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An Alexandrov-Fenchel-Type Inequality
in Hyperbolic Space with an Application
to a Penrose Inequality

Levi Lopes de Lima and Frederico Girao

Abstract. We prove a sharp Alexandrov—Fenchel-type inequality for star-
shaped, strictly mean convex hypersurfaces in hyperbolic n-space, n > 3.
The argument uses two new monotone quantities along the inverse mean
curvature flow. As an application we establish, in any dimension, an op-
timal Penrose inequality for asymptotically hyperbolic graphs carrying a
minimal horizon, with the equality occurring if and only if the graph is
an anti-de Sitter—Schwarzschild solution. This sharpens previous results
by Dahl-Gicquaud—Sakovich and settles, for this class of initial data sets,
the conjectured Penrose inequality for time-symmetric space—times with
negative cosmological constant. We also explain how our methods can be
easily adapted to derive an optimal Penrose inequality for asymptotically
locally hyperbolic graphs in any dimension n > 3. When the horizon has
the topology of a compact surface of genus at least one, this provides
an affirmative answer, for this class of initial data sets, to a question
posed by Gibbons, Chrusciel and Simon on the validity of a Penrose-type
inequality for exotic black holes.

1. Introduction

If ¥ C R™ is a convex hypersurface, then the Alexandrov—Fenchel inequalities
say that

/Eak(n)dzzcn,k (/Zok_l(n)d2> B (1.1)

where o (k), 1 <k <n — 1, is the kth elementary symmetric function of the
principal curvature vector kK = (K1, ..., kn—1) of ¥ and C), > 0 is a universal
constant. Moreover, the equality holds in (1.1) if and only if ¥ is a round
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sphere. Classically, (1.1) follows from the general theory of mixed volumes so
that convexity is used in an essential way; see [32]. Recently, however, Guan
and Li [21] used a suitable normalization of a certain inverse curvature flow
to extend the validity of (1.1), with the corresponding rigidity statement, for
any % which is star-shaped and k-convex [which means that o;(x) > 0 for
1=1,...,k].

An interesting question is to establish versions of these inequalities for
appropriate classes of hypersurfaces in more general ambient manifolds, prefer-
ably with a corresponding rigidity statement for the case of equality. Here we
focus on the case k =1 of (1.1), namely

n—2
1 A n—1
cn/ HdY > - ( > ) (1.2)
b 2 Wn—1

where A is the area, H = 01(k) is the mean curvature,

1
2(’[’L — 1)wn_1 ’

Cp =

and w,_; is the area of the unit sphere S"~! C R"™. We take a first step to-
ward solving this problem by establishing a natural analogue of (1.2) for star-
shaped, strictly mean convex hypersurfaces in hyperbolic n-space, n > 3; see
Theorem 1.1. The proof is partly inspired by [21] and uses two new monotone
quantities for the inverse mean curvature flow in hyperbolic space. The precise
asymptotics for this flow, which is a key ingredient in our analysis, has been
recently established by Gerhard [18,19]; see [14] for previous work on this
subject. Also, a Heintze—Karcher-type inequality due to Brendle [4] plays a
key role in our proof. We also make use of a special case of a sharp geometric
inequality by Brendle et al. [5]. We note that Gallego and Solanes [15] proved
related isoperimetric inequalities using integral-geometric methods, but their
results do not seem to be sharp.

The inequality (1.2) has recently become relevant in the context of the
Penrose inequality for asymptotically flat graphs carrying a minimal horizon
[11,27] and for asymptotically hyperbolic graphs carrying a constant mean
curvature horizon [13]. As an application of Theorem 1.1 we establish an op-
timal Penrose inequality for asymptotically hyperbolic graphs carrying a min-
imal horizon, including the rigidity statement according to which the equality
holds only if (M, g) is the graph realization of an anti-de Sitter—Schwarzschild
solution; see Theorem 1.2. This Penrose inequality improves recent results by
Dahl et al. [10] and settles, for this class of initial data sets, the conjectured
Penrose inequality for time-symmetric space-times with negative cosmological
constant [6,29]. We remark that the proof of the rigidity statement follows
from the arguments in a recent paper by Huang and Wu [24], as adapted to
the asymptotically hyperbolic case in [10, Section 5]; see also [12].

To explain our results, let us consider the hyperbolic n-space H™ with
coordinates (r,0) € R* x S"~! and endowed with the metric

g1 = dr? + sinh®r h, (1.3)
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where 7 is the geodesic distance to a chosen origin corresponding to r = 0 and h
is the round metric on S*~1. We say that a closed, embedded hypersurface ¥ C
H™ is star-shaped if it can be written as a radial graph over a geodesic sphere
centered at the origin. Also, it is strictly mean convex if its mean curvature H
is positive everywhere. We also consider p;: H” — R,

p1(r) = coshr. (1.4)

With this notation at hand we can state the hyperbolic Alexandrov—Fenchel-
type inequality.

Theorem 1.1. If 3 C H" is a star-shaped and strictly mean convex hypersur-

face, then
cn/deE>1<< A ) +< A )) (1.5)
) 2 Wn—1 Wn—1

where A is the area of X. Moreover, the equality holds if and only if ¥ is a
geodesic sphere centered at the origin.

We now explain the relevance of this result for a certain Penrose inequal-
ity. Recall that a Riemannian manifold (M™,g) is said to be asymptotically
hyperbolic (AH) if there exists a compact subset K C M and a diffeomorphism
U: M- K — H"— Ky, where Ky C H" is compact, such that

[Vsg = gillg, = O™, [[Vg, Wagllg, = O(e™"), (1.6)

as 7 — +oo, for some o > n/2. We also assume that the difference between
scalar curvatures, namely

Ry =Ry +n(n—1),

is such that p1R, is integrable. For any chart at infinity as in (1.6) it is possible
to associate a mass-like invariant mg which lies in L” !, the Lorentzian space
endowed with the metric

(z,w) = zowy — Z1W1 — +*+ — ZpWp; (1.7)

see Sect. 2 for more details on this construction. It turns out that the causal
character of my is invariant under coordinate changes at infinity. Moreover,
the numerical invariant m,; ) defined by

Mipyg) = (M, my)] (1.8)

does not depend on the chart ¥ and is termed the mass of (M, g). It is natural
to choose m(as 4) > 0 if my is time-like and future directed.

The positive mass conjecture in this context asserts that if %, > 0, then
my is time-like and future-directed or vanishes, the latter occurring only if
(M, g) is isometric to (H", g1). Equivalently, m(ys 4y > 0 with equality holding
only for hyperbolic space. This has been proved for the spin case by Chrusciel
and Herzlich [7], generalizing a previous contribution by Wang [34]; see also
[2] for a similar result in low dimensions with the spin condition removed.
Moreover, if M carries a (possibly disconnected) compact, outermost minimal
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boundary I' (a horizon) of area A, then the corresponding Penrose conjecture

says that
n—2 n
1 A O\ -1 A N\ not
M(pr,g) = 3 <(Wn—1> + (wn_1> ) ) (1.9)

with equality holding only if (M, g) is the (exterior) anti-de Sitter—Schwarz-
schild solution. We refer to Sect. 2 and the surveys [6,29] for background on
this conjecture.

Progress in establishing (1.9) has been restricted so far to the case of
graphs, as we now pass to explain. Recall that the metric

g1 = pidr® + g1, TER, (1.10)

realizes H" x R as the hyperbolic (n + 1)-space H"*!. Using this model we,
then, say that a complete immersed hypersurface M C H"+! is AH if there
exists a compact subset K C M such that M — K can be written as a vertical
graph associated with a smooth function u: H" — Ky — R, where Ko C H"
is compact, so that (1.6) holds for the chart ¥ given by ¥(z,u(zr)) = =z,
x € M — Ky; see Definition 2.1 below. As explained in [13], if additionally M
carries a minimal horizon I', then we may assume that my is time-like and
future oriented so that after composing ¥ with an isometry we have

Mp,g) = my (1), (1.11)

where here we use that p; = zg|g» if we view H" C L"*! as the standard
hyperboloid. Charts with this property are called balanced. Now let M be
balanced in the sense that nonparametric coordinates at infinity are balanced
as above. Moreover, assume that I' lies on a totally geodesic hypersurface
P c H**! defined by 7 = 79, 79 € R and that M meets P orthogonally along
T, so that I" is minimal (hence, a horizon indeed). Under these conditions and
starting from (1.11) it is shown in [13] that

M(r,g) = Cn /M @%ngJrcn/FdeF, (1.12)

where © = (N, 9/0t), with N being the unit normal to M pointing upward at
infinity and H being the mean curvature of I' C P with respect to its inward
pointing unit normal; compare to the more general formula in (2.24).

We remark that if M is a graph, then (1.12) has been previously proved
in [10]. If this is the case, so that © > 0, and if we assume further that R, > 0,
then we obtain from (1.12) that

M(nr,g) = Cn/I:pHdF. (1.13)

In [10] this estimate is used to obtain several sub-optimal versions of (1.9).
For instance, assuming that I' C P = H" is h-convex (in the sense that all
principal curvatures are at least 1) and encloses the origin of P, the authors

show that
1(/ A\ A
mMar,g) = B o —i—smhrinwn_1 )
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where 7, is the radius of the largest geodesic ball centered at the origin and
contained in the region enclosed by I'. Notice that this only yields the conjec-
tured inequality (1.9) if ' is a geodesic sphere centered at the origin. In view
of Theorem 1.1, however, if we take ¥ = I' we immediately obtain the first
statement in the following theorem; a more general result, covering the locally
hyperbolic case, can be found in Theorem 2.2 below. Recall that a hypersurface
is said to be mean convex if its mean curvature is non-negative everywhere.

Theorem 1.2. Let (M, g) C H"*! be a balanced AH graph carrying a minimal
horizon T as above. If we assume further thatT' C P = H" is star-shaped (with
respect to the origin) and mean convez, then (1.9) holds if Ry > —n(n — 1).
Moreover, the equality occurs if and only if (M, g) is the graph realization of
an (exterior) anti-de Sitter—Schwarzschild solution [which is obtained by taking
e =1 in (2.23) below].

As remarked above, the rigidity statement requires a separate argument
and is based on results in a recent preprint by Huang and Wu [24].

This paper is organized as follows: In Sect. 2 we recall the definitions and
main properties of mass-type invariants for asymptotically locally hyperbolic
(ALH) manifolds. The proofs of Theorems 1.1 and 1.2, which use the material
on the inverse mean curvature flow discussed in Sect. 3 and in Appendix A,
are presented in Sect. 4. We observe that the Penrose inequality (1.9) admits
a natural generalization to the case in which the geometry at infinity is as-
ymptotically locally hyperbolic. In Appendix B we indicate how the arguments
leading to the proofs of Theorems 1.1 and 1.2 can be adapted to prove a sharp
Penrose-type inequality for ALH graphs, which is described in Theorem 2.2
below.

2. Mass-Type Invariants and Penrose Inequalities
for Asymptotically Locally Hyperbolic Manifolds

In this section we review the main properties of mass-type invariants for as-
ymptotically hyperbolic manifolds; see [7,8,23,30] for more details. The class
of invariants presented here, which appear in natural generalizations of the
classical Penrose inequality, is just a special case of a much more general con-
struction due to Chrusciel, Herzlich and Nagy [7,8,23]. Their definition applies
in particular to the class of ALH manifolds we consider here.

We start by describing the corresponding locally hyperbolic (LH) reference
metrics. Fix € = 0,+1 and let (N"~1 h) be a closed space form of sectional
curvature e. In the product manifold P, = I. x N, where I_; = (1,400) and
Iy =1 = (0,4+00), define the metric

72

pe(T)

pe(7) = V72 + e (2.15)

ge = s +7h, FeL, (2.14)

where
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It is easy to check that (P.,g.) is locally hyperbolic in the sense that its
sectional curvature is constant and equal to —1. We also note that the manifold
Q. = R x P, endowed with the metric

e = p2dr” + g, (2.16)

is locally hyperbolic as well. Moreover, if 7y € R, then the horizontal slice
P C Q. given by 7 = 79 is totally geodesic. This follows from the fact that
the vertical vector field 0 is Killing. In particular, each P7° can be naturally
identified to P.. Notice that if we take e = 1 and (N, h) to be a round sphere,
then we recover hyperbolic space as in the Introduction; compare (2.14)—(2.15)
with (1.3)—(1.4) after setting 7 = sinhr.

Let (M™, g) be a complete n-dimensional Riemannian manifold, possibly
carrying a compact inner boundary I'. For simplicity we assume that M has a
unique end, say E. We say that (M, g) is ALH if there exists a chart ¥ taking
FE to the end of P, corresponding to 7 = 400 so that, as 7 — 400,

9.9 — gellg. + [|d.glly. = O (F77), (2.17)

for some o > n/2. We also assume that R, = R, + n(n — 1) is such that p.R,
is integrable. If e = 1 and N = S"~! we say that (M, g) is AH.

It turns out that each model space P, is static in the sense that the space

Ny ={f € C(Po); (Ay. f)ge — Vzef + fRicy, = 0} (2.18)

is non-trivial, as we can easily check that p. € N, . If ¥ is a chart at infinity
as above, we define the corresponding mass functional my : N,. — R by

myg(p) = lim ¢, /N (gp (divg,e — dtrg,e) — iy, o€+ (trgee)dgo) (vr)dN,.,

r—-+00
(2.19)
where e = U,.g — g, v, is the unit normal to N, = {r} x N and
1
n= > Up_1= N,h).
c 3 =10 1 = area(NN, h)
If @ is another chart at infinity one verifies that
ma () = my(poZ ™), (2.20)
where Z € Isom(P,) satisfies
@ 0w — ]|, = OG).

Thus, to get a numerical invariant out of this scheme we need a detailed
description of the structure of the action of Isom(P.) on N, appearing on
the right-hand side of (2.20).

We first consider the case e = 1 and Ny = S" ! so that P, = H". Here,
N, is generated by {z;|mn }I, where we view H" C L™, the Lorentz space
endowed with the metric (1.7). Since the action of Isom(H™) on A, = L"*!
preserves (1.7), with p; = 2o being time-like and future oriented, it follows
that the real number m(y 4y defined up to a sign by (1.8) does not depend
on the chart ¥ and is termed the mass of (M, g). We note that the causal
character of my is also invariant under coordinate changes at infinity, so it is
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natural to choose m(ys ) > 0 if my is time-like and future directed. As already
observed in Sect. 1, if M carries a minimal horizon T', then we may assume,
after composition with an isometry, that (1.11) holds.

In contrast to the hyperbolic case described in the previous paragraph,
it is known that for ¢ < 0 the space N, is one-dimensional, generated by p,.
Thus, in all the cases considered here a mass-type numerical invariant myy )
is obtained by evaluating the right-hand side of (2.19) on ¢ = p..

An ALH manifold (M, g) as above can be thought of as the initial data
set of a time-symmetric solution of the Einstein field equations with negative
cosmological constant. The invariant m(ys 4) is then interpreted as the total
mass of the solution. Physical reasoning predicts that m(,; 4y should have the
appropriate sign under the relevant dominant energy condition, namely Ry > 0
[equivalently, R, > —n(n — 1)]. When M carries a compact minimal horizon
I" one expects the invariant to satisfy a Penrose-type inequality in the sense
that it should be bounded from below by a suitable expression involving the
area |I'| of T'. In order to figure out the correct form of this inequality, we
consider the so-called Kottler black hole metrics, which are deformations of
the LH metrics g. above.

Let us introduce a real parameter m > 0 and consider the metric

dr?

Gem = W + th, (221)

- N 2m
Pem(T) = \/ e - Fn—2"

For each m as above, it is easy to see that the function

P fem(F) ="+ e — 2m

where

is strictly positive for ¥ > 7¢ ,,,, where 7 ,, is the unique positive zero of fc .
Thus, the metric gc ,, is well defined on the product P ,, = I, x N, where
I = {7;7 > Tem}. Moreover, it extends smoothly to the slice 7 = 7 ,,, the
so-called horizon, denoted H. ,,. This terminology can be justified as follows:
The metric g, is static in the sense that p ., € N, .m- 1t is well-known that
this is equivalent to the assertion that the Lorentzian metric

~ _ 2 2
Je,m = 7p7n,ed7 +g€7m7

defined on Q¢ ., =R X P, is a solution to the vacuum field equations with
negative cosmological constant:

Rngeym = —NgGe,m-

Moreover, the null hypersurface #* = 7 ,,, defines the event horizon surround-
ing the central singularity # = 0. This justifies the horizon terminology and
explains why gc ., is termed a black hole metric.

A computation shows that if (6,...,0,_1) are coordinates in Nz, then
the sectional curvatures of g ,, are

K(0:,0p) = —1— (n— 2)%
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and

2m
K(agﬂagj) = —1 + 'F"Lj

This not only shows that g. ,, satisfies the appropriate dominant energy condi-
tion, since its scalar curvature is Ry, = —n(n—1), but also suggests that g
is ALH in the sense described above. In fact, a straightforward computation
gives

19em = ellg. + ldgemllg. = O (F7)

as expected. Using (2.19) with ¢ = p. we finally conclude that mp,_ 4. .) =
m, which shows that m should be interpreted as the total mass of g .

One immediately finds that the area |H, y,| of the horizon He ., of (P,
Je,m) relates to its mass m by means of

me L ((Hem 7T (Heml )
2 7~9n—1 197;—1 .

Thus, in analogy with the standard Penrose inequality (1.9), it is natural to
conjecture that if (M, g) is an n-dimensional ALH manifold (with respect to the
reference metric g.) carrying an outermost minimal horizon I' and satisfying
R, > —n(n — 1) everywhere, then there holds

(TN (T
> a o - .
M(r,g) = 5 <<19n1> +e€ (19711 3 (2 22)

with the equality occurring if and only if ¢ is isometric to the corresponding
black hole metric.

Remark 2.1. For ¢ < 0 and in the physical dimension n = 3, Eq. (2.22)
first appears in [9] as a conjectured inequality whose veracity would follow
in case the use of the so-called Geroch’s monotonicity of the Hawking mass
under the inverse mean curvature flow, as envisaged by Gibbons [20], could
be justified. Contrary to this rather optimistic initial expectation, Neves [31]
has shown that, at least in the AH case, the convergence properties of the
flow at infinity are insufficient to implement Geroch’s scheme. Similar remarks
should also apply in the general ALH context, even though Lee and Neves [28]
have recently established that Geroch’s strategy works in the so-called ‘non-
positive mass range’; see Remark 2.3. Despite these negative results, Theorem
2.2 below confirms that our methods apply to handle the special case of graphs
in any dimension n > 3.

To motivate our setting we observe that each (P, ge,m) can be isomet-
rically immersed as a radially symmetric vertical graph inside (Q.,g.): the
defining function ey, : Ic . — R satisfies e (Fe,m) = 0 and

pe(f)Q(du””>2 ! S - L (2.23)

di2 ) pem(T)2 pe(F)?
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It is clear from this that the horizon He ,, lies on the totally geodesic horizontal
slice P?, with the intersection M N PY being orthogonal along He . This

€
motivates us to consider a more general class of hypersurfaces in (Q.,g,)-

Definition 2.1. We say that a complete hypersurface (M, g) C (Q., g, ), possibly
carrying a compact inner boundary I', is ALH if there exists a compact set
K C M so that M — K can be written as a graph over the end Ej of the
horizontal slice P? C @Q., with the graph being associated to a smooth function
u such that the asymptotic condition (2.17) holds for the nonparametric chart
U, (z,u(z)) = z, * € Ey. Moreover, we assume that p.9R, is integrable. As
usual, if e =1 and N = S"~!, then we say that (M, g) is AH.

Under these conditions, the mass m(;;4) can be computed by taking
U =T, in (2.19); as in the “Introduction” we assume that ¥, is balanced if
e = 1. More precisely, if the inner boundary I" lies on some totally geodesic,
horizontal slice P7°, which we of course identify with P., and moreover that
the intersection M N P is orthogonal along I', so that I' C M is minimal
and hence a horizon indeed, then the computations in [13] actually give the

following integral formula for the mass:
Matg) = cn/ O (Ry+n(n—1))dM + cn / p HAT,  (2.24)
M r

where © = (0/0t, N), N is the unit normal to M, which we choose so as to
point upward at infinity, and H is the mean curvature of I' C P, with respect
to its tnward pointing unit normal, which means that the normal points in
the direction opposite to the end of P, given by 7 = +oo. In particular, if
R, > —n(n—1) and M is a graph (© > 0), then

M(ar,g) = C,LApeHdF. (2.25)

We are now in a position to state the following Alexandrov—Fenchel-type
inequality, which extends Theorem 1.1 to the case € < 0.

Theorem 2.1. Let ¥ C P, = P be a compact embedded hypersurface which is
star-shaped in the sense that it can be written as a radial graph over a slice
N; = {7} x N and strictly mean convex in the sense that its mean curvature
satisfies H > 0. Then there holds

(RN (B
HdY > — 2.2
Cn/z;pe d =9 ((19711) +€<19n1 ) ( 6)

with the equality occurring if and only if 3 is a slice.

By making ¥ = I' and combining (2.25) and (2.26) we immediately obtain
the following sharp Penrose-type inequality, which extends Theorem 1.2 to the
case ¢ < 0.
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Theorem 2.2. If M C Q. is an ALH graph as above, so that its horizon
I' C P° s star-shaped and mean convex in the sense that H > 0, then

LN
> — .
MMg) = 5 <<19n1> +e€ (19“1 , (2.27)

with the equality holding if and only if (M,g) is (congruent to) the graph
realization (2.23) of the corresponding black hole solution.

Remark 2.2. Under the conditions of Theorem 2.2, the mass m(yz,q) is always
positive due to (2.25). In particular, if € = —1 the lower bounds (2.26) and
(2.27) only are effective if we further assume that |T'| > ¢,_;.

As already observed, the following corollary provides a positive answer
to a question posed by Gibbons [20] and Chrusciel and Simon [9] for the class
of initial data sets we consider.

Corollary 2.1. If the horizon T is a surface of genus v > 1, then

4 \*? [T Tl
> — —(1- — .
Mrr,g) = <192> T6n (1 v+ 471_) s (2 28)

where for v = 1 we assume the normalization Yo = 4mw. Moreover, the equal-
ity holds if and only if (M, g) is (congruent to) the graph realization of the
corresponding black hole solution.

Proof. If v > 2 this follows by taking n = 3 and € = —1 in the theorem and
observing that Gauss—Bonnet gives ¥ = 47(y—1). If 7 = 1 we take e = 0 and
use the normalization. 0

The proofs of Theorems 2.1 and 2.2 are straightforward adaptations of
the proofs of Theorems 1.1 and 1.2. The necessary modifications are briefly
described in Appendix B. We note that further results in this direction have
been obtained in [16].

Remark 2.3. As discussed in [9], when e = —1 the Kottler metrics (2.21) also
describe static black hole solutions when the parameter m becomes negative
up to a certain critical value, namely

n—2

— 2

Merit = _%

In this regard we mention that Lee and Neves [28] used the Huisken-Ilmanen’s
formulation of the inverse mean curvature flow to establish a
Penrose-type inequality for conformally compact ALH 3-manifolds in this mass
range. More precisely, they prove (2.28) with the mass replaced by the supre-
mum of the mass aspect function, which is assumed to be non-positive along
the boundary at infinity. In particular, their manifolds always have non-positive
mass while our graphs necessarily satisfy m(ys ) > 0; see Remark 2.2. Thus,
their result and Corollary 2.1 are in a sense complementary to each other.
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3. Geometric Flows for Hypersurfaces

As mentioned above, the proof of Theorem 1.1 uses the inverse mean curvature
flow recently studied by Gerhardt [18,19]; see also [14]. As a preparation for
the argument, let us start by considering a closed, isometrically immersed
hypersurface ¥ C H"™ with unit normal £. As usual, we denote by g; both
the standard metric on H"™ and its restriction to X. Also, b is the second
fundamental form of X. For simplicity we set D = V,,. Thus, if X and Y are
vector fields tangent to X,

(X,Y)=¢g1(aX,Y) = (aX,Y),

where
aX = —-Dx¢,
is the shape operator. As before, we denote by k = (k1,. .., kn—1) the principal
curvature vector of X, so that
H = 01(k) = trg,b (3.29)
is the mean curvature. It follows from the Cauchy—Schwarz inequality that
(n—1)|a]* > H?, (3.30)

with the equality occurring at a given point if and only if ¥ is umbilical there.
We also consider the extrinsic scalar curvature of the immersion, namely

Lo 2
K = 03(k) :ij =3 (H? — |a]?). (3.31)
1<]J
Notice that these invariants are related by the Newton—-MacLaurin inequality:

n—2

2K < H?, (3.32)

n—1
with the equality holding at a given point only if ¥ is umbilical there [22]. We
also recall the support function

p = (Dp,¢), (3.33)

where we set p = p; for simplicity. This relates to p and H by means of the
following Minkowski identity:

Ap=(n—1)p+ Hp, (3.34)
where A = div o V is the Laplacian of g;|x. This is a consequence of the fact
that the vector field Dp is conformal, that is,

DxDp = pX, (3.35)

for any vector field X on H". Another useful consequence of (3.35) is the
formula
div (GVp) = (n — 2)pH + 2pK, (3.36)
where
G=HI-a (3.37)

is the Newton tensor of a; see [1] for further details.
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We now consider an one-parameter family X (¢,-): ¥"~1 — H", t € [0,¢),
of closed, isometrically immersed hypersurfaces evolving according to

0X

—=F 3.38

= F, (3.39)
where ¢ is the unit normal to 3; = X (¢, ) and F is a general speed function. To
save notation we also denote the evolving hypersurface simply by ¥ whenever

no confusion arises. The following evolution equations are well-known [35]:

Proposition 3.1. Under the flow (3.38) we have:

1. The unit normal evolves as

%3
— = —VF. 3.39
5 (3.39)
2. The area element dX evolves as
QdZ = —-FHdX. (3.40)
ot
In particular, if A is the area of X, then
dA
— =— | FHdX. 3.41
i/ (3.41)
3. The mean curvature evolves as
OH
T AF + (la]* = (n — 1))F. (3.42)

If ¥ is star-shaped and mean convex, then our conventions imply that &
is the ‘nward pointing unit normal vector. Thus, in the model (1.3), ¥ can be
graphically represented by means of a map of the type

0 eS" ! s (u(f),0) € H", (3.43)

for some smooth function w. In particular, if 8 = (61,...,60,_1) is a local
coordinate system on S"~! and E; = 9/06;, then the tangent space to the
graph is spanned by
0 .
leulg—i—EZ, ’lJJl:Ei(U), 7,:1,...,71—]., (344)
so we can take

1 u’ 0 _ 5
£= w (p(u)zEl - (97”) , W=y1+ ‘V'U|h’ (3'45)

where
v=op(u), ¢=1/p, (3.46)
with
p(u) = sinh u;
see [18] or [14]. Also,
p= —Sl?;u‘ (3.47)

Notice that p < 0.
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From now on we assume that ¥ = ¥; = X (¢,-) is a one-parameter fam-
ily of star-shaped, strictly mean convex hypersurfaces evolving according to
(3.38). This assumption will be justified later on for the flows we shall consider;
see Proposition 3.6 and Remark 3.1.

Proposition 3.2. Under the above conditions, the function p evolves along the
flow (3.38) according to
dp
ot
Proof. As noted above, we can graphically represent X by (3.43), where u is
time dependent so that (3.38) implies

= pF. (3.48)

ouw_ F
o W
Since u = r along ¥ we have
ap ou sinhu F
P sinhy—e— = 2~
ot S, W
and the result follows from (3.47). O

The following proposition computes the variation of the curvature inte-
gral:

() = / pHAY (3.49)
b
on the left-hand side of (1.5).
Proposition 3.3. Along the flow (3.38) we have

== / pHFAY — 2 / pKFdx. (3.50)

Proof. Using Propositions 3.1 and 3.2,

/apHdE+ %—deZ—k/pHaatdE

:/pHFdE+/p(AF+(|a|2—(n—1)) F)ds
3 3
—/pHQFdE
h
:/ pHFdE—l—/FApdE+/p(|a\2—(n—1))FdZ
M h h

- / pH2dea
hH)

and the result follows, after some cancelations, from (3.31) and (3.34). O

Proposition 3.4. Along the flow (3.38), the support function evolves according
to
dp

5= Fp—(Vp,VF). (3.51)
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As a consequence,
d

dt
Proof. Using (3.33), (3.35) and (3.39) we compute
8p 0
ot 6t< p:)
= F(D¢Dp, &) + (Dp, Dy :€)
=Fp—(Vp,VF),

which proves (3.51). Now, usmg this and (3.40),

d
d> = dE —dE
at / * /

= / Fpds — / (Vp, VF)dS — / pFHAY.
> b)) >

pdE = n/ Fpd¥. (3.52)

= / deZ—i—/ FApd% —/pFHdE7
b b b
so that (3.52) follows from (3.34). O

The following proposition, proved in [4], plays a central role in our argu-
ment.

Proposition 3.5. If X C H" is star-shaped and strictly mean convezx, then

(n— 1)/E %dE > —/Ede. (3.53)

Moreover, the equality holds if and only if ¥ is totally umbilical.

Proof. This is a rather special case of the Heintze-Karcher-type inequality
proved in [4], so we merely sketch the elegant argument there. The idea is to

let ¥ flow under

0X
ot PE, (3.54)

so we take F' = p in (3.38). Using (3.42), (3.48), (3.34) and (3.30) we see that,
as long as the flow exists,

00 _ 100 poH
OtH HOt H? ot
pp
ﬁ—ﬁ(AP+(|a|2 (n—=1))p)
P
= H2|a’|
2
< — P ,
- n-—1

so that by (3.40),
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Combining this with (3.52) we finally get

d P
— — - <
% ((n 1)/2 Hd2+/2pd2> <0,

that is, the quantity within parenthesis is monotone non-increasing along the
flow (3.54). The next step is to investigate the asymptotic behavior of solutions
of (3.54). This might appear problematic at first sight but the key observation
is that (3.54) is equivalent to the standard flow by inward parallel hypersurfaces
(F =1) in the conformal metric

dr?

hL=p g = > + tanh? rh.
cosh” r

Thus, any solution becomes extinct in a certain finite time ¢, > 0 so that

: P
1 -1 —dX d¥ =0,
Jim (n — 1) /Z g&E+ /E p
as desired. In fact, an additional complication arises from the fact that the
flow might develop singularities before the extinction time due to the appear-
ance of cut points but, as explained in [4], a regularization procedure can be
implemented to take care of this. O
Remark 3.1. Tt follows from the computation above that
2
on_ m
otp ~n-—1
which implies that strict mean convexity is preserved under (3.54).

From now on we specialize to the flow

0X ¢

— == 3.55

o i (3.55)
so that F' = —1/H. This is the famous inverse mean curvature flow, which has

been extensively studied in a variety of contexts [17,25,31,33]. Here we will
make use of recent results by Gerhardt [18,19] for evolving hypersurfaces in
hyperbolic space, which we collect below.

Proposition 3.6. If the initial hypersurface is star-shaped and strictly mean
convez, then the corresponding solution is defined for allt > 0 and expands the
evolving hypersurfaces toward infinity while maintaining star-shapedness and
strictly mean convexity. Moreover, the hypersurfaces become strictly convex
exponentially fast and also more and more umbilical in the sense that

b} — 67| < Ce"m1, t>0, (3.56)

that is, the principal curvatures are uniformly bounded and converge expo-
nentially fast to 1. Moreover, there exists f: S*™' — R smooth so that, as
t — 400, the graphing function u satisfies

tlgl—noo B f(e)

u —

= 0. (3.57)

n— 1 Coo(Snfl)
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In particular,
p(u) = coshu = O(em 1), p(u) =sinhu = O(en1), (3.58)
and

|Vl + |V2ul, = O(1). (3.59)

Remark 3.2. Tt is claimed in [18] that the function f above is actually a con-
stant, which means that the flow would deform the induced metric on the
hypersurface to a round one after a suitable scaling. This is, however, not cor-
rect, as the concrete example in [26] shows. The correct asymptotics (3.57)
appears in [19].

4. The Proofs of Theorems 1.1 and 1.2

The proof of Theorem 1.1 involves the consideration of two new monotone
quantities along the solution of (3.55) with ¥ as the initial hypersurface. Thus,
for any closed ¥ C H"™ we set

J(X) = —/zpdE, (4.60)

KX) = wp—1AX)"
where A(X) = A/w,—1, and

=1, (4.61)

— (4.62)
A(D)R=1

To save notation, sometimes we write Z(t) = Z(X;), etc. As we shall see below,
the new monotone quantities are £ and A~ 71 (7 — K).

Proposition 4.1. On a geodesic sphere we have
L>(n—1wp_1. (4.63)

Moreover, the equality holds if and only if the geodesic sphere is centered at
the origin.

Proof. If a geodesic sphere has radius r, then its area is A = w,,_q sinh" ' r
and its mean curvature is H = (n — 1) coth r. Furthermore, if it is centered at
the origin, then its support function is p = —sinhr by (3.47). The equality in
(4.63) then follows by a direct computation. On the other hand, if ¥ ¢ H" is
any geodesic sphere of radius 7, then

n—1)(n—2)
2

K= ( coth?r,

so that (3.36) yields

2
/pHdE:fi/pKdE
= n—2Jx

= —(n — 1) coth? r/ pdX.
b
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Furthermore, if B is the geodesic ball bounded by X, (3.33), (3.35) and the
divergence theorem imply

/de = —/ Apgn pdH™ = —n/ pdH™,
b B B

(%) = / pHAY = n(n — 1) coth® r / pdH",
2 B

so that

Tt is clear from (4.62) and this way of writing Z(¥) as a volume integral in-
volving p that the strict inequality in (4.63) holds if 3 is not centered at the
origin. O

Remark 4.1. Inequality (4.63) above just means that the inequality in Theorem
1.1 holds for any geodesic sphere, with the equality occurring if and only if it
is centered at the origin.

Proposition 4.2. If the initial hypersurface ¥ in (3.55) is star-shaped and
strictly mean convex, then

dA
ndh 4.64
- A (4.64)
and
dK n
g 4.
dt n—1 (4.65)
Also,
d7 n
> 4.
i “ a1 (4.66)

with the equality occurring if and only if 3 is totally umbilical.

Proof. The relation (4.65) follows from (4.64), which is a consequence of (3.41)
with F' = —1/H. Also, Eq. (4.66) follows immediately from (3.52) and (3.53).
O

The above result is crucial in establishing the existence of monotone
quantities for the flow (3.55).

Proposition 4.3. If X is star-shaped and strictly mean convez, then

dJ-K
———— >0, 4.67
dt An—l - ( )
along any solution of (3.55). Also, in any interval where J < K, there holds
dL
— <0. 4.68
dt — ( )

Moreover, if the equality holds in any of these inequalities for some t, then 3
18 totally umbilical.
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Proof. By (4.65) and (4.66) we get

d n
— _ > _
G- = (T -K).
which by (4.64) clearly yields (4.67). Moreover, by (3.50) with F = —1/H,
dzZ pK
— =2 —dX+2
a - 2), miEt
so that by (3.32),
dZ n-2
— < .
TS 1I +2J
From (4.65), after a rearrangement of terms, we get
d n—2
—(Z-(n-1 < ZT—(n—-1 2(J —
ST -1R) £ S (T - (- DE) +2(T - K,
which reduces to
d n—2
—Z-(n-1 < T—(n—-1
S (T—(n-1)K) £ 2 (T - (n - 1K),

whenever J < K. In the presence of (4.64), this immediately gives (4.68).
Finally, if the equality holds in either (4.67) or in (4.68), then it holds in
(3.53) as well. O

We start the proof of Theorem 1.1 by noticing that in [5, Theorem 1.1] the
authors establish a sharp geometric inequality for strictly mean convex, star-
shaped hypersurfaces in the anti-deSitter—Schwarzschild space. By sending the
mass parameter to zero, it follows from their work that if we set
I—-(n—-1)J

n—2 Y
1

AR

M = (4.69)

then there holds
M(S) > (1 — D1, (4.70)

for any ¥ C H" strictly mean convex and star-shaped, with the equality hold-
ing if and only if X is a geodesic sphere centered at the origin. Notice that this
implies (1.5) whenever J(X) > K(X), so we may assume that J(X) < K£(X).

We now let ¥ flow under (3.55). In case J(X;) > K(%;) for some t > 0,
let to be the first value of the time parameter so that J () = K (3, ). Notice
that to exists because by (4.67) the quantity A~ 7-1(J — K) is monotone
nondecreasing along any solution of (3.55). Since J(X;) < K(Z¢) for ¢t < to,
it then follows from Proposition 4.3 that £(X) > L(3;,) = M(Z:,) > (n —
1)wp—_1, where we used (4.70) in the last step. Thus, our main inequality (1.5)
is also established in this case, so it remains to consider the case in which
J(2t) < K(%;) for any t > 0. However, if this is the case, then it follows again
by Proposition 4.3 that £ is monotone nonincreasing for all ¢ > 0. But by
Proposition A.1 we have

lminf £(t) > (n — 1)wp—1,

t——+oo
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so that
L(0) > (n—Dwp_1,

which is just a rewriting of (1.5). Finally, we note that whenever the equality
holds, then it also holds in (3.53), which implies that ¥ is a geodesic sphere
necessarily centered at the origin by Remark 4.1. This completes the proof of
Theorem 1.1.

As remarked in the Introduction, the Penrose inequality in Theorem 1.2
follows immediately from (1.13) and the Alexandrov—Fenchel inequality (1.5)
in Theorem 1.1. On the other hand, the rigidity statement follows from the
arguments in [10, Section 5]. This completes the proof of Theorem 1.2.
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Appendix A. The Asymptotic Behavior of £

In this appendix we present a proof of the following proposition, which provides
the expected limiting estimate for the quantity £ along solutions of the inverse
mean curvature flow. This asymptotic behavior is used in the proof of Theorem
1.1.

Proposition A.1. If ¥, is a solution of (3.55) with Xg strictly mean convexr and
star-shaped, then
liminf £(3;) > (n — Dwyp—1. (A.71)

t——+oo

We write the evolving hypersurfaces as graphs of a function u = u(t, 6),
0 € S"1. Recall that p(u) = coshu so that p(u) = sinhu and

p?=p"+1 (A.72)

Also, if v = ¢(u), ¢ = 1/p, as in (3.46), then it follows from (3.58) and (3.59)
that
IVoln + V20l zO(e*ﬁ) (A.73)

and
Iplu) = p(w)| = 0 (77 ). (A.74)
Moreover, by (3.45),

1 at
“1_q_ L2 _ At
Ww—=1 2\Vv|h+0<e ) (A.75)
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The induced metric is
9155 = p° (hij + vivy) (A.76)

so that
1 at
Vdet g1 = p" W det h (1 + §|W|2 +0 (e)) , (A.77)

so we get the expansions

A(S) = ][ F Ay (e(’ﬁ?‘) : (A.78)

and

A(S,) i = (f pnl) "o (51, (A.79)

f=oml

and the integration is over S*~ 1.

where

Recall that our intention is to estimate from below the function
Js, PHAS: — (n— Dwp (A(D)) ™
n—2

A(Zt) n—1

L(X) =

In terms of v, the second fundamental form of the evolving hypersurface is
b
bij = 37 (Pl +vivj) = (V?0)y5)

Notice also that by (A.76) the inverse metric is

id i vl
gljzp (hj W2)7

where v = hijvj, so that the shape operator is

ik p 7 Tik 2
= ¢'"by; = (5 — —h \Y i
a gl kj = 7 Wp ( )k.]
where
R
W=
and from this we see that
p’ p st
pH = (n— 1)W*1? —W*;AHO (e*n—l). (A.80)
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Thus, if we combine this with (A.77) and (A.75) we obtain
/ pHdEt —_ (TL _ 1)/p2pn 2 /pnflAv +0 (6 (7;Li?:1)t)
P
—(m=1) [ p = 1) [ Vo 0 ()
= (TL _ 1)/p2pn 2 + (TL _ 1) /p2p"_2|Vv|i +0 (e(7:;31)z) .
On the other hand, by Holder inequality and (A.77) we find that

cun_l.A(Et)ﬁ < /(\/detgl)ﬁ

_ -n n -n 2 %t
—/p +2(n_1)/p |Vv|h+0(e )

Thus, by (A.72) we obtain
n n— n— 2 -n

/Z pHAE; — (n — Dwp—1 A(Z) T > (n — 1)/p 2+ 5 /p |Vol|?

ofe)

—m-1 [

)
+”2 / 5= 4|vp\h+0(en1),

so if we take (A.79) into account we see that proving (A.71) amounts to check-
ing that

o n—2 [ .._ ) Lo o =
=) [ 252 [ wak = - e ()T s

But, as observed in [5], this is an immediate consequence of a sharp Sobolev
type inequality by Beckner [3]. This completes the proof of Proposition A.1.

Appendix B. The Asymptotically Locally Hyperbolic Case

In this appendix we briefly describe how the argument leading to Theorem 1.2
can be easily adapted to recover its generalization given by Theorem 2.2.

Clearly, the key step is to prove the Alexandrov—Fenchel-type inequality
(2.26) in Theorem 2.1. We start by observing that Propositions 3.2-3.4 remain
true with p replaced by p., since their proofs only use that the ambient manifold
is locally hyperbolic and carries the conformal field V,_p.; see (3.35). Also,
since this ambient manifold satisfies the structural conditions in the main
result in [4], the analogue of Proposition 3.5 also holds true. Taken together,
these facts imply that the analogue of Proposition 4.3 still holds true, so that
the proof of (2.26) boils down to checking that

ltim+inf£(2t) > (n—1)0n_1e, (B.82)
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where X, is the solution to the inverse mean curvature flow having ¥ as initial
hypersurface; compare with (A.71). We note that the left-hand side of (B.82)
makes sense because the analogue of Proposition 3.6 remains true, which fol-
lows straightforwardly from the methods in [18,19]. Taking into account that
(A.72) should be replaced by p? = p?+e¢, we see that (B.82) reduces to proving
that

—2

e n—2 _ . 1 . n=T
= [ e 202 [ a2 - ve ([ )
N N N

compared to (A.81). Since the validity of this inequality is immediate for
e = 0,—1, and the rigidity statement follows from a simple adaptation of
the arguments in [10, Section 5], the proof of Theorem 2.2 is completed.
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