HAWKING MASS AND LOCAL RIGIDITY OF
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ABSTRACT. We study rigidity of minimal two-spheres ¥ that lo-
cally maximize the Hawking mass on a Riemannian three-manifold
with a positive lower bound on its scalar curvature. After assuming
strict stability of 3, we prove that a neighborhood of it in M is iso-
metric to one of the deSitter-Schwarzschild metrics on (—¢, €) x X.
We also show that if ¥ is a critical point for the Hawking mass on
the deSitter-Schwarzschild manifold R x S? and can be written as a
graph over a slice ¥, = {r} x %, then ¥ itself must be a slice, and
moreover that slices are indeed local maxima amongst competitors
that are graphs with small C2-norm.

1. INTRODUCTION

In the last decades, stable minimal surfaces have proven to be a very
important tool in studying Riemannian three-manifolds (M, g) with
scalar curvature bounded from below.

It was Schoen and Yau who first observed in [18] that the second
variation formula of area provides an interesting interplay between the
scalar curvature of a three-manifold (M, g) and the total curvature of a
stable minimal surface > C M, which in turn is related to the topology
of ¥. As a consequence, they proved that if (M, g) has nonnegative
scalar curvature and X is two-sided and compact, then either X is a
two-sphere or a totally geodesic flat two-torus.

Motivated by the above result of Schoen and Yau, Cai and Galloway
[7] later showed that if (M,g) is a three-manifold with nonnegative
scalar curvature and X is an embedded two-torus which is locally of
least area (which is a condition stronger than stability), then ¥ is flat
and totally geodesic, and M splits isometrically as a product (—¢, €) x X
in a neighborhood of Y. Recently, the corresponding rigidity result in
the case where X is either a two-sphere or a compact Riemann surface
of genus greater than 1 were proved by Bray, Brendle, and Neves [4]
and by the second author [16], respectively. We note that Micallef

and Moraru [14] later found an alternative argument to prove these
1
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splitting results. Moreover, a similar rigidity result for area-minimizing
projective planes was obtained in [3].

Perhaps one of the most important uses of the above relation between
the scalar curvature of a three-manifold (M, ¢g) and the total curvature
of a stable minimal surface > C M was in the proof of the positive mass
theorem given by Schoen and Yau [17]. The positive mass theorem is
a fundamental result which relates Riemannian geometry and general
relativity. It states that the ADM mass of a complete asymptotically
flat three-manifold (M, ¢g) with nonnegative scalar curvature is always
nonnegative and is only zero when M is isometric to the flat Euclidean
space R3. Later, Witten [19] gave an independent proof of the positive
mass theorem using spin methods.

Another important result in the context of general relativity which
involves minimal surfaces and scalar curvature is the Penrose inequality
proved by Huisken and Ilmanen [11], and independently, by Bray [2].
It states that if (M, g) is a complete asymptotically flat three-manifold
with nonnegative scalar curvature and boundary ¥ = OM # () being
an outermost minimal two-sphere, then the ADM mass of M is greater
than or equal to the Hawking mass of >, with equality attained if,
and only if, M is isometric to the one-half of the Schwarzschild metric
on R?\ {0}. We recall that the Hawking mass of a compact surface
¥ C (M,g), denoted by my(X), is defined as

5\ "? 1 A
(1.1) my(X) = u 1——/H2da——|2| ,
167 167 Jy, 24w

where H is the mean curvature of ¥ and A = inf,; R.

The Schwarzschild metrics on R? \ {0} can be seen as complete ro-
tationally symmetric metrics on R x S? with zero scalar curvature and
the slice 3y = {0} x S? being the outermost minimal two-sphere. Each
Schwarzschild metric is determined by the Hawking mass of ¥j. These
metrics appear as spacelike slices of the Schwarzschild vacuum space-
time in general relativity.

Another class of metrics on R x S? is the deSitter-Schwarzschild
metrics. These metrics are complete periodic rotationally symmetric
metrics on R x §? with constant positive scalar curvature, and have
Yo = {0} x S? as a strictly stable minimal two-sphere. They appear
as spacelike slices of the deSitter-Schwarzschild spacetime, which is
a solution to the vacuum Einstein equation with a positive cosmolo-
gical constant. The deSitter-Schwarzschild metrics constitute a one-
parameter family of metrics {ga}sc(0,1) and, in this work, we scale each
ga to have scalar curvature equal to 2 (see Section 2 for a more detailed
description).
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In the present paper, we prove some results concerning the deSitter-
Schwarzschild metrics g, on R x S%.

We begin by considering the general situation of a two-sided closed
surface ¥ which is a critical point of the Hawking mass on a three-
manifold (M, g) with R > 2. By writing the Euler-Lagrange equation of
the mass (see Proposition 6.1 of the Appendix), we prove that whenever
>’ has nonnegative mean curvature then it must be minimal or umbilic
with R = 2 along ¥ and constant Gauss curvature.

In particular, whenever M is the deSitter-Schwarzschild manifold
(R x S%, g,), the above says that critical points of the Hawking mass
are either minimal surfaces or slices {r} x S2.

Remark 1.1. To the best of our knowledge, there is no complete classi-
fication of minimal surfaces in (R x S?, g,) to be found in the literature.
However, when the minimal surface ¥ can be written as a graph over a
slice ¥, then a result of Montiel [15] says that ¥ must itself be a slice.
See also [5].

The above considerations are evidence that local maxima of the
Hawking mass in (R x S?, g,) must be slices. In our first main result
we show that slices are indeed local maxima in the following sense:

Theorem 1.2. Let ¥, = {r}xS? be a slice of the deSitter-Schwarszchild
manifold (R x S?, g,). Then there exists an € = €(r) > 0 such that if
¥ C R x S?% is an embedded two-sphere which is a normal graph over
¥, given by ¢ € C*(3,) with [llo2(s,y <€ one has

(i) either mu(X) < mu(%,);
(ii) or X is a slice ¥4 for some s.

The proof follows by showing that the second variation of the mass at
each slice is strictly negative, unless the variation has constant speed,
and using this to argue minimality amongst surfaces that are graphs
with small C? norm over the slice ¥,.

Remark 1.3. A general formula for the second variation on an arbitrary
three-manifold is given in Proposition 6.3 of the Appendix.

Our second result is a local rigidity for the deSitter-Schwarzschild
manifold (R x S?, g,) which involves strictly stable minimal surfaces
and the Hawking mass. We prove:

Theorem 1.4. Let (M, g) be a Riemannian three-manifold with scalar
curvature R > 2. If X C M is an embedded strictly stable minimal
two-sphere which locally mazimizes the Hawking mass, then the Gauss
curvature of X is constant equal to 1/a® for some a € (0,1) and a
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neighborhood of 2 in (M, g) is isometric to the deSitter-Schwarzschild
metric ((—e, €) X 3, g,) for some € > 0.

The idea of the proof goes as follows. Let A;(X) denote the first
eigenvalue of the Jacobi operator. The first step is to prove an infini-
tesimal rigidity along ¥ which is obtained as follows. Using the fact
that X is strictly stable we get an upper bound of the form

(1.2) (1+ M (D)3 < 4r.

On the other hand, the fact that X locally maximizes the Hawking
mass implies (1.2) with opposite inequality sign. Therefore equality is
achieved and from it the infinitesimal rigidity is attained.

From this infinitesimal rigidity we next are able to construct a con-
stant mean curvature (CMC) foliation of a neighborhood of ¥ by em-
bedded two-spheres {¥(t) C M}ie(—c,), Where ¥y = ¥. Finally, by
using the properties of the CMC foliation ¥(¢) we obtain, decreasing e
if necessary, a monotonicity of the Hawking mass along ¥(¢). In par-
ticular, we get that my(3(t)) > myu(X) for all t € (—e¢,€). The rigidity
result then follows from this.

Some remarks are now in order. First we point out that the upper
bound (1.2) involving A; (X) is sharp and is achieved on strictly minimal
slices in the deSitter-Schwarzschild manifold (R x S?, g,). In case X is
stable with A;(L) = 0, (1.2) is the area bound that appear in [4], which
is attained on slices of the standard cylinder (R x S? dr? + gsz).

Moreover, we note that g, tends to dr? + gs» when a — 1, so it is
interesting to ask whether the rigidity statement in [4] can be proven
under the same hypothesis of Theorem 1.4 but with strict stability
replaced by stability. It turns out this is not the case as one can
construct examples of three-manifolds with scalar curvature R > 2
that are not the standard cylinder and that contain a minimal two-
sphere ¥ with area equal to 4w, see e.g. page 2 of [14]. It is then
straightforward to check that a minimal two-sphere with area 47 is a
global maximum of the Hawking mass.

Remark 1.5. The use of a CMC foliation in the proof above is inspired
by the work in [1] and [4] (see also [16], [14])

2. PRELIMINARIES

In this section, we start defining the deSitter-Schwarzschild mani-
fold. The deSitter-Schwarzschild metric with mass m > 0 and scalar
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curvature equal to 2 is the metric

defined on (ag, by) X S?, where (ag, by) = {7“ >0:1-— % — i 0} and

gs2 is the standard metric on S? with constant Gauss curvature equal
to 1.

The deSitter-Schwarzschild metric above extends to a smooth metric
g on [ag, bg] x S* and the boundary components {ag} x S* and {by} x S?
are totally geodesic two-spheres with respect to the metric g. Thus,
after reflection along {ag} x S?, we find a smooth metric g on [y, b] x
S?, where ¢y = 2ag — by. Since {co} x S* and {by} x S? are totally
geodesic two-spheres, we can use the metric g on [cg, bg] x S? to define,
by reflection, a complete periodic rotationally symmetric metric on
R x S? with scalar curvature equal to 2. This metric is called the
deSitter-Schwarszchild metric with mass m > 0 and scalar curvature
equal to 2 on R x S2.

In order to deal with this metric in our paper, we will use the warped
product notation. More precisely, consider the warped product metric
g = dr* + u(r)?gse on R x S?, where u(r) is a positive real function.
If we assume that g has constant scalar curvature equal to 2, then u
solves the following second-order differential equation

" 1 /11— ul(r)2 U(T')
(2.1) u'(r) = 5 ( () ) T
Considering only positive solutions wu(r) to (2.1) which are defined
for all r € R, we get a one-parameter family of periodic rotationally
symmetric metrics g, = dr? + u,(r)%gs: with constant scalar curvature
equal to 2, where a € (0,1) and wu,(r) satisfies u,(0) = ¢ = minu
and u},(0) = 0. These metrics are precisely the deSitter-Schwarzschild
metrics on R x S? defined above.

Remark 2.1. Note that when a tends to 1, the metric g, tends to the
standard product metric dr? + gs2 on R x S?. Moreover, observe that
Yo = {0} x S? is a strictly stable minimal (in fact, totally geodesic)
two-sphere of area 4ma® in (R x S?, g,), for each a € (0,1), but in the
standard product metric dr? 4 gs: on R x S?, i.e, in the limit as a — 1,
Yo is only stable and not strictly so.

Remark 2.2. Tt follows from the first variation formula of the Hawking
mass (see Appendix) that if a two-sphere ¥ C M is umbilic and has
constant Gauss curvature and M has constant scalar curvature equal
to 2 along X, then ¥ is a critical point of the Hawking mass.
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Denote by ¥, the slice {r} x S?. By Remark 2.2, ¥, is a critical
point for the Hawking mass in (R x §?, g,), for all r € R and a € (0, 1).
Moreover, we note that the Hawking mass of 3, C (R x S% g,) is
constant for all » € R. It follows by a straightforward computation:

d 1 ! / 2 "
—mn(S,) = 5o/ (7)1 =/ (r) = u(r)? = 2u(r)u’ (1),

which is zero once u(r) solves (2.1), we obtain therefore that my(%,) is
constant equal to my(Xy). We will denote by m,, this constant value.
Thus, in what follows, g, is the deSitter-Schwarzschild metric with
mass m, and scalar curvature equal to 2 on R x S2.

3. PROOF OF THEOREM 1.2

We establish the following proposition before going into the proof of
Theorem 1.2.

Proposition 3.1. Let (M,g) be a Riemannian three-manifold with
scalar curvature R > 2. If a two-sided closed surface ¥ C M with
nonnegative mean curvature is a critical point of the Hawking mass,
then Y is minimal or ¥ is umbilic, R = 2 along X2, and X has constant
Gauss curvature.

Proof. Let H be the mean curvature of ¥. By Proposition 6.1, the
Euler-Lagrange equation for the Hawking mass functional is

(3.1) AsH +QH =0,

where
Q— " K +1(R—2)+1 2|A]* — /sz
DI 4 = 7

and satisfies the condition:
/ Qdo >0
b

with equality if, and only if, ¥ is umbilic.

Since H > 0, we can apply the maximum principle to (3.1) to obtain
that either H =0 or H > 0.

Now, suppose that H > 0. In this case, by (3.1), we have that
%AEH —|— Q - 0,
which we integrate by parts and get

2
0= |v|d+/Qda

x
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Thus, [, @ do = 0 which implies that ¥ is umbilic and R is constant
equal to 2 along 3. Moreover, we also get that H is a constant function.
So, we conclude that ) = 0. Since X is umbilic and R is constant along

), we also obtain that Gauss curvature of ¥ is constant equal %. U
As a immediate consequence of the above proposition we have:

Corollary 3.2. A two-sided closed surface with nonnegative mean cur-
vature in the deSitter-Schwarzshild manifold (R x S?,g,) is a critical
point of the Hawking mass if and only if is minimal or is a slice {r}xS?.

We now turn to prove Theorem 1.2. First we prove

Proposition 3.3. Let (R xS?, g,) be the deSitter-Schwarzschild mani-
fold with mass m, and let ¥, = {r} x S?. Then, there exists a constant
C = C(3,) > 0 such that for all smooth normal variation ¥(t) of 3,

d2

G| ey <-c [ (o-pr o,
=0 .

where ¢ € C*(3,) is the function which gives the variation and @ =

= [ pdo.

=z, ¥

Proof. First, we have (see Appendix):

Tl iy = - 2 JR
— m = — p) do,
aez|,_, 32732 [y,

1 3m
_— Vol|?do — e Vol|?do,
+ 47r1/2|2|1/2 /Er| %0’ g 2|E7‘| /Er| 80’ a

3m
+ o] HZ/ (¢ —%)*doy,
AS s,
where H is the mean curvature of ¥, and the gradients and Laplacians
are computed on X,.
Next, by the Bochner-Weitzenbock identity applied on X,

1
§A|ch|2 = |Hessp|* + (VAg, Vo) + Ric(V, Vi)

> S(86) +(VAG, V) + K, [Vl
1 47
"2 2]
which once we integrate over Y, we have
1

5 | (Bepdo <

(Ap)? + (VAp, V) + —|Ve|?,

47
2l Js,

Vel do,.

T
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This in turn imply

d2
dt?

3 my, m
—= |Vp|?do, + =
2[%,] /s, 415,

mu(3(t)) <

t=0

H? / (o — @)2 do,.
P
Moreover, since g|%, = u(r)?gsz, we have by the Poincaré inequality

Vol*do, > / 0 —p)*do,

87?/ 9
= ¢ —p)"doy,
AN

and therefore we have

d2 My o 3 mg _
| mmE) < —127r|2 |2/ (@—s@)zdaﬂrz‘z ‘HQ/E (p—9)* do,.

t=0

u’(r)?

Finally, we note that since H? = 4 iz and u/(r)?> < 1 we have that
167w
%]

H? C, where C'= C(X,) > 0 is a positive constant, and thus
dQ

T maE) < =€ [ (¢ =)o

t=0 P

O

Proof of Theorem 1.2. To prove Theorem 1.2 we will use an argument
adapted from [6] and [9]. Suppose ¥ is a graph over a slice ¥, given
by a function ¢ € C?(X,). Assume the average @ of ¢ is zero and let
L be the operator given by the second variation of the Hawking mass:

L _ = Ap)*d ! Velrd
( (’0’@__32%3/2 Er( ©) UTJFW ET| ¢|” do.
3 m,

C20S )

3m
2d . e a HQ/ 2d .
|v()0‘ o + 4‘2T| Er(p g Y

By the computation in Proposition 6.3, we have

(32) (D)~ mn(S,) = 3{Le ¢} + Ollellealellias),

where the constant in the Big-O notation is uniform in ¢, i.e., depends
only on the slice ¥, and W*? is usual notation for the Sobolev spaces.

We next claim that there must exist a constant C' > 0 such that for
any function h of zero average:

(3.3) [(Lh, )| = C||h] [y
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We prove the above by contradiction: assuming the contrary, there will
exist a sequence of functions h,, such that

1
Pl [Fze = 1, [(Lha, hn)| < -

By the Rellich-Kondrachov theorem, up to subsequence, h,, must con-
verge in W12 to a limit / with zero average. We would like to conclude
that |(Lh, h)| = 0, but for that we would need h € W22, So we argue
as follows. First, by Proposition 6.3, we note that |[(L-,-)| controls the
L?-norm, and since |(Lhy,, h,)| — 0, we have that h,, converges to zero
in L2, and therefore h must equal to zero. Finally, by the definition
of L, we observe that because there exists positive constants C7, Cy
independent of n such that:

(Ll hn)| > Cul|Aha[72 — Col [z,

so Ah,, must converge to zero in L?, and therefore by elliptic regularity
||hn||lw22 — 0, which is a contradiction since ||h,||w22 = 1, and the
claim follows.

Hence, combining (3.2) and (3.3), we have for functions ¢ of zero
average and sufficiently small C?-norm that

C
ma () —mu(S,) > —||o| e,

and, by changing the argument mutatis mutandis, we have more ge-
nerally that for any ¢ such that ¢ — ¢ has sufficiently small C?-norm:

C _
mu(X) — mu(S,) > —le — @|[fy2e

and this concludes our proof. U

4. STABILITY AND SECOND VARIATION OF THE HAWKING MASS

Given a surface ¥ in a three-manifold (M, g), the Jacobi operator of
), denoted by Ly, or just by L if there is no ambiguity, is defined to
be

L = Ax. + Ric(v,v) + |A]?,
where v and A denote the unit normal vector field along ¥ and the
second fundamental form of X, respectively. We denote by (L) the

first eigenvalue of L. Our convention for the eigenvalue problem is the
following:

A € R is an eigenvalue of L < 3 ¢ € C*(X) such that Ly + Ap = 0.



10 DAVI MAXIMO AND IVALDO NUNES

We start by proving a sharp upper bound involving A;(L) for the
area of a stable minimal two-sphere X on a three-manifold (M, g) with
R > 2. In case A\{(L) = 0, it is precisely the area bound that appear
in [4]. In case A;(X) > 0, the area bound below is achieved on stricly
minimal slices in the deSitter-Schwarzschild manifold (R x S?, g,).

Proposition 4.1. Let (M,g) be a Riemannian three-manifold with
scalar curvature R > 2. If ¥ C M is a stable minimal two-sphere,
then

4
(4.1) DR q—

M(L)+1
Proof. By the stability inequality we have that

Al(L)/g02d0+/(Ric(y,V)+|A|2)g02d0< / |Vsp|? do
¥ ) )

for all ¢ € C*°(X), where do denotes the area element of ¥, and
A1(L) = 0. Choosing ¢ = 1, we get

(4.2) M (L)Z] + /(Ric(l/, v) +|A*) do <0,
2
where |X]| is the area of ¥.. The Gauss equation implies
A 2
(4.3) Ric(v,v) = g — Ky — %,

where K7y is the Gauss curvature of ¥. Substituting (4.3) in (4.2):
1
44 MDD+ 5/(R+ AP) do < / Ksdo — 4.
s >
and using in (4.4) that R > 2, we finally obtain
4m
Y ———.
= AM(L)+1
U

As a corollary of the proof above, we have that if the upper area
bound is achieved then we get an infinitesimal rigidity over .

Corollary 4.2. If we have equality in the above proposition, then on
Y we must have A =0, R = 2, Ric(v,v) = =\ (L), Ky =47 /|3| and
Ker(L + A\ (L)) are the constant functions.

Our next proposition gives a relation between strict stability and the
Hawking mass. More precisely, it tells us that if the second variation
of the Hawking mass of a stricly stable minimal two-sphere ¥ is non-
positive for all smooth normal variations () of X, then we get the



HAWKING MASS AND RIGIDITY OF MINIMAL TWO-SPHERES 11

reverse inequality in (4.1). We therefore get equality in (4.1) and the
conclusions of Corollary 4.2 follows in this case.
Recall that, by definition, ¥ is stricly stable when A\;(L) > 0.

Proposition 4.3. Let (M,g) be a Riemannian three-manifold with
scalar curvature R > 2 and let ¥ C M be a minimal two-sphere. If 3
15 strictly stable and the second variation of the Hawking mass of ¥ is
non-positive, then

47

(4.5) R RSt

Proof. Let %(t) C M be a smooth normal variation of 3 given by a

vector field X = v, where ¢ € C*(X). Since ¥ is a minimal surface,
a direct computation gives

1 4

+ [ —2/(L )2d +il/ Led
61732 Jp)idotg | wledo ),

my(X(t)) <0, we get that
t=0

d2
de?

t=0

2
and, because :11?

(4.6) (87 —2|3|) (—/Z¢L¢d0—> < 2|Z|/Z(L<p)2da.

Furthermore, if we apply in (4.6) an eigenfunction of A\ (L) satisfying
J5 ¥*do =1, we obtain

(87 — 2PN (L) < 2T (D)2,
and, since A;(L) > 0, this in turn imply
(87— 2/3)) < 2|5\ (D),
and the result follows. 0

Remark 4.4. When a minimal two-sphere is stable but not strictly so,
i.e., in case A\ (L) = 0, one cannot use the hypothesis of Proposition 4.3
to conclude the infinitesimal rigidity of Corollary 4.2. In this case, the
correct assumption to make in order to have rigidity is the one made
in [4], that is, to bypass Proposition 4.3 and assume directly that X is
an area-minimizing two-sphere satisfying |3| = 47, and in this case ¥
is in fact a global maximum of the Hawking mass.
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5. PROOF OF THEOREM 1.4

Let (M, g) be a Riemannian three-manifold and consider a two-sided
compact surface ¥ C M. If ¥ is a strictly stable minimal surface we
can always use the implicit function theorem to find a smooth function
w: (—€,€) x ¥ — R with w(0,z) = 0, Vz € ¥, such that the surfaces

X(t) = {exp,(w(t,z)v(z)) : x € B}, t € (—€,€),

have constant mean curvature, where v is the unit normal vector field
along > and exp is the exponential map of M. But if we do not have
any other information on ¥, we cannot conclude that the one-parameter
family ¥(¢) of surfaces defined above gives a foliation of a neighborhood
of ¥ in M because %—f(O, -) may change sign.

Now suppose that (M, g) has scalar curvature R > 2 and that ¥ C M
is an embedded strictly stable minimal two-sphere. In adittion, suppose
that the second variation at ¢ = 0 of the Hawking mass of all smooth
normal variations X(¢) of ¥ is non-positive. Then, in this case, from
propositions 4.1 and 4.3, we have the infinitesimal rigidity, i.e.,

AT
1> M(L)+1 ’
and the conclusions of Corollary 4.2 holds. It will follow from this
that we can construct a one-parameter family ¥(¢) as described above,
with the function w satisfying 22(0,-) = 1, and the family X(t) defined
using this function w giving a foliation of a neighborhood of ¥ by CMC
embedded two-spheres. This is proved in the next proposition.

Proposition 5.1. Let (M,g) be a Riemannian three-manifold with
scalar curvature R > 2. If X C M is an embedded stable minimal

two-sphere such that
47

%] = (L) + 1’
then there exist € > 0 and a smooth function w : (—€,€) x ¥ — R
satisfying the following conditions:
o For eacht € (—e,€), X(t) = {exp,(w(t,z)v(x)) : x € X} is an
embedded two-sphere with constant mean curvature.

e w(0,z) =0, %(O,x) =1 and [,(w(t,-) —t)do = 0.

Proof. The proof follows along the same lines as the proof of Proposi-
tion 2 in [16]. We use the same notations used there.
We consider the map U : (—¢,€) x B(0,0) — Y defined by

1
\I/(t,u) = ngth — E/EHEUH d.O'7
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and we notice that U(0,0), because ¥y = X. By Corollary 4.2, we have
that the Jacobi operator of 3 is given by

L=Asx —\(L).
Thus, obtain for v € X that
d
DV (0,0) - v=— w0
0.0 v=g| w0s)
d

1
—| (Hs, - = [ Hud
dS s=0 ( s |2| /E U)

)‘1(L>/
= Lv+ vdo
DS

= Lv,

and since L : X — Y is a linear isomorphism, we can use the implicit
function theorem to find the function w : (—e¢,€) x X — R as in [16].

Moreover, it is easy to see that w satisfies w(0,-) = 0 and [ (w(t,-)—
t)do = 0, and that the latter implies

ow

5 Ot

Furthermore, since Hy, ,, = \_é|fz Hs,,  do, Vt € (—¢¢€), we have
after differentiating at ¢ = 0 that

(30)- e (o)
ML) [ dw

(0,-)do = |X].

1
= — —(0,-)d
= —Ai(L)
= L(l)v
and we thus conclude that 22(0,-) = 1, for the strict stability of
implies that L is injective. 0

We are now interested in properties of the CMC foliation constructed
above. We will say that a CMC surface ¥ in a three-manifold (M, g)
is weakly stable if

/ |Vso)? — (Ric(v,v) + |As]?)¢* do > 0,
5

for all o € C*°(X) such that [, ¢do = 0. Inspired by Lemma 3.3 of
[4], we next prove that, decreasing e if necessary, all surfaces ¥(¢) in
the foliation of Proposition 5.1 are weakly stable.
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Lemma 5.2. Consider (M, g), ¥ and 3(t) as in Proposition 5.1. Then,
there exists 0 < 0 < € such that: if t € (—=9,5) and u is a function on
the two-sphere with fE(t) uwdo, = 0, then

/ |Vg(t)u|2d0t—/ (Ric(vy, Vt)+|Ag(t)|2)u2 do; > )\1(.[/2)/ u? doy,
S(t) S(t) (1)
where v, is the unit normal vector field along 3(t) with vy = v.

Proof. We start by noting that a uniform constant C' > 0 can be chosen
such that the Poincaré inequality

/ |Vg(t)u|2dat > C/ u? doy
(t) ()

holds for each ¢ € (—¢, €) and any smooth function function u : S* —
R such that fz(t)udat = 0. In addition, when ¢ = 0 we know by

assumption that (¢) satisfies the hypothesis of Corollary 4.2 and thus

Sl(l}))(RiC(I/t, V) + |A2(t)|2 +M(Ly)) =0
(¢

as t — 0. These two facts together produce the desired §. O

Again, let (M, g), ¥ and X(t) as in Proposition 5.1. We introduce
some notation. Let f(t,z) = exp,(w(t, z)v(zx)), (t,x) € (—0,d) x X,
where § > 0 is given by Lemma 5.2. Consider the lapse function

pe(x) = <88—{(t,x),yt(m)> . (t,x) € (—9,6) x 2.

Since py = 1, we can assume, decreasing § > 0 if necessary, that p; > 0.
Finally, denote by H; the mean curvature of ¥(¢) with respect to v, and
— 1
let Pt = |E(_t)| fzgt) Pt dUt ‘
Now, we are in a position to state and prove our next lemma.

Lemma 5.3. For each t € (9,9), we have

: Ai(L _
[ Rictw0,000) + 45 P o > 22 [ (i,
(t) Pt (t)

47 [ (Ric(w(6)v(0) + | Asio?) dor
2(8)

Proof. The result follows from the fact that %Ht = Lx)p: together
with the weak stability inequality of lemma 5.2. In fact, since p; — p;
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has zero average on 3(t), we have for each ¢t € (=4, ) that

/\1(L2)/ (pr — pr)? doy < —/ (pe — Pr) L) (e — pr) doy
() (1)

d
= ——Ht/ (pe — pt) doy + / (pt — pt) Ls(ype doy
At Jxw 5

_ / (pe — 0) (Ric(vr, ) + | Aso|?) 7 do
=(t)
and this proves the lemma. U

The proof of theorem 1.4 is now mostly a matter of putting these
facts together.

Proof of Theorem 1.4. Let (M,g) and ¥ = S? C M satisfying our as-
sumptions. Since Y is a local maximum for the Hawking mass, we
have:

d?

— di(t)) <0,

|, o)

for all smooth normal variations 3(¢) of 3, and by Corollary 4.2:

4
Y= ————.
= M(L)+1

By Proposition 5.1, we can construct a CMC foliation of a neighbor-
hood of ¥ in M by embedded two-spheres 3(t) C M, with t € (—¢,€).
Noting that

—| H,=L(1)=-M\(Ls) <0,

and decreasing ¢ > 0 if necessary, we can assume that H; < 0 for
t € (0,¢) and that H; > 0 for t € (—¢,0). We can also assume that
mu(X) = mu(X(t)) for t € (—¢,€) because ¥ is a local maximum for
the Hawking mass.

Now, let § > 0 be given by Lemma 5.2 so that for each t € (=4, 0),
X(t) C M is a weakly stable CMC two-sphere. In what follows, we will
see that this implies, using Lemma 5.3, monotonicity of the Hawking
mass along the foliation X(¢).
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In fact, we have

d X(t)) = |Z(t)|1/2H Ri Asw)?) ped
EmH( (1) = T 3982 Z(t)( ic(v, 1) + | E(t)‘ ),Ot O

3
+dmp; — ZHE/ prdoy — / Pt dUt}
2(t) (t)

1/2
@) t [/\I(LZ) /E(t) (pr — pr)* doy +

~ o 32m3/2 7

. 3
m/ (RlC(Vt, V) + |Ag(t)]2) do; + 47p; — 1 2 pidoy — / o dat] ,
(1) (t) (1)

where the inequality follows by Lemma 5.3, and moreover, using the
Gauss equation:

4 a(S0) > =N {E /m <|A2(t)|2_£t2) + (R~ 2)do,

dt 3272 2 2
A (L
+@/ (o — i) dat} .
Pt S(t)
Thus, by the formula above, we obtain that Smy(3(t)) > 0 for
t €0,6) and Smy(3(t)) <0 for ¢ € (—6,0]. This implies that
mu(X) < mu(3(1)),
forallt € (—6,0). Since myg(X) = mu(X(t)), we conclude that my(X(t)) =

my(X) and so Smy(2(t)) = 0, and from this, using the formulae above,
we have for all ¢ € (—9,0) that

e (t) is umbilic;
e R=2on X(t);
[ ] pt = m
Moreover, using that p; = py, it is not difficult to show that
w(t,x) =t, Y(t,x) € (=9,0) x X.

Finally, denote by g5 the induced metric on ¥(t). Since X(t) is um-
bilic and H; is constant, we have

0
5950 = v(t)gs), Yt € (=9,0),

where v is a real function. Thus, we get for all ¢ € (=4, ) that

_ efg v(s)ds g5

gs(t)
= U<t>2 gs2,
where u(t) = aelo "®) 4 with o? = |X|/47 € (0,1).
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Therefore, we conclude that the metric g on (=4, d) x X induced by
f(t,x) = exp,(tv(z)), (t,z) € (—0,0) x ¥, is equal to dt* + u(t)?gs:.
Since this metric has scalar curvature equal to 2, we have, by unicity of
solutions to (2.1), that g is precisely the deSitter-Schwarzschild metric
with mass m, on (—d,0) x X. This finishes the proof. O

6. APPENDIX

Let (M,g) be a three-manifold and consider a two-sided compact
surface ¥ C M. Our goal in this section is to provide the first and
second variation formulae of the Hawking mass at 3. Recall that the
Hawking mass is defined by

DA% 1/ ) A
y) = (2L 1—— [ H?do— — |3
mu (%) (167r T6r Jy 40— o ¥

where A = inf R.

Choose a unit normal vector field v along ¥ and let X(¢t) C M be a
smooth normal variation of ¥, that is, X(t) = {f(¢t,z) : © € X} where
f:(—€€) x ¥ — M is a smooth function satisfying:

o f=f(t,-) : ¥ — M is an immersion for each t € (—¢,€);
e f(0,2) = x for each x € ¥;
° %—{(O, z) = p(z)v(z) for each x € X, where p € C*(X).

For such a given variation, we have:
Proposition 6.1 (First variation of the Hawking mass).

d 2|%|1/2
— it = AxHd
dth( (t)) o (167)3/2 LSO sl do

|E|1/2/ 8 1/ 2 2
_— 2Ky — — — H — 1A H

T emE J 2 T g AT AR ) [ Hede
—’2’1/2 A—R)Hpd

Proof. This is a direct computation using the first variation formula of
area and the following identities:

(i) %Ht‘t:o = Axp + Ric(v,v)p + |Ay;

(ii) %(dgt)‘t:o = —pHdo.
and the Gauss equation 2Ric(v,v) = R—2Kx+H?—|A[*. For identities
(i) and (ii) see [12].

+

O
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Now, denote by 1, the unit normal vector along ¥(t) with vy = v
and let H; be the mean curvature of 3(¢) with respect to v,. Consider
the lapse function

o) = (Gh (e 2)m(a) ).

Notice that pg = . Also, it is a well-known fact that

d

where
L) = Asio + Riclre ) + sy

is the Jacobi operator of ¥(¢). By (6.1), we have the second variation
formula of the mean curvature H; at t = 0 as a consequence of the next
proposition.

Proposition 6.2 (First variation of the Jacobi operator). For each
function ¢ € C*(X), we have:

L'(0)v =2p (A, Hessp) + 21 (A, Hessp) — 2 ow (V) — 219 w(Vy)
+p(VH, V) — H Vo, Vi) +2A(V, Vih) — ¢ divy(divs w)
+9 1 Riyyy Aij + @0 HRic(v,v) + o 0 H| AP + o1 Aij A Aji
—pVvHKy,

where w is the 1-form on 3 defined by w(X) = Ric(X,v).
Proof. Using the Gauss equation, we can rewrite L(t) as

R H2  |As|?
L{t) = Asw + 5 - E(t)+7t—%)"

Now, the formula follows by a straightforward computation using the
following identities. The first one is

d
—Kx)

P = —(A,Hessp) + H Ap+2w(Vy)

=0
+ divg(divgw) ¢ + H K5 ¢,

which can be derived directly from Lemma 3.7 of [8] with h;; = —2pA;;.
The other ones are

d
—A
(dt Z(t)

) v =2p (A, Hesstp) + 2 AV, V) + o (VH, Vi)

— H (Vp, Vi) = 20w(Vi),

t=0
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and

d
EME@) 1’| =2(A Hessp) + 2 Riuj Aij o + 2 Aij Air Ajic 0,
=0

whose proof can be found in detail at [13].

Next, we have the second variation of the Hawking mass.

Proposition 6.3 (Second variation of the Hawking mass). If ¥ C M
s a critical point of the Hawking mass, then

d2 2|E|1/2 ) 1/2 )
t_o_ _(1671')3/2 /E\(LSO) d0+( 3_/2/H SOLSDdU

—mu(X(t))

mH ) 2 |E‘1/2/ 2 2A 2
do — H — d

T JERE e Jy \M 15 ) IVelde

dt?

_ mH(E) / (RiC(V, I/) + |A|2 N H2) S02 do
2151 Js
i / 2, 2A : 2 2\ 2
+ (167r)3/2 H* + 3 (Ric(v,v) + |[A]? = H?) *do

 3mn( g JE
Hpdo HL d
N (/ > (167)772 Dpdo,

where L = L(0) and L'(0) is given in the proposition above.

Proof. Once establishing (6.1), the above follows after a direct compu-
tation using the second variation formula of the area element:

d? . .
] —(doy) . = [[Vo]* = (Ric(v,v) + |AP)@* + H?*¢* + divs(Vx X)] do,
where X (z) = %—{(O,x). O

To finish this section, we will consider the particular case where
(M, g) is the deSitter-Schwarzschild manifold (R x S?, g,) and ¥ C M
is some slice {r} x S2. In this case, we have:

e R is constant equal to 2;
e ) is totally umbilic and has constant Gauss curvature;
e w = 0 (recall definition in Proposition 6.2).

Therefore, we have by (6.2) that

3 H? 4
L'(0)p =2HpAp + §H (Ric(y, V) + 7) ©? — ’;’ng
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Thus, since
H? 8w 3/23mu(X)
- - =C /22 °H
Ric(v,v) + > TS (16m) SR
we have after a direct but long computation using (6.3)
d? |Z[1/2

1
o 2 2
i mu(2(t)) = —32W3/2/(A<p) da—i——4 1/2|2|1/2/2]V90| do

|,
SmH / 2 3my(X) 2/ —\2
Vo|*do + —=—H w—©)“do,
B s e

where p = ﬁ fz pdo and we have used in the above that

/2(90—@)2010:/2 2d0—%,(/9@d0>2.
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