¥ . In particular, for every value s close enough to g, the flow

of Vy gives a diffeomorphism between ¥y \ S and an open subset Vs C {¢ = s}. Therefore, from
the continuity of g and |Vy|,, we get

. ST _ '
slig?lo {o=s} |V<,0|g dO'g - sligp}o /Vs |v90|g ng ’ZN \ S€|g

Vel2 =

Taking the limit as € — 0 we obtain the wished inequality. The case IV inner is proved in the exact
same way. 0

Recalling the definition of g, if we rewrite formula (3.30) in terms of gg, we obtain
o (m) n—1
|ON] = XNl
ro(m)

where the sign + depends on whether N is outer or inner. This proves Theorem 1.6, stated in the
introduction, except for the case where N is a cylindrical region, which will be studied in Section 8.

4. INTEGRAL IDENTITIES

In this section we use the pseudo-affine function ¢ in order to construct a vector field with a
nonnegative divergence. As an application of the Divergence Theorem, we will then deduce a couple
of important integral identities. In particular, in Propositions 4.1 and 4.2 we show two functions
that give a nonnegative value when integrated along any level set of ¢. Moreover, the integral on a
level set is zero only in the case of the Schwarzschild—de Sitter solution.

The analysis of the case where IV is an outer region and the case where N is an inner region
are slightly different. The outer case will be studied in Subsection 4.1 and the inner case will be
studied in Subsection 4.2.

4.1. Integral identities in the outer regions. We start by considering the case where IV is an
outer region, that is, in this subsection we will suppose

D
max k(S) = max Dyl
Semp(ON) ON Umax

< Vn,
and the pseudo-radial function W = 1 o u is chosen as in (2.3). Consider the vector field
Y = V|Ve|Z + AgpVep.

From the Bochner formula (3.21) and the equations in (3.13) we compute
divy(Y) = AQ‘VSO’?] + divg(AgpVy)
P . .
= —|(n=2)u+ 5 3 | (Vo [V )g +21V20l5 + (8g9)* = 2n(n + 2)uyi)|V|g(1 — [Velg) .

Since
ugpyp = % <1;;> = %1 — (n — 2)myp "]
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is negative when the chosen determination of v is (2.3), we have

divg(Y) + |(n —2)u + Zj + 30| (VolY )y =

= 2|V%p[2 + (Agp)? — 2n(n + 2unp| V| 2(1 — [Vel2) > 0. (4.1)

Now consider the function

u2¢2n71 wQ(nJrl) 13
(notice that v > 0 when ¥ = o is as in (2.3)). We compute
/ 1/')3 d anfl 2,¢2n72¢ 2w2n71¢
7; _ W.i. [2“ e +(2n—1)" 5 — 32 p ]
2 2n—1 2,12n—2,] 2,12n—1,7
- _uwlénq [2uw1/‘}3 +(2n - 1)U 1/}1/’}3 Lo 3= w¢4 7/’]
¥ iy
— _2% —(2n—1 j _ %
= - n—1)u+ 3nyp + 3(n — 1)u+ 3=
Y Y
= (n—2)u+z+3mpd}.
Therefore, formula (4.1) rewrites as
divg (YY) = 7 [219%2 + (Ay9)? = 2n(n + utb|Vel2 (1 - [Vel2)| 2 0. (43)

Integrating (4.3) in N, we obtain the following proposition.

Proposition 4.1. Let (M, go,u) be a solution to problem (1.6), let N C M \ MAX(u) be an outer
region with virtual mass m = u(N, go,u), and let ¥, g and ¢ be defined by (2.3), (3.1) and (3.9).
For any 0 < s < g it holds

. 3
[ 196l [Ricy (v, = Sur )1 = 92)] o, =

1 1 .
= & [ 178+ 580 — nn+ DT~ V) dry < 0. (41
where C' = C(m,n) = ri" T (m)[1 — (n — 2)mr"(m)]? and v is the function defined by (4.2).
Moreover, if the equality

. 3
[ 196l [Ricyv,0) = Sur )1 = 1¥2)] a0, = 0, (@.5)

holds, then the solution (M, go,u) is isometric to a generalized Schwarzschild-de Sitter triple (1.14)
with mass m.

Proof. Let us recall from Subsection 1.1 that u is an analytic function. In particular, also ¢ is
analytic in the interior of IV, hence its critical level sets are discrete. It follows that we can choose
0 < s <8 < g, with s arbitrarily close to zero and S arbitrarily close to ¢o such that both s
and S are regular values for ¢. Integrating divy(7Y’) on {s < ¢ < S} and using the Divergence
Theorem we obtain

/ divy(vY)do, = /7(5)<Y‘ |vaf]g >gdag — /’7(8)<Y‘ |vajg

{s<p<S} {p=5} {p=s}

>gdag , (4.6)
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First of all, we notice that it holds

lim (S
5,7 {p=51 <

Y‘ > dog = 0. (4.7)

|V90|9

In fact, using formulae (3.10), (3.12) and (3.13) to translate the integrand in terms of u, go, we find

(VIVe|Z| V)

YIVely [2 szD(Vm vg) + Ag@]
2n i 2
= U;ZJ |Du [ —2D%u(v,v) — 25;} (n —1+n %Z”/}) Dul®* + n <1 — Q'Z)— |Du2> }

where v = Du/|Dul|, vy = Vo/|Vp|, = 9 v are the unit normals to {¢ = S}, which exist everywhere
because {¢ = S} is a regular level set. Since |Vg0|g (¢ /u?)|Dul? < 1 by Proposition 3.3, we
deduce that the limit of the term in square bracket as S — g (or equivalently u — Umax) iS
bounded from above. Therefore, in order to prove (4.7), it is enough to show that

< ‘ IVelg/g

lim |Du| do = 0.
t=17 Jiu= t}me

But this can be done proceeding exactly as in the proof of [13, Theorem 4.4], via a simple argument
using the coarea formula and the facts that (42 /u?)|Du|? < 1 and ¢ — +00 as % — Umax. Therefore,
taking the limit as S — ¢q of (4.6), we deduce

Y do, = —/ divy(vY)doy, < 0, (4.8)
/{eo=s} g "W|g> ’ (s<p<po) ’

where in the last inequality we have used (4.3). Now we compute the integral on the left hand side.
Using the equations in (3.13), we obtain

1 Vo \ _ ., Ve(Ve, Vo)
S =2 ey 2T
2 : u— (/) ) }
= |V — —R — — |A
o |~ g oy M) + (12025 g )
and taking the limit as s — 0, since u — 0, ¥ — r4(m) and 1/1 — 0, we get
. 2 .
iy 50 ], ot [ Rt v aoms e -0l ] - o

Moreover, recalling from (2.2) the relation between v, ¥ and u, we find

2
T U= on—1
p=s

= —lim {($*" 1= (n = my "2}

= — " (m)[1 — (n — 2)mr " (m))?. (4.10)

Taking the limit of (4.8) as s — 0 and using the information given by (4.9) and (4.10), we obtain
te desired inequality (4.4).

To prove the rigidity statement, we start by observing that, if the equality (4.5) holds, then
necessarily the right-hand side of (4.4) is null. In particular, V|, = 1 on N. Substituting this
information in the Bochner formula (3.21) we obtain |V2¢|, = 0, hence we can apply Proposition 3.2
to conclude. O
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4.2. Integral identities in the inner regions. In this subsection, we deal with the case in which
N is an inner region, that is,

and the pseudo-radial function ¥ = 1) o u is defined by (2.4). This case is slightly more complicated
than the outer one, and requires a generalization of the computations of the previous subsection.
Let

Y, = V|ch|§ + algpVo,

where a € R. From the Bochner formula (3.21) and the equations in (3.13) we compute

divy(Ya) + [(n —2)u + zi) + 3”@@74 (Vel|Ya)g =

. u
= 2\V2tp\§ + a(Agcp)Q + nap?e)? [n(a —(a+2)—-2(n+a+ 1)M |V<p\§(1 — ]ch|§) .
In order for the term 2|V2cp|§ + a(Ay¢p)? to be positive, we want o > —2/n. Recalling
U -n
— = —[1—(n—=2)my "],

Yy

we have

divg(Ya) + |(n—2)u+ Z + (a+ 2)%1/}] (Ve lYa)g =

= 2|V%p[2 + a(Agp)? + map?e? [n(na +2(a+1)—2(n+a+1)(n— 2)% IVel2(1—|Vel2).

(4.11)
The term in square brackets is positive if and only if
n
1
Vs g9 ntatl (4.12)
m (na+2)(a+1)

Since the term on the right hand side goes to zero as o — 0o, there exists an « big enough so that

™ (m) n+a+l
m Y T e

(4.13)

Notice that the value of « that satisfies (4.13) is greater than or equal to 1 (in fact, if we set a =1
in (4.12) we have ¢" > (n — 2)m, which is never satisfied on ). If we choose « as in (4.13), we

have that the square bracket above is positive for any ¢ € [r_(m), ((n — 2)m) Un]. In particular,
for that a we have

divy(Ya) 4+ |(n—2)u + Z + (a+ 2| (Ve |Ya )y > 0. (4.14)

on the whole N. Now we choose

ua—l—lwna—&—n—a wna+n+2

N = [1—(n—2)my~"]*" >0, (4.15)

¢a+2 U
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(notice that v > 0 when ¥ = ¢ ou is as in (2.4)). We compute

/ a2 o, natn—o a+1, noat+n—a—1,]
gl Y du ue u Y Y
Yy u 1/} dgp ¢a+2 wa.,_g
2, not+n—a,],
(e
¢o¢+3
B d}oﬂrl ua¢na+nfa ua+1wna+nfa71¢
- _ua¢na+n—a—1 (Oé + 1) ¢a+2 + (na +n— a) ¢a+2

-+

¢a+3

= —(a+ )Z—(na—}—n—a)u—i—(a—kQ)uww

= (a+1)z—(na+n—a)u+(a+2)mj)w—|—(a+2)(n—1)u+(a+2)

SRS

= (n—2)u+z+(a+2)nw¢.
From formulz (4.11), (4.14) we deduce
divg(7Ya) = 2|V2¢|2 + a(Agp)*+
+ np?? [n(na + 2)(a+1) = 2(n + a + 1) (n — 2) IVol2(1—|Ve|2) > 0. (4.16)

Integrating (4.16) on N, we obtain the following statement.

Proposition 4.2. Let (M, go,u) be a solution to problem (1.6), let N C M \ MAX(u) be an inner
region with virtual mass m = p(N, go,u), and let ¥, g and ¢ be defined by (2.3), (3.1) and (3.9).
For any 0 < s < g it holds

a+2

[Viplg [Ricg(vg,vg) = ——nrZ(m)(1 = |[Ve[7)| dog = — V207 + (Ag@ +
/8N [ } C/ {

+ Py (;n(na—i—Q)(a—&—l)—(n+a+1)(n—2>w )!W\g gso]dag <0, (417)

where a > 1 is the solution of equation (4.13), ~ is the function defined by (4.2) and C =
C(a,m,n) = r&a+1)n+1(m)[1 — (n — 2)mr=_"(m)]**tL. Moreover, if the equality

. o+ 2
[ 196l [Ricy ) — 2 )1 = (9 iy = 0. (418)

2
holds, then the solution (M, go,u) is isometric to a generalized Schwarzschild—de Sitter triple (1.14)
with mass m.

Proof. Let us recall from Subsection 1.1 that u is an analytic function. In particular, also ¢ is
analytic in the interior of IV, hence its critical level sets are discrete. It follows that we can choose
Yo < S < 8§ < Pmax, With S arbitrarily close to g and s arbitrarily close to @max such that both s
and S are regular values for ¢. Integrating divy(7Y,) on {S < ¢ < s} and using the Divergence
Theorem we obtain

/ divy(vYa)dog = /’Y(S)<Ya ‘ |vaf\g>gdag - /V(S)<Ya‘ |vaf|g >gdag, (4.19)

{S<p<s} {e=s} {p=5}
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First of all, with analogous computations to the ones employed in the proof of Proposition 4.1, we

obtain
lim W(S)/ <Ya‘&> doy =0.
S=0 {p=51 Velg /g

Therefore, taking the limit as S — g of (4.19), we deduce

Vi )
Y)Yy | =—— ) do :/ divy(vYy)do, > 0, 4.20
/{M Ol g )den = [ divGYaio, (4.20)

where in the last inequality we have used (4.16). Now we compute the integral on the left hand
side. Using the equations in (3.13), we obtain

2
l<Ya Ve > _ o Ve(Ve. Vo)
W IVely /g Vel

— Ve, [—

+ Ag‘PW‘P‘g

2 o u— (/) _>Ag@]’
(n—2)u+ (/1) (n = 2)u+ (/1)

and taking the limit as s — Quax, since u — 0, ¥ — r_(m) and ¥ — 0, we get

lim { (Yo yv;@lgu s

S—Pmax ’(Z}
= {1Vl |~ Ricy(vg,) + (o + 2mr_(m) (1 = V)| } - (@21)
{ [ (m)

lon

Ricy(vg,vg) + <a -

Moreover, recalling from (2.2) the relation between 1, ¢ and u, we find

lim (1/}7)'{@:8} — lim w(a-ﬁ-l)n-ﬁ-l)

ua—i—
S—(Pmax S—Pmax 1/')04-1-11/}04-‘1-1 I ,
p=s

— 1 (a+1)n+1 1— _9 —nja+1
Jim {v 1~ (n— 2)myp™"] }l{m}

= T )L = (0 — 2)mr=" (m)]* (4.22)

Taking the limit of (4.20) as s — @max and using (4.21) and (4.22), we obtain the desired
inequality (4.17).

The rigidity statement is proved in the same way as in Proposition 4.1. If the equality in (4.18)
holds, then necessarily the right hand side of (4.17) is null. In particular, |[Vg¢|, = 1 on N.
Substituting this information in the Bochner formula (3.21) we obtain |VZ¢p|, = 0, hence we can
apply Proposition 3.2 to conclude. O

5. AREA BOUNDS

Subsection 5.1 is devoted to the proof of the inequalities in Theorems 1.4 and 1.5 for outer and
inner regions. The proof of the corresponding rigidity statements will be discussed in Section 6,
whereas the cylindrical case will be addressed in Section 8. In Subsection 5.2 we will discuss some
area bounds for the hypersurface separating our region from the rest of the manifold. In particular,
we will recover Corollary 1.7.

5.1. Area bounds for the horizons. Let N be a connected component of M \ MAX(u), let
= (N, go,u) be its virtual mass and let S C ON be an horizon with maximum surface gravity.
We now follow [23] (see also [40, Section 4]) to prove area bounds for the horizon S. We start by
noticing that, if we define g, ¥, ¢ as usual with respect to the mass m, the definitions are chosen in
such a way that

2
Du _ [Duf(p)

2 — _—
Vebo) = o | @ = W)
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where W (t) is the constant value of [Du|? on the level set {u =t} N My of the Schwarzschild—de
Sitter solution, where of course the sign + depends on whether we are on an outer or inner region.
From Lemma 2.2 we have |[Vy|, = 1 on S, whereas Proposition 3.3 tells us that [Vy|, < 1 on
the whole N. In other words, we have |Du|? < W (u) on the whole N and the equality holds on S.
Let now p € S and 7 : [0,) — R be a geodesic such that v(0) = p and 7/(0) = v, where v is the

unit normal to S pointing inside N. Applying [5, (11)] in N we have

IDul? 0 y(s) = W(0) [1+ (Ric(v,v) —n)s* + O(s")]
-3) RS

= W(0) [1 + <n(n2) - 2) s% + (9(84)] , (5.1)

where in the second identity we have used the Gauss-Codazzi equation and the fact that the horizon
S is totally geodesic. Of course we can apply the same formula on the model solution, obtaining
the same expansion with R?M+ in place of R®. Since |Du|?> < W as observed above, necessarily we
have R® > R%M=_ In other words, we have proven the following;:

Theorem 5.1. Let (M, go,u) be a solution to problem (1.6), let N C M\ MAX(u) be a region with
virtual mass m = p(N, go,u). Let also S C ON be an horizon with mazimum surface gravity. Then

o If N is outer, it holds

R® > (n—1)(n—2)r%(m).
o If N is inner, it holds

R > (n—1)(n—2)r_%(m).

Integrating the inequalities in Theorem 5.1 on S, we obtain the following formula
/dea > r7%(m)|S]. (5.2)
sn—1mn-2) "~
This gives a particularly nice result in the case n = 3.
Theorem 5.2. Let (M, go, u) be a 3-dimensional solution to problem (1.6), and let N C M\MAX(u)

be a region with virtual mass m = u(N,go,u). Let also S C ON be an horizon with mazimum
surface gravity in N. Then S is diffeomorphic to S* and it holds

S| < dmri(m),
where the sign + depends on whether N is an outer or inner region.

Proof. Substituting n = 3 in inequality (5.2) and using the Gauss-Bonnet formula, we immediately
obtain

4m(S) = 272(m)|5].

In particular, x(S) has to be positive, hence S is necessarily a sphere and we obtain the thesis. [

5.2. Area bounds for the disconnecting hypersurface. Combining the results of this section
with Corollary 3.5, it is straightforward to obtain an area bound on the hypersurface Xy that
separates N from the rest of the manifold.

Theorem 5.3. Let (M, go,u) be a solution to problem (1.6), let N C M \ MAX(u) be a region of

M with connected boundary ON and with virtual mass m < Mpax. Let Xy = NNM \W be the
hypersurface separating N from the rest of the manifold M.

e If N is an outer region, then

R@N n—1
=l < ([ o) B, (53)
on (n—1)(n—2) i (m)
and, if the equality holds, then (M, go,u) is isometric to a generalized Schwarzschild—de
Sitter triple (1.14) with mass m.
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e If N is an inner region, then

ON n—1
o < ([ g ) . (5.4)
on (n—1)(n—2) =2 (m)
and, if the equality holds, then (M, go,u) is isometric to a generalized Schwarzschild—de
Sitter triple (1.14) with mass m.

Proof. Let us study the case where N is outer, the inner case being completely analogous. From
Corollary 3.5, recalling the definitions of g, ¢, we get

ro "(m)[Sn| = [Enlg < [ON]g = ri7"(m)[ON].
Now we conclude using formula (5.2). O

This result becomes particularly nice in dimension n = 3. Combining Theorem 5.2 with
Corollary 3.5 we immediately obtain Corollary 1.7, which we recall here for the reader’s convenience.

Corollary 5.4. Let (M, go,u) be a 3-dimensional solution to problem (1.6), let N C M \ MAX(u)

be a region with connected boundary ON and with virtual mass m < Muyax. Let Sy = NN M\ N
be the hypersurface separating N from the rest of the manifold M. Then

1Xn| < dmrd(m). (5.5)

Moreover, if the equality holds, then (M, go,u) is isometric to the Schwarzschild—de Sitter triple (1.9)
with mass m.

6. BALANCING INEQUALITIES AND RIGIDITY OF AREA BOUNDS

Here we translate the integral identities obtained in Section 4 in terms of v and gy. Some
computations will lead to the proof of the rigidity statements in Theorem 1.5 in the case where N
is outer (Theorem 6.3) and inner (Theorem 6.7). As a consequence of the Gauss-Bonnet formula
we will then deduce Theorem 1.4 (see Theorems 6.2 and 6.6). We will also prove some more general
statements, in the cases where N has more than one horizon.

6.1. Area bounds for outer regions. Here we focus on the case where our region NN is outer
and translate Proposition 4.1, proved in Subsection 4.1, in terms of u, gg. To do that, it is useful to
let A: 9N — (0,1] be the locally constant function defined for every € 9N by
[Dul

Al®) = on DU @)

(6.1)

Theorem 6.1. Let (M, go,u) be a solution to problem (1.6) and let N C M \ MAX(u) be an outer
region with virtual mass m = u(N, go,u). Then it holds

3do —RaN o) r2(m __n—4) — A% do ) r2(m
[ e < ([ Ay o) rtom PGy (404 a0) ).

where ROV is the scalar curvature of the metric induced by go on ON and A is the step function

defined in (6.1). Moreover, if the equality holds, then the solution (M, gg,u) is isometric to a
generalized Schwarzschild—de Sitter triple (1.14) with mass m.

Proof. Tt is enough to translate formula (4.4) in terms of v and gg, using the relations developed in
Subsection 3.1. In particular, let us notice that

2
Vel = Y IDuP,  and  max|Vel, = 1,
where the second identity follows from Lemma 2.2. Therefore

2
(%) max [Dul? = 1,
u“/ |lan ON



44 S. BORGHINI AND L. MAZZIERI

which in turn implies |ch|§ = |Dul?/ maxsy |[Dul>. Now we translate Ric,(vy,v,) in terms of
Ric(v, v), where v = Du/|Du| and vy = Vo/|Vp|, = ¥v are the unit normals to the level sets of u
with respect to gop and g. Recalling the equations in systems (1.6), (3.13), using also formula (3.12)
and the fact that ¢ — 0 as u — 0, we obtain that on N = {u = 0} N N it holds

Ricy(vg, vg) = — [(n ~u+t Z] V2(vg vg) — <u _ Z) Agp

2 2 )2
_ 1!}2])1”1(;/”/) + {(n 1)uz +n?/)2] %|DU’2 + map? <1 - 152|D“|2>
) | ‘9 , u ) ) 2 9
— ¥* |Ric(v,v) = n+n'5[Du +(nf1)w§|my +n | 1= 5Dyl
_elw « IDup
=9 [Rw(wv)ﬁn—l)wnww]

Substituting the above computations inside formula (4.4), and recalling that ¢) = r4(m) on ON
(because N is an outer region and 1 is defined as specified in (2.3)), we obtain

- IS & A _ID“)]
/|Du| |:R1C(V,V)+(TL 1)¢¢ <2n+(n 1)¢¢) (1 maxgy [Dul2 do > 0,

ON

where we recall that the equality holds if and only if the solution is isometric to the Schwarzschild—de
Sitter solution. Notice that the above formula is slightly imprecise, as, rigorously, the quantity
u/(y1)) is not defined on ON, because » — 0 as u — 0. However, from formula (2.2) that quantity

can be explicitated as
u

— =—-[1=-(n-2)myp™"],

Vi

which has a finite value on the boundary, as 1 = r4(m) on dN. Moreover, using the Gauss-Codazzi
equation we have 2Ric(v,v) = R — RN = n(n — 1) — RV, and substituting in the inequality above
we get

> —/aN IDu| [(n+2+2(n— 1)(n — 2)mr;"(m)) (1 - W” do .

maxgy |Dul?
Moreover, since . (m) satisfies 1 — 72 (m) — 2mr2""(m) = 0, we have
14+ 2mr"(m) = T_T_z(m),

hence the integral inequality above becomes

/aN A [Razv —(n—1)(n— 2)r12(m)] o >

> _/MA[((TLH) +2(n—1)(n— 2)mr;”(m)) (1- Aﬂ do .

where A is the function defined in (6.1). The thesis follows from this inequality with some
straightforward algebra. O

Notice that A <1 on N by definition, hence for n > 4 Theorem 6.1 gives the following formula

/aNA3 do = (/aNA m_li;(];_z) dU) r2 (m).

Instead, in dimension n = 3, we can make Theorem 6.1 more explicit by means of the Gauss-
Bonnet formula.
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Theorem 6.2. Let (M, go, u) be a 3-dimensional solution to problem (1.6) and let N C M \MAX(u)
be an outer region with virtual mass m = u(N, go,u). Then

Lol (2)" - o1 (5)) s

2
P < 4mri(m)
i=0 i
where ON = So U ---U S, and ko > --- > K, are the surface gravities of So,...,Sp. Moreover, if

the equality holds then ON is connected and (M, go,u) is isometric to the Schwarzschild—de Sitter
solution with mass m.

Proof. For n = 3, the formula in Corollary 6.1 rewrites as

zp;/s Ki [RSi —2r 3 (m) + [5 + 4mr*(m)] (1 - ’;)] do > 0.

0

Since 1 — 72 (m) — 2mr;'(m) = 0 by definition, we compute 5 + 4mr;*(m) = 3 + 2r;*(m).
Moreover, from the Gauss-Bonnet formula, we have | s; R%do = 4nx(S;) for all i = 0,...,p.
From [5, Theorem B], we also know that each S; is diffeomorphic to a sphere, hence x(S;) = 2.
Substituting these pieces of information inside the above formula, with some manipulations we
arrive to the thesis. O

The local formula proven in Theorem 6.2 may be compared with Theorem 1.8 by Ambrozio [5].
Although our result has the virtue of being sharp for the Schwarzschild—de Sitter solutions, the
formula that we obtain is much more cumbersome. On the other hand, our results become
particularly nice when the boundary 0N is connected. In fact, in this case, the constancy of the
quantity |Du| on the whole boundary allows to obtain the following stronger results.

Corollary 6.3. Let (M, go,u) be a solution to problem (1.6) and let N C M \ MAX(u) be an outer
region with virtual mass m. If ON is connected, then it holds

v < ([ G ) i

Moreover, if the equality is fulfilled, then the solution (M, go,u) is isometric to a generalized
Schwarzschild-de Sitter triple (1.14) with mass m.

Proof. The result is an immediate consequence of Corollary 6.1 and the fact that |Du| is constant
on ON. 0

Theorem 6.4. Let (M, go, u) be a 3-dimensional solution to problem (1.6) and let N C M \MAX(u)
be an outer region with virtual mass m. If ON is connected, then ON is diffeomorphic to S* and it
holds

|ON| < 4773 (m).
Moreover, if the equality holds, then the solution (M, go,u) is isometric to the Schwarzschild—de
Sitter triple (1.9) with mass m.
Proof. Substituting n = 3 in Corollary 6.3 and using the Gauss-Bonnet formula, we immediately
obtain
Ax(ON) > 2r*(m)|ON].

In particular, x(0N) has to be positive, hence ON is necessarily a sphere and we obtain the
thesis. 0
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6.2. Area bounds for inner regions. Here we proceed as in Subsection 6.1 to prove analogous
integral identities when N is an inner region.

Theorem 6.5. Let (M, go,u) be a solution to problem (1.6) and let N C M \ MAX(u) be an inner
region with virtual mass m = p(N, go,u). Then it holds
ON _
Ado < ( ARda) w2 (m) — An=(@t3) </ A (1- A?) da> r2 (m) .
ON on (n—1)(n—2) (n—1)(n—2) \Jon

where RN is the scalar curvature of the metric induced by go on ON, o > 1 is the solution of (4.13)
and A is the step function defined in (6.1). Moreover, if the equality holds, then the solution
(M, go,u) is isometric to a generalized Schwarzschild-de Sitter triple (1.14) with mass m.

Proof. As in the proof of Corollary 6.1, it is enough to translate formula (4.17) in terms of u and

go, using the relations developed in Subsection 3.1. Again one starts by noticing that

ZZ.)Q 2
Vo|2 = — [Dul?, d  max|Vey|, = 1,
IVely = -z Dl an nax [Vl
where the second identity follows from Lemma 2.2. In particular we have

2
(%) max |Dul® = 1,
uc/lan ON

which in turn implies V|2 = |[Du|?/ maxgy [Du|?. Translating also Ricy in terms of Ric, with
similar computations to the ones done in the proof of Corollary 6.1, from formula (4.4) we obtain

) u a+2 u |Du|?
/|Du|[—Rlc(y,y)—(n—1)W+< 5 n+(n—1)W> <1_ma>@N’DU\2>]dUZO’
ON

where we recall that the equality holds if and only if the solution is isometric to the Schwarzschild—de
Sitter solution). We remark that the above formula is not completely rigorous, as the quantity
u/ (1) is not defined on N, because 1) — 0 as u — 0. However, from formula (2.2) that quantity
can be explicitated as

A 1= (n-2)my " ,

o = - (= 2me]
which has a finite value on the boundary, as ¥» = r_(m) on ON (because N is an inner region
and 1 is defined as specified in (2.4)). Moreover, using the Gauss-Codazzi equation we have
2Ric(v,v) = R — RN = n(n — 1) — RV, hence we can rewrite the above inequality as

/ |Dul [RBN —(n—1)(n—2)(1+2mr_"(m))| do >
ON

> —/aN [(an+2+2(n— 1)(n — 2)mr:"(m)> (1 - I%” do .

We also recall that r_(m) satisfies 1 — 72 (m) — 2mr?~"(m) = 0, hence we easily compute
1+ 2mr="(m) = r=%(m).

Substituting in the integral inequality above we obtain
/ A[RaN = 1)(n— 2)r:2(m)] do >
ON

> /BN [((om £2) +2(n— 1)(n — 2)mr"(m)) (1 - 4%) ] do |

where A is the step function defined in (6.1). The thesis follows with some easy algebra. U
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Since A <1 on N by definition, for n > 4 Theorem 6.5 gives the following formula

RBN
Addo < < Ado’) r2 (m).
ON on (n—1)(n—2)

Concerning dimension n = 3, the above result can be made more explicit using the Gauss-Bonnet
formula.

Theorem 6.6. Let (M, go, u) be a 3-dimensional solution to problem (1.6) and let N C M \MAX(u)
be an inner region with virtual mass m = u(N, go,w). Then

2o [(2) - g0 (- (2))isd

p .
i=0 Vi

where o > 1 is the solution to equation (4.13), ON = SyU---US, and kg > --- > K, are the

surface gravities of So,...,Sp. Moreover, if the equality holds then ON is connected and (M, go,u)
s isometric to the Schwarzschild—de Sitter solution with mass m.

< 4mr? (m)

Proof. For n = 3, the formula in Corollary 6.5 rewrites as

P 2

Z/ Ki [RSZ' —2r2%(m) + (3o + 2 + 4mr=*(m)) (1 — ﬁ;)] do > 0.

i=0 7% "0
Since 1 — 72 (m) — 2mr =1 (m) = 0 by definition, we compute 3o 4+ 2 + 4mr=3(m) = 3a + 2r_2(m).
Moreover, from the Gauss-Bonnet formula, we have | s, R%do = 47nx(S;) for all i = 1,...,p.
From [5, Theorem B], we also know that each S; is diffeomorphic to a sphere, hence x(S;) = 2.
Substituting this information inside the above formula, with some manipulations we arrive to the

thesis. O

As in the outer case, when ON is connected, the constancy of the quantity |Du| on the whole
boundary allows to obtain stronger results.

Corollary 6.7. Let (M, go,u) be a solution to problem (1.6) and let N C M\ MAX(u) be an inner
region with virtual mass m. If ON is connected, then it holds

vl < ([ G o) o

Moreover, if the equality is fulfilled, then the solution (M, go,w) is isometric to a generalized
Schwarzschild—de Sitter triple (1.14) with mass m.

Proof. The result is an immediate consequence of Corollary 6.5 and the fact that |Du| is constant
on ON. g

Theorem 6.8. Let (M, go, u) be a 3-dimensional solution to problem (1.6) and let N € M \MAX(u)
be an inner region with virtual mass m. If ON is connected, then ON is diffeomorphic to S* and it
holds

|ON| < 47r? (m).

Moreover, if the equality holds, then the solution (M, go,u) is isometric to the Schwarzschild—de
Sitter triple (1.9) with mass m.

Proof. Substituting n = 3 in Corollary 6.7 and using the Gauss-Bonnet formula, we immediately
obtain

47 (ON) > 2r=%(m)|ON].

In particular, x(0N) has to be positive, hence ON is necessarily a sphere and we obtain the
thesis. 0
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7. BLAcK HOLE UNIQUENESS THEOREM

In this section we will prove the Black Hole Uniqueness Theorem 1.9 stated in Subsection 1.5,
in the case where m4 < mpax. The case my = mpax requires a different analysis, as the model
solution will be the Nariai triple (1.11), and it will be studied in Section 8. The hypothesis
my < Mmax allows us to use the metric g and the functions ¥, ¢ defined in the previous sections by
formulee (3.1), (2.1), (3.9). We recall the definitions here, for the reader convenience. The function
W = 9 ou is defined as

U: M — [r_(m),r+(m)]

Yi(u(p)) ifpe My,
Y_(u(p)) ifpeM_,
ro(m) if p € MAX(u),

where we recall that ¢4 : My — [ri(m),ro(m)] and ¢_ : M_ — [ro(m),r_(m)] are defined
implicitly as the two determinations of the equation

uw? =1— % — 2myp> ™.

In turn, the metric g and the function ¢ are defined as

(o) = /7’+(m) dt
o= \Il(p) t\/l — t2 — 2mt2_”

_ 9o
g = @ .
We start by stating a lemma on the regularity of the pseudo-radial function along the hypersurface
separating the two regions M, and M_.

pr— Y(p):=

Lemma 7.1. Let (M, go,u) be a 2-sided solution to problem (1.6), let U be the global pseudo-radial
function defined by (2.5) with respect to a parameter m € [0, mmax) and let g, be defined by (3.1)
and (3.9). Then, at each point in the top stratum of ¥, we have that g, ¥ and ¢ are €> and that
[Velg = 1.

Proof. Proposition 2.7 tells us that W is €3 at each point of the top stratum of ¥.. The regularity
of g and ¢ follows immediately from their definition. Finally, recalling formula (2.15), we get
[Duf?
]Vg0|§ = - — = 1.
P2 [1 = (n—2)myp="]

This concludes the proof. O

Lemma 7.1 will play an important role in the proof of the following theorem. which will be a
crucial step in the proof of Theorem 1.9.

Theorem 7.2. Let (M, go,u) be a 3-dimensional 2-sided solution to problem (1.6), and let ¥ C
MAX(u) be the stratified hypersurface separating My and M_. Let also

m4 = /‘L(MJH g0, U) ) and m— = /‘L(M*a g0, U)
be the virtual masses of My and M_, respectively. Then
m_ < my.

Moreover, if my = m_ then X is a €°° hypersurface and it holds

H =2ym>* -3, (7.1)
ho=/m*® - 345, (7.2)
R® = 2m ;"% (7.3)

Ric(v,v) = 0, (7.4)
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where v is the gg-unit normal to X pointing towards My, H and h are the mean curvature and
second fundamental form of ¥ with respect to v, R” is the scalar curvature of the metric gOZ induced
on X by go.

Proof. If my = mp,x the first part of the statement is trivial, whereas the second part will be
proved in Section 8. Therefore, from now on we focus on the case my < mmpax. To prove the first
part of the statement let us suppose that my < m_ and then deduce from this a contradiction.
Fix a value m € [my, m_] and define the global pseudo-radial function ¥ = v o u with respect to
this parameter. We recall from Lemma 7.1 that the function ¥ is € in a neighborhood of the
points in the top stratum of . In turn, also the pseudo-affine function ¢ defined by (3.9) is €
in a neighborhood of 3, and so is the metric g = go/¥?. In particular, the scalar curvature Ry is
continuous, and from formula (3.16) we deduce that
. H 2 . N 2

g VA=Vl = lim (1= [Vely)
for every p in the top stratum of . As observed in Remark 2, following the proof of Lemma 2.2 it
is easily seen that, since m € [m4, m_], it holds

<1

|V80’g

B ‘ Du

(1 —my?)
on the whole boundary M = dM LU OM_. We can then apply the Minimum Principle to the
elliptic inequality (3.24) on My and M_, as we have done in Proposition 3.3. This proves that
|IVplg <1 on the whole M \ MAX(u). Furthermore, we recall that 1 has positive sign on M_ and
negative sign on M. Therefore ¢)(1 — |ch\§) has to change sign when passing through X, hence

. H . 2 _
lim (1~ [Vpl2) = 0

for every p in the top stratum of ¥. In particular, Agp = 0 and V|, = 1 on X. Moreover, |Vl has
a maximum on X, hence V|Ve|2 = 0 on X. In particular, V2p(vy, vy) = (Vo | V|V|2),/|Ve|2 = 0,
where v, = Vo /|Vyp|, = Vi is the g-unit normal vector field to X. At the points in the top stratum
of ¥, the mean curvature H, of ¥ with respect to g and the normal v, can be computed using
formulee (3.17) and (3.18). Using the fact that Ayp = VZp(vy,v,) = 0 on X, from (3.18) we deduce

H, = 0, (7.5)

on Y. Translating (7.5) in terms of gy using (3.20), and recalling that |Vg|, = [¢/u||Du| = 1 on
>, we obtain

H o= ot o T (7.6)

ro(m)
Notice that the formula for H depends on the parameter m, which can be chosen freely in the range
[m4,m_]. But this is a contradiction, as the value of H cannot vary depending on m but depends
only on the geometry of 3. This proves that m4 cannot be smaller than m_.

To prove the second part of the statement, let us define ¥, ¢, g with respect to the parameter
my = m_. We have already observed that ¥, and g are 4> in a neighborhood of the points of
the top stratum of 3. We also recall that, as computed above, on the top stratum of > we have
Agp = V2tp(1/g, vg) = Hy = 0. Now we choose a point p in the top stratum of ¥ and we consider an
embedding

Fy:B2 > M

such that Xy = Fy(B?) is contained in the top stratum of ¥. We know from Lemma 7.1 that
|[Vpl|g =1 at each point in the top stratum of . Given a small enough number € > 0 we can use

the gradient Vg to extend the map Fy to a cartesian product [—e, g] X B2, obtaining a new map

F:|-ee|x B2 M, (s6',6%) — F(s,0',6%),
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satisfying the initial value problem
dF Ve
ds [Vl

oF, F(0,-) = Fy().

It is not hard to check that o(F(s,0',0%) = o + s, so that, for all s € [—¢,¢], the image
Ys = F(s, B?) belongs to the level set {p = po+s}. Let us denote by C. the cylinder F([—¢, g] x B?).
Integrating Bochner’s formula on Cy, we obtain

1 :
[ 1926y = [ 580190 - Riey(Tp.Tp) = (7| Vgl | iy

1

= 2/ <V|V@‘Z|ng>gdag _/ Ricy(Vp, V)duy +/ (Ag@)zdﬂg _/ Agp(Ve |ng)gdaoy
oCe Ce 0C:

€

where ngy is the g-unit outward normal vector field to dC, and in the second equality we have
integrated by parts. We can rewrite the above formula as follows:

1 .
32 [ V3l = (8y0)° + Riey (V. Vo) ity =

1
== /86’ [<V|V<P|g2; Ing)g — 289(V|ng)e| dog. (7.7)

Let us study in more details the right hand side of this formula. First of all, we notice that the
integrand goes to zero as we approach 3. We also know that n, = V¢/|Vy|, on X, = F(s,ﬁ)
and n, = —Vy/|Vep|, on ¥_. = F(—¢, B%). Moreover, from the second equation in (3.13) it
follows that A, is positive on M_ and negative on M, so that in particular Agp > 0 on ¥, and
Agp < 0on X_.. Concerning the function <V|ch|3 | V)4, we first notice that it is differentiable
since ¢, g are 4. We now distinguish two cases: either its gradient V(V|V|2 | Vi), is zero in
p or it is not. If its gradient is zero, this means that the function <V|Vg0|§ | V)g goes to zero
at the first order as we approach p, which in turn implies that <V|Vg0\3 | V), = o(e). If instead
V(VIVel2| V)y(p) # 0, then up to restricting C. we can assume V(V|Ve|2 | V), # 0 on the
whole C;. This implies that inside C; the level sets of (V|V|2 | Vi), form a foliation of regular
hypersurfaces, the zero level set corresponding to ¥y. Since |V¢|, assumes its maximum value 1 on
Yo, it is easily seen that (V[Vg|2 | Vi)y <0 on M_ (in particular on ¥.) and (V|Ve|2| V), > 0
on M (in particular on X_.). In other words, we have (V|V¢|2|ng)y <0 on Xc and on X_.. In
particular, in both cases we have shown that the integrand on the right hand side over . UX_. is
bounded from above by a function going to zero faster than ¢ as we approach p. We also notice that
the #"!-measure of dC;s \ (X_. UX.) is of the order of e. Therefore, using the coarea formula on
the left hand side, equation (7.7) gives

1 /6 [/ 1 9 12 9 )
— \Y% - (A + Ricy(Vp,V))doy| ds < 0, 7.8
o || oo (IV%0]7 — (Age) s(V, Vo)) doy (7.8)

where § — 0 as € — 0. Since ¢ is €3, we can use the mean value property on the function

S —

5 ‘V(,O‘ (IVQQD‘_(Q] - (Ag(tp)g +Ricg(v% ch)) dag
s g

to deduce that there exists a value x € (—¢,¢) such that

1 .
/2 Vel (|V2<,0|§ - (Aggo)2 +R1cg(Vgo,V<p)) do, =
X

1 [¢ / 1 9 12 9 .
S Vepol|s — (Ayp)° + Ricy,(Vp, Vo)) do, | ds < 6.
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Recalling that A, = V2p(vy, v,) = 0 on ¥, from the first equation in (3.13) we find Ricy(vy, v4) = 0
on Y. Therefore, taking the limit as € — 0 of the above inequality, we get

/ V2|2 doy < 0.
o

It follows that V2¢ = 0 on X, which we recall is a neighborhood of p in ¥. Therefore, from
formula (3.19) we also deduce that hy = 0 at each point in the top stratum of ¥. Since the points
in the top stratum of 3 are dense in X, it follows that hy = 0 at each point where h, is well defined,
that is, at each point where ¥ is a 4 hypersurface. Since later we will show that X is €, a
posteriors we will have that hy, = 0 on the whole .

2/3

Substituting formula (7.6) in (3.19), we also find 0 = [hy|> = m? Ih|2. Therefore, h = 0 and it

follows

H
h= gy =vVm25-3g.

Now we pass to compute the scalar curvature of ¥. We have proven above that Ricy(vy,vy) =
|hy|g = Hy = 0 on the top stratum of X. Moreover, from (3.16) we have Ry = 2 on X. Therefore,
from the Gauss-Codazzi equation we find

R} = Ry — 2Ricy(vy,vg) — |hyl2 + HS = 2. (7.9)
Noticing that RE = mi/ 3 R>, where R” is the scalar curvature of the metric induced by gy on %,
from identity (7.9) we obtain

Y _ . —2/3p%n -2/3
R™ = m, Rg—2mJr .

Finally, recalling that D?u(v, v) = —3umax on %, we obtain
D2
Ric(v,v) = Dlu(v,v) + 3(v|v) = 0.
u

This concludes the proof of the formulee stated in Theorem 7.2.

It remains to show that, under the hypothesis m; = m_, the hypersurface 3 is necessarily €°.
We start by recalling from Proposition 2.8 that ¥ is a €' hypersurface, so that in particular its
unit normal vector is defined everywhere. Let us start by computing the derivative of the normal
vector v at a point p of the top stratum of ¥. Let v, X2, X3 be an orthonormal basis of T),M.
Differentiating the identity |v|? = 1 we deduce that

0= (Dyv|v),
0= (Dx,v|v) = (D, X;|v) = —(X;|Dyv), fori=23,

at each point in the top stratum of ¥. This shows that D,v = 0. Moreover, from our previous

computations we get
<DX,~V ‘ Xj> = h(Xi,Xj) =V m_2/3 — 35@' .

Now that we know the components of Dv on the top stratum, since the points in the top stratum
are dense in X, it is clear that the limit of Dv exists when we approach every point of X. It follows
that the normal vector is differentiable, that is, ¥ is €. Differentiating again the formulee

Dx,v|v) =0, (Dxv|X;)=+vVm23-3§;, and D,v =0,
i i J J

we easily get D?v = 0 on the top stratum. From this it follows that D*v = 0 on the top stratum
for every k > 2, hence the limit of all the derivatives of v exist when we approach every point of X.
This proves that the normal vector is smooth, which in turn implies that X is €. O

The next result follows combining Theorem 7.2 with Corollary 3.5, in order to obtain lower bound
on |BM+|
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Proposition 7.3. Let (M, go,u) be a 2-sided solution to problem (1.6), and let ¥ C MAX(u) be
the stratified hypersurface separating My and M_. Let also

my = p(My, go,u), m_ = pu(M-, go,u)
be the virtual masses of My and M_. Suppose my = m_ < Mmax. Then it holds

R> b)) OM
/da: |2/\3S !2 +!.
v 2 m r+(m+)

Moreover, if the equality holds in the latter inequality, then (M, go,u) is isometric to a generalized
Schwarzschild—de Sitter solution (1.14) with mass m4y =m_.

Proof. The proof is just a collection of the previous results. From formula (7.3), we get

Y
mi/?’/ Rlio = I3
v 2

We also recall that V|, — 1 as we approach ¥, as proven in Theorem 7.2 above. Therefore, from
Corollary 3.5 we deduce

Xy < |0Myy,
where we recall that the metric g is defined by g = go/W¥2. In particular, it holds
[OM.4 | R
|OM|g = 2 my) %y = —575-
+ + m_
Putting together these formulae we easily obtain the thesis. O

If we also assume the hypothesis that OM, is connected, we can use Corollary 6.3 to obtain a bound
from above on dM, . Combining this bound with the bound from below given by Proposition 7.3,
we obtain the chain of inequalities

2 oM,
[Wgpc il o, 0
s 2 ri(m4) oM, 2

Combining this inequality with the Gauss-Bonnet formula, we obtain the following uniqueness
theorem.

Theorem 7.4. Let (M, go,u) be a 3-dimensional 2-sided solution to problem (1.6), and let ¥ C
MAX(u) be the stratified hypersurface separating My and M_. Let also

my = ,U(M+,g0,u), m-— = ,LL(M,,go,U)
be the virtual masses of My and M_. If the following conditions are satisfied

e mass compatibility M4 = m— < Mmnax,

e connected cosmological horizon OM is connected,

then (M, go,u) is isometric to the Schwarzschild—de Sitter triple (1.9) with mass my = m_.

Proof. The chain of inequalities (7.10) tells us that

/dea g/ ROM+ 4o |
by M

and the equality holds if and only if (M, go,u) is isometric to the Schwarzschild-de Sitter solu-
tion (1.9). Applying the Gauss-Bonnet formula to both sides of the above inequality, we obtain

K
4y x(8i) < 4mx(OMy).
=1
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We recall from Theorem 6.4 that if M is connected then OM, is diffeomorphic to a sphere, hence
we get

k
> x(®) < 2, (7.11)
1=1

where X1, ..., X, are the connected components of ¥. Moreover, the equality holds in (7.11) if and
only if (M, go,u) is equivalent to the Schwarzschild—de Sitter solution.
On the other hand, from formula (7.3) we get

R = 2m.;*? >0,

hence

k
D () = /REdo > 0.
i=1 >

Since Y is a separating surface, X is necessarily orientable, therefore its FEuler characteristic is
necessarily an even number. Since x(2) > 0, it follows x(X) > 2. Therefore, the equality must hold
in (7.11) and this triggers the rigidity statement. O

8. THE CYLINDRICAL CASE

In this section we deal with the case where the virtual mass of a region N is equal to mpyax. We
notice that the metric and the static potential of the Schwarzschild-de Sitter solution (1.9) collapse
as the mass m approaches mmax. Nevertheless, it is well known (see for instance [29, 15, 16, 19])
that, if one rescales the static potential and the coordinates during the limit process in order to
avoid singularities, then the limit of the Schwarzschild-de Sitter solution as the mass m approaches
Mmax can be seen to be the Nariai triple (1.11). Therefore, in this section, the Nariai triple will
play the role of the reference model. While the following computations are different from the ones
shown in the preceding sections, the ideas and the conclusions will be analogue.

Normalization 2. According to the Nariai solution (1.11), throughout all this section, the static
potential u is normalized in such a way that umax := maxys(u) = 1.

8.1. Conformal reformulation. Let (M, go,u) be a solution to system (1.6), and let N be a
connected component of M \ MAX(u) such that maxgy |Du| = /n. On N, consider the metric

n
. 1
n_2% (8:1)

We want to reformulate problem (1.6) in terms of g.

g:

Remark 7. We notice that this conformal change is analogue to the conformal change (3.1) (in fact,
the value of the pseudo-radial function ¥ defined in Section 2.1 goes to \/(n —2)/n as m — Mmax ).
In this case, the conformal change (8.1) is just a rescaling of the metric, hence it is not really
necessary for the following analysis. However, we have preferred to introduce it, since it allows
for an easier comparison between the following computations and the ones shown in the previous
sections for m # Mmax-

We fix local coordinates in M and we denote by T') 5, G, 5 the Christoffel symbols of g, go. It
is clear that I') 5= G 5 Denote by V, A, the Levi-Civita connection and the Laplace-Beltrami
operator of g. For every z € €°°, we compute

n—2

Agz = - Az (8.3)

Moreover, since the Ricci tensor is invariant under rescaling, we have Ric, = Ric. Consider now

the function in(u)
arcsin(u

= —7 8.4

T 2 (84
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Since u is normalized in such a way that umax = 1, the function ¢ is well defined, is zero on N
and goes to 7/(2v/n — 2) when we approach MAX(u). Moreover, the gradient and hessian of ¢
satisfy the following identities

1 |Dul?
2—i
Velg = 12 (8.5)
1 Uu
Vip = D? ——du®dul . 8.6
Y= - B R BT R (8.6)

Some more calculations show that, with respect to (¢, g), the equations in (1.6) rewrites in N as

. m 2 i
Ric, = — = V2% — (n—2)dp®d -2 N

it = =g ¥ P~ (= Ddp@det(n—2)g, in
Agp =—vn —2tan(vn —2¢) (1 - |Vel2), in N (8.7)
o =0, on ON

™ i
@ =@ = m on NN MAX(U)

We observe that, since g is just a rescaling of gg, we have Ric, = Ric. In particular the scalar
curvature of g is constant and more precisely

Ry=(n—-1)(n—-2). (8.8)

We can also prove the analogue of Proposition 3.2.

Proposition 8.1. Let (M, go,u) be a solution to problem (1.6), and let N be a cylindrical region.
Let g = [n/(n — 2)]go and let ¢ be the pseudo-affine function defined by (8.4).
IfV2p =0 and |Vl, =1 on N, then (M, go,u) is covered by a generalized Nariai solution (1.15).

Proof. Proceeding as in the proof of Proposition 3.2 one shows that (N, go,u) is isometric to a
region (MY, gy, u™) of a Nariai solution (1.11), that we denote in this proof as (M", g5, u™). We

then distinguish two cases, depending on whether the hypersurface ¥y = N "1 MAX(u) is two-sided
or one-sided.

e If X is two sided, then one can proceed exactly as in Proposition 3.2 to prove that the
isometry extends beyond X . Therefore, (M, go, u) is isometric to the Nariai solution (1.11).

e If 3 is one sided then, reasoning as in Proposition 4.1, we have that (M, go,u) = (N, go,u)
is isometric to (Mz,gg, u™)/ ~, where ~ is a relation on the points of
MAX"(u) = {p € M™ : u"(p) = Umax} C OM .

induced by an involution of MAX"(u). Notice that MAX"(u), with the metric induced
by g, is isometric to an Einstein manifold (E, gg), hence the relation ~ gives rise to an
isometric involution ¢, : £ — E. But then one can check that

(M"i,gg,un)/ ~ = (anggvun)/L
where ¢ : M™ — M™ is the involution defined, for any (r,z) € [0,7] x E = M™, by
tryx) = (m—r(x)).

In particular, (M, g, u™)/ ~ is covered by the Nariai solution (1.11) with fiber E, and so
the same holds for our initial manifold (M, go,u) = (N, go,u).

This concludes the proof. O

Proceeding as in Subsection 3.2, from identity (8.6) one can also prove the following formulae for
the second fundamental form and mean curvature of a level set {p = s}

1 |Du| vVn—2 |Dul
vn —2 V1 —u? no V11— u?

hy [Vely = h, Hy [Velg = H. (8.9)
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Furthermore, starting from the Bochner formula and using the equations in (8.7), we find

— 1+ 2 tan?(yv/n — 2¢)
-2 tan(yv/n — 2 )
= 2|V20[2 — 2(n — 2) tan®*(Vn — 2¢) V|2 (1 — [Ve|2) . (8.10)

Let w = p(1 — |Vg0\§), where 8 = cos(v/n —2¢). With computations analogous to the ones
shown in Subsection 3.3, we arrive to the following equation

Vn —2
tan(yv/n — 2 @)

AVl — VIVl | V) =

Agw — (Ve |Vw) — (n—2) tan*(vVn —2¢) [(n+ 2)|V<p\§ +(n—-2)]w =

A 2
— —2 cos(vVn — 2¢) ||V2|% - (jf) < 0. (8.11)

In particular, we can apply a Minimum Principle to find the following analogue of Proposition 3.3.

Proposition 8.2. Let (M, go,u) be a solution to problem (1.6), let N be a connected component
of M\ MAX (u) with virtual mass m = mmax, and let g, ¢ be defined by, (8.1), (8.4). Then

WSD’!/ <1

on the whole N.
Moreover, if V|, = 1 at a point in the interior of N, then |Vl = 1 on the whole N and
(M, go,u) is isometric to a generalized Nariai solution (1.15).

Proof. The proof is completely analogue to the proof of Proposition 3.3 for the case m # mpyax, SO
we will not give all the details.

Since maxgy |Du| = /n, from (8.5) we deduce w > 0 on ON. Moreover, again from (8.5),
and Lemma 2.5, we have that w goes to zero as we approach MAX(u). In particular, since
cos(v/n —2¢) — 0 as ¢ — o, we have w — 0 as we approach MAX(u). In particular, for any
€ > 0 we can find a small neighborhood 2. of MAX(u) such that w > —e on 9(IV \ §2z). The thesis
follows applying the Minimum Principle in N \ €, and then letting ¢ and the volume of Q. go to
Zero.

Now we pass to the proof of the second part of the statement. Let = be a point in the interior of
N such that |[Vplg(z) = 1. In particular it holds w(z) = 0 and we have proved above that w > 0
on the whole N. Applying the Strong Minimum Principle on an open set €2 containing x, we obtain
w = 0, or equivalently |V¢|, =1, on 2. From the arbitrariness of Q we deduce |V¢|, =1 on N,
and plugging this information inside the Bochner formula (8.10), we obtain |V2p|, = 0. We can
now invoke Proposition 8.1 to conclude. O

Now we consider the function
B(s) = / V|, do, . (8.12)
{p=s}

which is defined on s € [0, o], where we recall that we have set ¢g = 7/(2v/n — 2). Proceeding as
in the proof of Proposition 3.4, as an application of Proposition 8.2 one can prove the following
monotonicity result for ®.

Proposition 8.3. Let (M, go,u) be a solution to problem (1.6), let N C M \ MAX(u) be a
cylindrical region, and let ®(s) be the function defined by (8.12), with respect to the metric g
and the pseudo-affine function ¢ defined by (8.1), (8.4). Then the function ®(s) is monotonically
nonincreasing. Moreover, if ®(s1) = ®(s2) for two different values 0 < s1 < s < g, then the
solution (M, go,u) is isometric to a generalized Nariai triple (1.15).

From Proposition 2.7 and formula (2.14) we also know that |V¢|, goes to 1 as we approach the
points where MAX(u) is an analytic hypersurface. Proceeding as in the proof of Corollary 3.5 we
obtain the following.
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Corollary 8.4. Let (M, go,u) be a solution to problem (1.6), let N C M\ MAX(u) be a cylindrical

region, and let g and o be defined by (8.1), (8.4). Let also Xy = NN M \ N be the hypersurface
separating N from the rest of the manifold M. Then

|8N|g = |2N|g-
Moreover, if the equality holds, then (M, go,u) is isometric to a generalized Nariai triple (1.15).

In order to make use of Corollary 8.4, we need some information on the set MAX(u) and on the
behavior of Vi at the limit ¢ — pg. In Section 8.4 we will see how to recover some more explicit
information from Corollary 8.4 in the case where our solution is 2-sided according to Definition 4.

8.2. Integral identities. Consider the vector field Y = V\Vgp]ﬁ + AypVp. Starting from the
Bochner formula (8.10), we easily compute

— 1+ 3tan?(vn — 2¢p)
2 tan(v/n — 2¢p)

divy(Y) — (VelY)y = 2’v290‘3 + (AgCP)Q > 0.

If we introduce the function

cos®(v/n — 2 ¢)

= —— 8.13
sin(v/n — 2 ) (8.13)

the identity above can be rewritten as
divg(vY) = v [2|V?0|2 + (Agp)*] > 0. (8.14)

As an application of the Divergence Theorem, we obtain the following result, which is the analogue
of Propositions 4.1 and 4.2.

Proposition 8.5. Let (M, go,u) be a solution to problem (1.6), let N C M \ MAX(u) be a
cylindrical region, and let g and ¢ be defined by (8.1) and (8.4). For any 0 < s < ¢q it holds

| 196l [Ricy(w.) = 300 - 201 (90| oy =
ON
— —\/n—Q/N'y [|V2¢|§+;(Agtp)2] < 0. (815)

where v is the function defined by (8.13). Moreover, if the equality

. 3
[ 196l [Ricy ) = 300~ 2301 = V62| o, = 0. (5.6

holds, then the solution (M, go,u) is covered by a generalized Nariai triple (1.15).

Proof. Let us recall from Subsection 1.1 that u is an analytic function. In particular, also ¢ is
analytic in the interior of IV, hence its critical level sets are discrete. It follows that we can choose
0 < s <8 < g, with s arbitrarily close to 0 and S arbitrarily close to ¢ such that both s and S
are regular values for ¢. Integrating divy(7Y’) on {s < ¢ < S} and using the Divergence Theorem
we obtain

: Ve Vo
/ divy(vY)doy = / ’Y(S)<Y‘ Vel >gdag - /7(3)<Y’ Vel >gdc7g, (8.17)
{S<p<s} {p=5} {p=5}

First of all, we notice that it holds

. Ve
1 S Y do, =0. 8.18
Jm ) [ (VG e (818)
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In fact, using formulee (8.5), (8.6) and (8.7) to translate the integrand in terms of u, go, we find

(VIV|2 | V)
> =7 < g J + Ag‘P|V‘P|g

Vel
‘vSf”g QV ©(Vg,vg) +A9‘P]

_ rﬁm y[ <D2 (v,1) + u2|Du]2> - <1 il’D_“Z';) }

where v = Du/|Dul,vy = V¢ /|V|s = \/(n — 2)/n v are the unit normals to {¢ = S} which exist
everywhere because {¢ = S} is a regular level set. Since [Vo|2 = (1/n)[Dul?/(1 — u?) < 1 by
Proposition 8.2, we deduce that the limit of the term in square bracket as S — ¢y (or equivalently
u — 1) is bounded from above. Therefore, in order to prove (8.18), it is enough to show that

< ‘ Vel

lim (1 —u?)|Dulde = 0.
u—1 {u=t}

But this can be done proceeding exactly as in the proof of [13, Theorem 4.4], via a simple argument
using the coarea formula and the fact that « — 1 and |[Du| — 0 (more precisely |Du|?/(1 — u?) is
bounded) as u — 1. Therefore, taking the limit as S — ¢p of (8.17), we deduce

Vo .
v(s)(Y dog, = —/ divy(vY)doy, < 0, (8.19)
/{w=s} < ’W|g>9 ! {s<p<go} © !

where in the last inequality we have used (8.14). Now we compute the integral on the left hand
side. Using the equations in (8.7), we obtain

! _ 1 VZe(Ve, Vo)
T | |wg> " tan(vi - 29) [ Vel +A9@W|g]
= |Veolg [\/% Ricy(vg,vg) — 3vVn—2 (1 — ]V(p@)} . (8.20)

Moreover, recalling the definition (8.13) of -, we find
1 — — 1 2 — —
ll_l’)% [tan(\/n 2¢) fy] lomss il_r)r(l) [cos (Vn—2 <p)] sy

Taking the limit of (8.19) as s — 0 and using (8.20) and (8.21), we obtain the desired inequal-
ity (8.15).

Concerning the rigidity statement, if the equality in (8.16) holds, then necessarily the right hand
side of (8.15) is null. In particular, [Vp|s =1 on N. Substituting this information in the Bochner
formula (8.10) we obtain [V2p|, = 0, hence we can apply Proposition 8.1 to conclude. O

(8.21)

8.3. Proof of the area bounds. The area bounds for cylindrical regions is proven in the exact
same way as in the outer and inner case discussed in Subsection 5.1. Namely, one compares
formula (5.1) with the gradient estimate proven in Proposition 8.2, obtaining that the scalar
curvature of ON is necessarily greater that or equal to the one of the sections of the Nariai solution.

Theorem 8.6. Let (M, go,u) be a solution to problem (1.6) of dimension n > 3, and let N C
M\ MAX(u) be a cylindrical region. Then

RN > n(n—1). (8.22)

We pass now to discuss the consequences of Proposition 8.5 proved above. First of all, translating
it in terms of u and gg, we obtain the following result.

Corollary 8.7. Let (M, go,u) be a solution to problem (1.6) and let N C M \ MAX(u) be a
cylindrical region. Then it holds

/ AR —nn ~1)+3n (1~ 4%)] do > 0,
ON
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where RPN is the scalar curvature of the metric induced by go on ON. Moreover, if the equality
holds, then the solution (M, go,u) is covered by a generalized Nariai triple (1.15).

Proof. Tt is enough to translate formula (8.15) in terms of v and g, using the relations developed
in Subsection 8.1. In particular, let us notice that
1 |Dul?

Velg =~ =5, and  max|Vel, =1,

where the second identity follows from Lemma 2.2. Therefore

1
—max |[Duf®> = 1,
n oN

which in turn implies [Ve|2 = [Du|?/ maxyy [Dul?. Since we have already observed that Ric, = Ric
and vy = \/(n — 2)/n v, from formula (8.15) we obtain
1 3 Dul?
/ |Du| | ——Ric(v,v) + - | 1 — % do > 0,
ON n 2 maxyy |Dul

where we remark that the equality holds if and only if the solution is covered by the Nariai triple.
Using the Gauss-Codazzi equation we have 2Ric(v,v) = R—RN = n(n—1) —RIN. Substituting
in the inequality above we easily obtain the thesis. 0

In dimension n = 3, the above formula can be made more explicit using the Gauss-Bonnet
formula.

Theorem 8.8. Let (M, go, u) be a 3-dimensional solution to problem (1.6) and let N C M \MAX(u)

be a cylindrical region. Then
P Ki 2 1 K 2
o () —30-(R))]mist
<

f:(] Ki - 3
where ON = So U ---U S, and ko > --- > K, are the surface gravities of So,...,Sp. Moreover, if

the equality holds then ON is connected and (M, go,u) is covered by the Nariai triple (1.11).

Proof. For n = 3, the formula in Corollary 8.7 rewrites as

p /€2
Z/ Ki [Rsi—6+9<1—;>] do > 0.
=075 "0

From the Gauss-Bonnet formula, we have [ RSdo = 47x(S;) for all i = 0,...,p. From [5,
Theorem B], we also know that each S; is diffeomorphic to a sphere, hence x(.S;) = 2. Substituting
these pieces of information inside formula above, with some manipulations we arrive to the thesis. [

In the case when ON is connected, the constancy of the quantity |Du| on the whole boundary
allows to obtain the following stronger results.

Corollary 8.9. Let (M, go,u) be a solution to problem (1.6) and let N C M \ MAX(u) be a
cylindrical region. If ON is connected, then it holds

/ R do > n(n —1)|ON].
ON

Moreover, if the equality holds, then the solution (M, go,u) is covered by a generalized Nariai
triple (1.15).

Proof. The result is an immediate consequence of Corollary 8.7 and the fact that |Du| is constant
on ON. 0
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Theorem 8.10. Let (M, go,u) be a 3-dimensional solution to problem (1.6) and let N C M \

MAX(u) be a cylindrical region. If ON is connected, then ON is diffeomorphic to S*> and it holds
4dm
ON| < —.
oN) < ¥

Moreover, if the equality holds, then the solution (M, go,u) is covered by the Nariai triple (1.11).

Proof. Substituting n = 3 in Corollary 8.9 and using the Gauss-Bonnet formula, we immediately
obtain

A7rx(ON) > 6|0N]|.
In particular, x(0N) has to be positive, hence ON is necessarily a sphere and we obtain the
thesis. O

We now pass to investigate the hypersurface ¥ that separates IV from the rest of the manifold.
Combining the results of this section with Corollary 8.4, it is straightforward to obtain the following
area bound.

Theorem 8.11. Let (M, go,u) be a solution to problem (1.6), let N be a cylindrical region with

smooth compact boundary ON. Let ¥y = NNM \ N be the possibly stratified hypersurface separating
N from the rest of the manifold M. Then
R@N

ISy| < l;JnOl—l)da’ (8.23)

and, if the equality holds, then (M, go,u) is covered by a generalized Nariai triple (1.15).

Proof. Let us study the case where N is outer, the inner case being completely analogous. From
Corollary 8.4, recalling the definitions of g, ¢, we get

n—1 n—1

n o\ 2 n o\ 2
(25) " Il = Il <l = (25) T low.

Now we conclude using Corollary 8.9. O

In particular, in dimension n = 3, applying Gauss Bonnet Theorem to the right hand side of
formula (8.23), we obtain the cylindrical case of Corollary 1.7, which we recall here for the reader’s
convenience.

Corollary 8.12. Let (M, go,u) be a 3-dimensional solution to problem (1.6), let N C M \ MAX(u)

be a cylindrical region with connected boundary ON. Let Xy = N N M \ N be the possibly stratified
hypersurface separating N from the rest of the manifold M. Then

XN < 35 (8.24)
Moreover, if the equality holds, then (M, go,u) is covered by a generalized Nariai triple (1.14).

8.4. Black Hole Uniqueness. In this section we will complete the proof of Theorem 1.9, started
in Theorem 7.4, by discussing the missing case m; = mmax. 10 this end, on M = M UM _ we
define the metric g as in (8.1), and the function ¢ as follows

arcsin(u)
T on M+ )
o= vn—Q'() (8.25)
7 — arcsin(u
————2 onM_.

vn—2
The function ¢ defined here is equal to 0 on M, it is equal to g = 7/(2y/n —2) on ¥ = M, "M _
and is equal to Ymax = m/v/n — 2 on OM_. Moreover, it is easily checked that ¢, g satisfy the
equations in (8.7) on My and M_. In particular, the elliptic inequality (8.11) holds on every
connected component of M and M_, and this leads to the following global estimate for the
gradient of ¢ (which is defined a priori only on M_ U M, and not on ¥).
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Proposition 8.13. Let (M, go,u) be a 2-sided solution to problem (1.6) such that the virtual
masses my = pu(My, go,u), m— = p(M_, go,u) satisfy m4 = m_ = mpax, and let g, be defined
by (8.1), (8.25). Then |Vyp|y <1 on the whole M \ MAX(u).

Proof. The proof is an easy adjustment of the proof of Proposition 3.3. First of all, we notice that
our function ¢ satisfies formula (8.5) hence, thanks to the assumption, we have

1
Velg = ~[Duf® <1
n

on the whole boundary OM = OM U OM_. The thesis follows applying the Minimum Principle to
the elliptic inequality (8.11) on each connected component of M, and M_. O

A second important remark is that the regularity of /umax — © implies the regularity of ¢.

Proposition 8.14. Let (M, go,u) be a 2-sided solution to problem (1.6), and let ¢ be defined
by (8.25). Then the function ¢ is €3 in a neighborhood of each point in the top stratum of X.

Proof. From the definition of ¢, it is clear that it is enough to show that arcsin(u) is €. This is
an easy exercise of analysis starting from the expansion (2.9) for u proven before. U

As an easy consequence of the above results, we obtain the following analogue of Theorem 7.2.

Theorem 8.15. Let (M, go,u) be a 3-dimensional 2-sided solution to problem (1.6), and let
Y. C MAX(u) be the stratified hypersurface separating My and M_. Suppose that the virtual masses
of My and M_ satisfy

M(MJM 9o, u) = M(M*a g0, u) = Mmax -
Then X is a €°° hypersurface and it holds

H = 0, (8.26)

h =0, (8.27)

R* = 6, (8.28)
Ric(v,v) = 0, (8.29)

where v is the go-unit normal to X pointing towards My, H and h are the mean curvature and
second fundamental form of ¥ with respect to v, R* is the scalar curvature of the metric goE induced
on X by go.

Proof. This proof follows the scheme of the proof of Theorem 7.2. Define ¢ and g as in (8.25)
and (8.1), consider a point p € ¥ and consider a neighborhood € 3 p such that ¥ N is contained
in the top stratum of X. From Proposition 8.14 we know that ¢ is €2 in Q. Therefore A o is
continuous in €, thus from the second formula in (8.7) we deduce that also tan(p)(1 — |[V|2) can
be extended to a continuous function along 3 N Q. We also notice that V|, < 1 everywhere by
Proposition 8.13, whereas tan(¢) has positive sign on M, and negative sign on M_. Therefore,
tan(p)(1 — |V<p|§) has to change sign when passing through X, hence tan(¢)(1 — |Vg0|§) =0 on
YN Q. In particular, Ayo =0 and |V¢|, =1 on ¥ N Q. Furthermore, |Vy|, has a maximum on
3, hence V|Vyp|2 = 0 on ¥ N Q. In particular, VZp(vy, vy) = (Vo |V|Ve|2),/|Ve|2 = 0, where
vg = Vo/|Vpls = Vo is the g-unit normal vector field to 3, and substituting in the first formula
in (8.7), we obtain Ricy(vy,v4) = 0 on £ N Q. The second fundamental form h, and the mean
curvature H, of ¥ can be computed using formulee (8.9). Since Ayp = VZp(vy,v,) =0 on TN Q,
from (8.9) we deduce

H, = 0, (8.30)
on XN Q. Proceeding exactly as in Proposition 7.2, one also shows that |hy| = 0 and that ¥ is €°°.

Moreover, from the Gauss-Codazzi equation we find

RgZ = Ry — 2Ricy(vy, vg) — |hg|§ + Hf]
=R,
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where in the last equality we have used from (8.8).
Translating (8.30) in terms of go recalling (8.9), and using the fact that ]Vg0|g (1/3) |IDul?/(1 -

u?) = 1 on 3, we obtain
o 1
_ 2 _ 2 2 _
H=0, [P =P = 52 =0

Finally, noticing that RgE = R¥/3, where R¥ is the scalar curvature of the metric induced by go on
Y, from identity (8.31) we obtain
RE 4 |h’2

migh (R™ +0)?) = =

This concludes the proof. O

P 2
= Ry + [hyl; = 2

The next result follows combining Propositions 8.3, 8.15 and the results in Subsection 8.3.

Proposition 8.16. Let (M, gy, u) be a 3-dimensional 2-sided solution to problem (1.6), and let
Y. C MAX(u) be the stratified hypersurface separating My and M_. Suppose that the virtual masses
of My and M_ satisfy

M(MJrngyu) = :U’(vagﬂau) = Mmax -
Then it holds

RE
/da _ S| < |oM,].
n 6
Moreover, if the equality holds, then (M, go,u) is isometric to the Nariai solution (1.11).

Proof. The proof is just a collection of the previous results. From (8.28), we immediately get

/da = |X].

Since pu(M, go, u) = Mmax, we have [Vo|2 = (1/3)[Dul> < 1 on M. Moreover, we recall from
the proof of Proposition 8.15 that |V¢|y, where g and ¢ are defined by (8.1) and (8.4) as usual,
goes to 1 as we approach 3. Therefore, from Corollary 8.4 we obtain

31S] = ISl < [9M. ]y = 3]0M,|

This concludes the proof of the inequality. The rigidity statement follows from the corresponding
rigidity statements in Proposition 8.3. O

If we also assume that M is connected, then we can combine Proposition 8.16 with Corollary 8.9
and we obtain the following inequality

/dea g/ R+ do . (8.32)
p) oM.

Combining this inequality with the Gauss-Bonnet formula we obtain the following result, which
concludes the proof of the Black Hole Uniqueness Theorem 1.9 by addressing the cylindrical case.

Theorem 8.17. Let (M, go,u) be a 3-dimensional 2-sided solution to problem (1.6), and let
¥ C MAX(u) be the stratified hypersurface separating My and M_. Let also

my = /J’(M+7907u)7 m— = N(M—mgOau)
be the virtual masses of My and M_. If the following conditions are satisfied

e mass compatibility M4y = M_ = Mpax,

e connected cylindrical horizon OM is connected,

then (M, go,u) is isometric to the Nariai triple (1.11).
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Proof. Inequality (8.32) tells us that

/dea g/ RO+ (o,
by M

and the equality holds if and only if (M, go, u) is isometric to the Nariai solution (1.11). Recalling
that > has no conical singularities as proved in Theorem 7.2, applying the Gauss-Bonnet formula
to both sides of the above inequality, we obtain

k
Ay X(Si) < Ay (0My).
=1

We recall from Theorem 8.10 that if My is connected then M is diffeomorphic to a sphere,
hence we obtain

k
> x(®) < 2, (8.33)
=1

where the equality holds if and only if the solution is isometric to the Nariai solution.
On the other hand, in dimension n = 3, formula (8.28) gives

R = 6.

In particular, again from the Gauss-Bonnet formula, it follows

r 1
> x(Zi) = /REda >0,
i=1 A Jx

but Zle X(X;) can only assume even integer values, hence Zle X(2;) > 2. Therefore the equality
holds in (8.33), as wished. O
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