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Hawking mass and local rigidity of
minimal surfaces in three-manifolds

A. BARROS, R. BaTista, AND T. CRUZ

The aim of this paper is to generalize some recent local rigidity
results for three-dimensional Riemannian manifolds (M3, g) with
a bound on the scalar curvature. More precisely, we study rigidity
of strictly stable minimal surfaces ¥ C M which locally maximize
the Hawking mass on a Riemannian three-manifold M whose scalar
curvature is bounded from below by a negative constant. Moreover,
we conclude that the metric of M near ¥ must split as g, = dr? +
g (1)? g5y which is one the Kottler-Schwarzschild metric, where gs
is a metric of constant gaussian curvature.

1. Introduction and statement of the main results

The study of three-dimensional Riemannian manifolds (M3, g) for which the
scalar curvature 7, has a lower bound has encouraged many geometers to
describe the topology and geometry of such manifolds under the assumption
of the existence of a compact embedded surface in M with some geometric
property. In general, stability as well as area minimizing are assumed. Among
seminal works in this matter we mention those due to Schoen and Yau [25]
and Meeks, Simon and Yau [21]. In a recent work due to Bray et all [5] the
authors studied the phenomena of area minimizing projective planes whereas
Bray, Brendle and Neves [6] gave the structure of a three-manifold M under
the assumption of the existence of an embedded area minimizing two-sphere,
motived by a classical work due to Toponogov concerning closed geodesics
in surfaces of positive Gaussian curvature. Next we wish to observe that
a rigidity statement as in [5] or [6] fails if we replace the condition of area
minimizing by stability, due the counterexamples to Min-Oo’s conjecture [9].
A good survey due to Brendle [7] gives an overview of this matter.
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Very recently, Maximo and Nunes [20] have obtained a similar rigidity
result by replacing the area minimizing assumption by strictly stability and
maximization of the Hawking Mass of a surface ¥ C (M3, g). We recall that
the Hawking mass, denote by my(X), is defined as follows

1) mu(®) = m (&mc(x) - /E (H2 + §A> da> ,

where H, |¥| and X (X) stand for the mean curvature, the area and the
Euler characteristic of X, respectively, while A is the infimum of the scalar
curvature Ry of M.

Many rigidity results have been inspired by the Positive Mass Theo-
rem which states that an asymptotically flat three-manifold with nonneg-
ative scalar curvature has nonnegative ADM mass (concept developed by
Arnowitt, Deser and Misner in [2]) that was settled by Schoen and Yau in
[25] and later by Witten [27] using spinors and the Dirac equation. More-
over, the ADM mass is zero if only if M is isometric to R? with the standard
flat metric.

In another context, Wang [26], Chrusciel and Herzlich [13] have proved
a Positive Mass Theorem in the asymptotically hyperbolic setting, where
now the manifold (M, g) has scalar curvature R, > —6. Moreover, under
certain conditions, it was proved that M must be isometric to the standard
hyperbolic space H?.

Our work gives in some sense a generalization of the one due to Maximo
and Nunes [20]. More precisely, they have established a local rigidity result
assuming the existence of a locally maximizing two-sphere 3 that is strictly
stable in a three-dimensional manifold M with scalar curvature R, > 2.
Moreover, there exists a neighborhood of M isometric to one of the de Sitter-
Schwarzschild metric in (—¢,¢) x X.

In this paper, we will go further. We will prove a local rigidity in the
hyperbolic setting. In order to start describing some geometric models, one
recall from [19] the following definition of asymptotically locally hyperbolic
(ALH) manifolds.

Definition 1. Let (f),ﬁ) be a compact surface with constant gaussian cur-
vature k. A C' Riemannian metric g on a smooth manifold M3 is called C*
asymptotically locally hyperbolic if there exists a compact set K C M such
that M ~\ K is diffeomorphic to (1, +00) x ¥ with g satisfying
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where ¢ is the coordinate on (1, 4+00), h is a C* symmetric 2-tensor on S that
depends on £ in such way that there exists a function p on 3, called the mass
aspect function, such that trgh converges to p when £ — +o00. Moreover, @
is a C* symmetric 2-tensor on M so that

Qo + UVQy + - + € V'Qlp = o(£™3),

where b is the hyperbolic metric #gzz + ¢?§ and V is the derivative taken

with respect to b.

Now, fix a real number m and let sg be the largest positive solution of b+
52 — 27“‘ = 0. The three-dimensional Kottler space, or Kottler-Schwarzschild

space is a manifold [sg, +00) X ) equipped with the following metric

ds?

2
== +5ga
2 X
k+s? — =0

ks
where grs is a metric of constant scalar curvature equal to —6. This space
is an analogue to the Schwarzschild space in the context of asymptotically
locally hyperbolic manifolds which also corresponds to the static metrics!
with cosmological constant equal to —3. Standard references for these spaces
covered here are [26],[10], [15] and [19].
By change of variable, the Kottler-Schwarzschild metric can be rewritten
as

ks = dr® + u(r)’gs,
where u : [0, +00) — [s0, +-00) satisfies u(r(s)) = s, u(r) = O(e") when r —
oo, u'(r) = (k+u? — Z2)Y/2 and v (r) = u(r) + mu(r)=2 > 0.
After reflection, we define a complete metric on R x ¥ with constant

scalar curvature —6. Note that u solves the following second-order nonlinear
differential equation

(1.2) u” — §u 21 (W> =0.

We now define a one-parameter family of complete metrics (gis)a =
dr? + uq(r)?gg with constant scalar curvature equal to —6, where u is a
smooth positive function satisfying u,(0) = a and u/,(0) = 0.

LA metric g is called static on a manifold N if there exists a nontrivial function
V (called of static potential) on N such that (AV)g + V2V — V Ric, = 0.
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In a special case, if k= 1, (R x S? gagss) is the anti-de Sitter-
Schwarzschild with m > 0, where gu4ss = dr? + u(r)?gsz. We next observe
that when m tends to 0, then sg — 0 and ¢ is the hyperbolic metric

ds?

:1—{—52

g + 5°gse.

Assuming k =0 and that the area of & is equal to 47, we have the
following model space (R x s, g"). We also remark that if we further assume
m = 0, after a change of coordinate, the metric ¢’ can be written as dr? +
e?"g on R x 5. R

Finally, when £ = —1, m can be negative, in fact, m € [— #, oo). In
this case, we define the model space R x S with metric g=dr?+ u(r)zgi.
If m attains the critical value —ﬁ, then ((0,400) x 3,7) is a two-ended
complete Riemannian manifold whose one-end is asymptotically locally hy-
perbolic and the other is asymptotic to a cylindrical metric dr? + % g5

For the model of rigidity in the hyperbolic case, let (i, gi) denote a
compact surface of genus g(i) > 1 and constant Gaussian curvature —1
such that (R x ¥, dr? + u?(r) gs:) has scalar curvature —2. Thus we consider
a one-parameter family of metrics

(1.3) o = dr” +uq(r)?gs,

with 14(0) = a > 1 and w,(0) = 0.
We now state our main rigidity theorem.

Theorem 1. Let (M3, g) be a Riemannian manifold with scalar curvature
bounded from below by a constant A. Let ¥ C M be a two-sided compact
embedded strictly stable minimal surface such that X locally mazimizes the
Hawking mass. Then

(1.4) </\1 + ;A> 5] = 27x(%),

where A1 is the first eigenvalue of the Jacobi operator. In addition, we assume
that A = —6 and one of the following conditions holds:

(i) If ¥ is a 2-sphere, then ¥ has constant Gaussian curvature equal to
a% and in a neighborhood of X2, M is isometric to the Anti-de Sitter-
Schwarzschild metric ((—¢,€) X S%, (Gadss)a) for some e > 0.
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(ii) If ¥ has genus g(X) = 2, then ¥ has constant Gauss curvature equal
to _ch? for a® > % and there exists a neighborhood which is isometric
to ((—e,e) x £,3,) for some € >0, where g, is a metric of constant
Gauss curvature —1 in X.

(iii) If X has genus one, then ¥ has constant Gauss curvature equal to zero
and there exists a neighborhood which is isometric to ((—e,e) x X, gh)
for some & > 0, where g/, is a flat metric in M.

Remark 1. We would like to observe that when A = —2, ¥ has con-
stant Gaussian curvature equal to — é for a > 1 and in a neighborhood of
¥, (M3, g) is isometric to ((—¢,€) x X, g,) for some € > 0. This is precisely
the hyperbolic case of Theorem 1.4 in [20].

The outline of the paper is as follows: in the next section we give a
critical point characterization of the Hawking mass of embedded surfaces in
manifolds with scalar curvature bounded from below. After this, guided by
the arguments in [20], we use the strictly stability and the second variation
formula of the Hawking mass to construct a foliation of M around X by CMC
embedded compact surfaces {¥;};<.. Proceeding, we analyze the behavior
of the Hawking mass in this family constructed and one conclude that it
is nondecreasing along this foliation which implies our local rigidity result.
Finally, the appendix is dedicate to deduce the variation formulae of the
Hawking mass.

2. Hawking mass and rigidity
2.1. Characterization of critical points

We now choose v a unit normal field on ¥ as well as a variation of % along
its normal direction v in M with speed ¢ € C*°(X), in other words, we
consider the following set ¥; = f(t,X), |t| < e, where f: (—g,6) x ¥ — M
is a smooth mapping satisfying

0
5 0.2) = (@) (a)

and f(0,x) = x for each x € X3, while f; = f(¢,:) : ¥ — M is an immersion
for all t € (—e,¢).
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Assume that the scalar curvature of M is bounded from below, one can
consider the following function defined on any properly embedded surface:

(2.1) ox) = - A=Y Kot (R, - )

1 2
*2( 2|z|/Hd”>’

where A is the second fundamental form of ¥ with respect to the unit normal
v and Ky is the Gaussian curvature of .

Now, we prove a result which classifies critical points of the Hawking
mass.

Theorem 2. Let (M3,g) be a Riemannian manifold with scalar curvature
Ry > A and let us consider X C M a compact two-sided surface with non-
negative(non positive) mean curvature. In addition, if it is a critical point
for the Hawking mass, then

(i) either 3 is minimal;
(ii) or X is umbilic, Ry = A in ¥ and its Gaussian curvature satisfies

_ 2mx(¥)
Ky = DIk

In particular, a closed two-sided surface 3 in (R x S?, (Gadss)a), (R x Y, Ja),
(R x X,g,) or (RxX,g,) with nonnegative mean curvature is a critical
point for my (X)), if and only if it is minimal or a slice.

Proof. Using the formula of the first variation of the Hawking mass presented
in Proposition 3 of the appendix, we obtain

— (2
dt’t 0m 2
_ 2z

(167 3/2/¢AHdU

|2 [ 0D =0 L gy
—_ 2K H*do — |Al?| Hopd
Fempn Jo [P T Py e AT Hode

|E‘1/2

- Tor /Z (R, — N)Hdo

2|Z|1/2

= _(167r)3/2/Z (AH + Q(%)H)¢do.
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Since X is a critical point we conclude
(2.2) / (AH + Q(X)H)¢do = 0.
by

By hypothesis, H > 0. Hence the Maximum Principle guarantees that
either H =0 or H > 0. Supposing ¥ not minimal we have

(2.3) %AH + (%) =0,

Therefore, after integrating this last identity over X we infer

[VH|?
/EQ(Z)dU:_/E e do.

Since Ry > A and |A[*> > $H? we use Gauss-Bonnet formula to arrive at
Js Q(X)do > 0.

This allow us to conclude that [, Q(X)do = 0. From where we conclude
that H is constant. Now, from (2.3) we deduce that Q(X) = 0 which implies

that 3 is umbilic, R, = A on ¥ and Ky, = —%. 0

An important remark is that the slices in the Kottler-Schwarzschild space
have constant Hawking mass. Indeed, consider the slice ¥, in (R X X, (gks)a),
by a simple computation we have

(%) = 2 (9(2) — DU+ = (1)) — 2ua(r)ua(r)").

Since u solves (1.2) the Kottler-Schwarzschild space has constant scalar cur-
vature equal to —6, which gives that each slice has constant Hawking mass.
Therefore, my (2,) = my(3g), where 3¢ = {0} x X.

This slice ¥ is a minimal surface that is strictly stable (see next section
for a definition) for each Kottler-Schwarzschild space (R X 3, (ggs)a). There-
fore, when %, < (R x S%, (gadss)a) We obtain my(3,) = 4(1+ a?) > 0. If

3, o (Rx3,3,), then my(%,) = U1 — 62). Finally, if %, —

(R x i,g&) we have that my,(2,) = a?/4 provided |§\ = 47 occurs.

2.2. Rigidity result

Before proving the main theorem, a few remarks are necessary.
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Let ¥ C M be a surface with associated Jacobi operator given by
(2.4) L = A + Ric(v,v) + |A%,

where A denotes the Laplacian of ¥ in the induced metric and Ric is the
Ricci curvature of M. For simplicity the first eigenvalue A\l of L will be
denoted by Aj.

The Jacobi operator induces a quadratic form Q(¢) = [5 ¢Ledo acting
on the space C*°(X) of smooth functions on ¥. An embedded surface ¥ is
called stable if and only if —Q(¢) = 0 for all p € C°(X), where the lowest
eigenvalue of L is nonnegative. If the lowest eigenvalue is positive we say the
surface is strictly stable. Equivalently, —Q(¢) > A\ fz ©?do, which becomes

(2.5) )\1/ ©*do + / (Ric(v,v) + |A]?)p*do < / |Vsp|?do,
b b by
for any smooth function ¢ on X.

Proposition 1. Let (M3,g) be a Riemannian manifold with scalar curva-
ture Ry > A. If X C M is a two-sided compact strictly stable minimal surface
which locally mazximizes the Hawking mass, then

()\1 + ;A> 2] = 2mx().

Moreover, along 3, we have A =0, Ry = A, Ric(v,v) = =\ and its Gaus-

stan curvature K, = %.

Proof. First of all we use the maximality of ¥ in the second variation formula
of the Hawking mass, see Proposition 4 in the appendix, to drop off some
terms:

d2 N mH(E) .
p7E] t:OmH(Et) = o [/E(|Vg0|2 — (Ric(v,v) + |A|2))<p2da]

2|52 2 2, |52
(1)3/2/2@90) do —gA 3/2/ Ve|*do
2 ) 1/2 '

+ 3A(]|_67r)3/2 / (R’LC(V, V) + |A’2)@2d0
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Whence we deduce

& 87X (X) 9
X) = - Lodo — ~AS| [ oL
dt? t=0mH( 2 2(167r)3/2|2\1/2/g¢ pdo = 5 A |/z@ pdo
5[/ b

2
o P (Lo + AT | oLpdo.
(167r)3/2/2( #)do+ 3 (167r)3/2/2@ 7

By assumption that > locally maximizes the Hawking mass, we obtain

(4rX () — A|X)) / oLodo > —2|%| / (Ly)3do.
) pX
Choosing an eigenfunction ¢ associated to A; this last inequality becomes

—(4rX(Z) — A2 = —2|8|A2

Hence, we have
1
(2.6) <)\1 + 2A) IX| > 27x(2).

Next we derive the reverse of inequality (2.6) using the fact that ¥ is
strictly stable. We remark that in [23], this reverse inequality occurs for
A1 = 0 when X is locally area-minimizing in its homotopy class.

Note that Gauss equation implies

(2.7) R, — 2Ric(v,v) = 2Ky, + |A]%.

Choosing ¢ = 1 in (2.5) and using (2.7) we deduce

1
)\1]2|+/(Rg+|A|2)do—§/Kgda.
2 P ¥

Since Ry > A we use Gauss-Bonnet formula on the last inequality to
conclude

1
MIZ|+ SIS < 27 (5).
Therefore, we get the following equality

()\1 + ;A> 2] = 2mx (D).

This allow us to conclude that ¥ is infinitesimally rigid, i.e., along 3,
Ry, = A, Ric(v,v) = —\y, its Gaussian curvature Ky, = —%Z‘)_l) and X

is totally geodesic, which finishes the proof of the proposition. O



10 A. Barros, R. Batista, and T. Cruz

In one of the seminal works concerning stability of hypersurfaces into
Riemannian manifolds [3] the authors have chosen a variation of the hyper-
surface through the exponential mapping of the target space, however such
a variation does not in general consist of hypersurfaces of constant mean
curvature. But, this is possible to do. In fact, given an embedded, two-sided,
infinitesimally rigid minimal surface ¥, one can construct a foliation {¥; } ;.
around Y = ¥y by constant mean curvature surfaces, as an application of
the Implicit Function Theorem. A similar approach can be found in [23] as
well as in [20]. More specifically, choosing p : (—¢,¢) x ¥ — R by

S = {exp, (u(t,2)v(2));x € T},

then for each t € (—e,¢), 3(¢t) has constant mean curvature as well as the
same genus of ¥, where Xy = ¥ and v is a unit normal field along 3. More-
over, the assertions of the next proposition also hold. As the proof of the
next result is similar to Proposition in [23] we shall omit its proof here.

Proposition 2. Let (M?3,g) be a Riemannian manifold with scalar cur-
vature Ry > A. If X C M is a stable compact embedded minimal surface
satisfying

1
(31+ 34 191 = 2mx(®),
then there exist € > 0 and a smooth function p: ¥ x (—¢,e) — R such that
Y = {exp, (u(t, 2)v(x)); v € X}

18 a family of compact surfaces with constant mean curvature. Moreover, the
following properties hold

= o x)=1 an ) —t)do =
p0.9)=0, S40.5)=1  and /E (u(t, ) — t)do = 0

for each x € ¥ and for each t € (g,¢).

Let us define a mapping f; : ¥ — M given by fi(z) = exp, (u(t, z)v(z))
for each ¢t € (—¢,e). We note that Xy = 3 for each x € X. Let 14(x) be a
unit normal field along ¥ such that vg(z) = v(x) for all x € ¥ and let doy
denote the area element of 3; in the induced metric by f;.
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We also consider the Jacobi operator
L(t) = At + RiC(Vt, I/t) + ‘At|2,

where A; is the Laplacian of ¥; in the induced metric while A; stands for
the second fundamental form of 3; with respect to v4.

For each t € (—e,¢), let H(t) denote the mean curvature of ¥; with
respect to vy, and define p; : ¥ — R by

0
pue) = (le), 3y o))
We now state the next lemma which corresponds to Theorem 3.2 of [17].
Lemma 1. The function py(z) satisfies H'(t) = L(t)py.

From Proposition 2 it is easy to see that py = 1. Therefore, using Propo-
sition 1 and the last lemma we deduce that for ¢ € (—¢, ¢) the mean curvature
H(t) of this CMC foliation ¥; C M in a neighborhood of ¥ obeys

d

2.8 —
(2.8) dt lt=0

H (t) = -\ <0.

Reducing ¢ if necessary, we conclude that H(t) <0 for t € (0,e) and
H(t) >0 for t € (—¢,0), in other words, H is a decreasing function on t.
With these settings we have the next lemma that will be used in order to
deduce the monotonicity of the Hawking mass along the foliation ;.

We point out that the next lemma is more general than Lemma 5.2 in
[20], where the authors showed that each 3, are weakly stable for suitable
€. In this work, we do not need to change the approach depending on the
sign of the infimum of the scalar curvature of M as well as in the theory of
rigidity of area-minimizing surfaces.

Lemma 2.

/ (Ric(ve, ) + | Adl?) pedoy = Pt/ (Ric(vg, 1) + |Ad]?)doy

Et t
\V4 2
—I—H’(t)@(t,x)—i—pt/ | p;’ doy,

t Pt

where O(t, ) is a non positive function, p; = |§t| fEf prdoy and {X¢}e(—c e
s given as in Proposition 2
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Proof. 1t suffices to use Holder inequality to see that 60(t,x) = %] —
Pt s, idat is non positive. Now integrating H'(¢) and using Lemma 1 we
complete the proof of the lemma. O

2.3. Proof of Theorem 1

In this subsection we present the proof of our main theorem.

Proof. Let (M3, g) be a Riemannian three-manifold that contains a surface %
under our assumption. By Proposition 1, the Jacobi operator is given by L =
A — A1 and by Proposition 2, we can construct a constant mean curvature
foliation {3} ;<. around ¥ = ¥y. Applying Lemma 2 in the formula of the
first variation of the Hawking mass, we deduce

d _=mM

3
Hi(t) [QWX(Et)Pt - HtQ/ prdoy

+/ ,Otht—F/ (RiC(Vt,Vt)+At|2)Ptht:|
3¢

PP
_EmM

_ 3 5
= 39,372 H(t) [27‘1’){'(21&),015 — 4H (t) /Z(t) prdoy

+ / ptdO't +pt/ (RiC(Vt, Vt) + ‘At’Z)dUt
t P
2

’vp;’ dO’t:| .

t Pt

+ H'(t)0(x,t) + ,ot/

Next we use equation (2.7) in the above identity to derive

1/2 — 9
(2.9) imﬂ(zt) - % Hi(t) {pt/g (Rg—A) + <‘At|2 -4 (t)> doy

dt - 3273/2 2 2
2
+H’(t)0(t,:z:)+pt/ |vpp2t| dat].
t t

Since po(z) = 1, reducing ¢ if necessary, we still have p(z) > 0 for each
z € Yyandt € (—¢,¢). So that £my(5¢) > 0fort € [0,¢) and £my(5(t)) <
0 for t € (—¢,0]. Therefore, we obtain

my(3¢) > myy(2)

for t € (—e, ). Meanwhile, taking into account that 3 locally maximizes the
Hawking mass, we conclude that my/(3) > my(X;). Therefore, the equality
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occurs and %mH(Et) = 0. Thus we conclude that 3; is umbilic and Ry = A
along ;. This implies that p; is constant. In fact, for ¢ € (—¢,e) we make
use of (2.9) to infer

Ved? _

0.
. PP

H'()0(t,z) —l—pt/

Since H'(t)0(t,x) > 0 we complete our claim, in particular py = 1in t €
(—¢,¢€). Thus, up to isometry, the metric in a sufficiently small neighborhood
of ¥ can be written as g = dt? + gs, .

According to [17] the induced metric on ¥; evolves as

0
a(gij)t = —2p¢(Aij)e,

where gy, = (gij)¢ is the induced metric on ;. Since p; = 1, ¥; is umbilic
and H(t) is constant we obtain

aatgzt = —2H(t)gs,
for all t € (—¢,¢).

Next, under assumption of item i) we arrive at the remarkable equation
g5, = uq(t)?gs: for all t € (—¢,¢), where u,(t) = ae™ JoH(s)ds and 2 = %.
Then, by uniqueness of solutions of the corresponding ODE, it follows that
M is isometric to a piece of the anti-de Sitter-Schwarzschild space with
positive mass and we can conclude that the induced metric by f(¢,z) on
(—e,e) x S? is given by dt? + u,(t)?gse. Analogously in item (ii), we also
infer g5, = uq(t)?gg for all ¢ € (—¢,€), where uq(t) = ae™ Jo H(9)ds with o2 =
It is not difficult to show that a? > % Finally, in the last item

Ar(g(®)—1)" .
we have that gs, = ua(t)%gs for all t € (—¢,¢), uq(t) = ae™ Jo H(s)ds with
a’? = %', where we have used that |X| = 4. O

The metric {g,}q>1 converges to a product metric when a tends to 1.
Thus the rigidity theorem due to [23] can be deduced for stable surfaces that
locally maximizes the Hawking mass. We also mention that a similar split-
ting for three manifolds with non negative scalar curvature which contains
an embedded orientable strictly stable two torus that locally maximizes the
Hawking mass does not exist (in analogy with [11]) provided there are no
such surfaces satisfying this condition.
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3. Appendix: Variation formulae

For sake of completeness we present the proofs of the first and the second
variation formulae for the Hawking mass.

We start with the following proposition in order to compute the first
variation formula. Before, we recall some important basic facts.

The following identities are well known:

d
1 - = —wHdo.
(3.1) o t:odat pHdo
and
(3.2) Ric(v,v) + |A]> = R,/2 — Kx + H?/2 + |A]*/2.

Assertion (3.1) can be found in [17] while (3.2) follows from Gauss equa-
tion.

Proposition 3 (First variation of the Hawking mass). Under the
considerations of (1.1) we have

(s _2‘2’1/2/ Afrdo — 22 /(R NHed
— =—— - — o
dt lt=0 HASE (167‘1’)3/2 24,0 (167’(‘)3/2 » g 4

)12 8(9(%) — 1)
" (onyr2 /2 [m Ty

1/ 2 2)]
+ (== | H*do —|A| Hpdo,
(2\2 >

where vy is a unit normal vector field along 3 with vy = v.

Proof. Tt suffices to take the derivative of the Hawking mass given in (1.1)
for the variation f; of ¥ given previously to obtain

%mH(Et) = % (87r2((2) — / <H2(t) + §A> dat> W/Z %(dat)

- m < /E t 2H (t)H' (t)do, + / t (HQ(t) + §A> Z(dat)> ,

where H(t) and do; stand for the mean curvature and the area element of
>, respectively.

Whence, choosing ¢t =0 and using identity (3.1) we deduce the first
variation formula for the Hawking mass. O
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In order to proceed we need the next lemma.

Lemma 3. Let w be the 1-form on X given by w(X) = Ric(X,v) and

Y(:z:) = %{(O x), then the following assertions hold

& ‘t:oKEt =—(A,Hess o)+ HAp+2w(V)+divy(divy w)p+HKs e,
where Ky, is the Gaussian curvature of ¥; with respect to the induced
metric;

2) (%|,_oAs.)p=20(A, Hess @) +2A(Vp, Vo) —H|V|? +o(VH, Vi) —
2¢0w(Vep);

) %‘t:O’AZt ? = 2(A, Hessp) + 2Riv Aij + 24i Ak Ajip;

4) L/<O)QD - 2()0<A7 Hess 90> + 2S0<A7 H688g0> + 2R’LVVJA'L]()02 +
202 A;; Air Aji — 2pw(Vi) — pAdivs (divy w) — HKxp? +
2A(Vp, Vo) — H|Vy|* + ¢(VH, Vi) — 20w (V) +
©*HRic(v, v) + ¢*H|A|?;

5) |, dor = [—pLe + H¢? + divs(VyY))ldo.

Proof. The first item is a consequence of Lemma 3.7 in [12] whereas the
remainder items can be founded in [18]. O

We are now ready to state the proposition that gives the second variation
formula.

Proposition 4. Let > C M be a critical point for the Hawking mass, then
it holds:

d2
— b
dt? ’t:OmH( t)

3my () </ >2 1m%(2)/ )
—— eHdo | + = V|“do
i mE \Uy > m Sy, Ve

1 )y 2|%[1/2
_ Lma(®) / (Ric(v,v) + |A]2 — H?)2do — H/(L@)Qda
¢

2 Y| (167)3/2
DS 2 2 2 !1/2 2
||/ 2, 2 . 2 2y, 2

+ 6m) 72 s H* + 3A (Ric(v,v) + |A]* — H*)p do
2’2|1/2

/
(167 3/2/HL )edo.
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Before to begin the proof we fix some notations. Letting Sy = Ric(vy, v)+
|A¢]? and Uy = 87X (%) — fz ( 2A> do; and denoting Sy and Uy by
S and U, respectively. We infer

d R s d
%mH(Et) 2 (167952 /Et Uta(dﬂt)
[,/ / 2H (t)(Ag; + Srpy)d
- o
(16m)3/2 \ Jy, Pt Pt )00t

_ / (HQ(t) + §A> i(wﬂ)

Next we define the following functions:

1/2
.« Fi= %'@éﬂ 7 (s, 6 (dov) ) U,

o Fp = 2 |13/j2 s, 2H(t)Avpidoy
|1/2

o F3= 1%; 7 s, (Ry —2Kx, + H2(t) + | Ay2) o H (t)doy
1/2

* Fy= 126:; 372 fz ( 2A) (doy)

In order to deduce the proof of the second variation formula we shall
need a couple of lemmas concerning these functions.

Lemma 4.

d 1 |x|-3/2 ?
el — il H
dtlizo’ = 71 (167r)3/2U /g(p do

112 1/2 ]
+ 2(")3/2 /E(]Vgo\z — S¢* + H?¢* + divs(VyY))do

L 37 / Hd /(2HA 4 25HE)d

55 g g

2 (16772 \ ) ¥ S v

—/E<H2+§A> (@H)do]).
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Proof. Taking derivative of F; and using Lemma 1, we arrive at
d 1|3 73/2 / d / d 1|3 ~1/2 d?
—F1=——F——=5U d —(d = U d
dt” ' T T 4(16m)32 a0 | g\t 5 Gy / a2 4o)

Lz dd 2H (t)A 25, H (t)ps)d
26m2 Jy, a0 [, ~RHMA + 25 H(t)p)doy

- / | <H2(t) + §A> jt(dat)}

Now it suffices to apply at ¢ =0 and make use of Lemma 3 to finish the

proof of the lemma. .
Lemma 5.

d 1|2 1/2

dtli=0"? " 2 (167 3/2/90Hd0/2HA<PdJ

—ﬂ /(2(A )2 + 2pSAp)d
+/ 2H (2¢p(A, Hessp) + 2A(Vp, V)
>z
— H(Vp, V) + o(VH, V) = 20pw(Ve))do

/ 2HACZ(%)L_ do — /Z 2H2(A¢)¢da>.

Proof. Arguing as before, we derive F5 to obtain

d 1;2\ 1/2

dth 167r 3/2/ dtdat/t 2H AtSOt dO‘t)

|Et|1/2 2H!Avord om0 L (A
" ey g, 2 tprdoy + t (ﬂ@( o) doy

+ /t QH(t)At(Pt(i(dat)>'

Now we apply at ¢ = 0 and using once more Lemma 1 we complete the proof
of the lemma. O
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Lemma 6.

4 p o JLEC 1/2/( H)d /QSHd
dtle=0"* "~ 2(16m)3/2 iand prae

D A A
~ 6 [/ —R ‘ (—(A, Hessp) + HAp

+2w(Vp) + divy (divy w)e + HKs )
+2H(Ap + Sp) + (2(A, Hessp)

+ 2R Aijp + 2AiinkAjk<P)} pHdoy

1/2
b2l / 2SH?p?*do

[Z0'72 /25 Ap +2520%do + 2L

(16m)32 )y

|E|1/2 d
(16732 / 25Hdt(‘pt)‘t—oda'

Proof. As before we use Lemma 1 after deriving F3 to obtain

d D I
— 32—(|1é7|r)3/2/ dt(dgt)/ 25y H (t)doy

dt
’Zt 1/2
(167)3/2 2 Kzt
d
+ 2H(t)(At§Dt + St@t) + %‘Atﬁ QOtH(t)dO't

’Et|1/2
- W g 251 (Avpr + Sepr)prdoy

[5:]'/2 / a
= 9 H (ot
(167772 Js, Si (t)%dt(d%)

|Et|1/2 / d
(]_67'()3/2 ., QStH(t) dt ((pt)dO't.

Reasoning as before we consider ¢t =0 and make use once more of Lemma 3.
O

Finally we present the last lemma.
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Lemma 7.

o™
_ X (2H?*pAp + 25 H?p?)d
- (167T)3/2 = SO 90 80 o

‘2’1/2 2, 2 2 2 2 2 .
" (16m)2 J, H? + 2A ) ([Vol* = 8¢ + H?¢? + divs (VyY))do

1 |x|~1/2 5 2
_——— H H —A)oH .
2(167r)3/2 /Ego do /2 + 3 pHdo

Proof. Following the same steps we derive F4 and using Lemma 1 we infer

4r __W/ (QH (1) Mgy + 25, H (1) p1) - (dor)
at” T (16m)32 s, U S A

(Ei;z / (Hz(t) + §A> j; (do)
_ ;W/Z jt(dat) [/Ef <H2(t) + 21\) Z(dat)} _

Proceeding exactly as in the previous lemma we complete the proof of

O

Lemma 7.

3.1. Proof of Proposition 4

Proof. The proof is a combination of the last four lemmas. Indeed, we can

write

d2

7}y
Lmy (%) / ‘E’ 1/2 / 2 2 2 2

- Hdo —_— - S H d
1 |2|~1/2 2

+ (‘16’7r)3/2 (/ pHdo [/Z(2HA<,0+2SH§0) - <H2 + 3A> (goH)da])
1 IEI 12 \Ell/2 2

D 1/2
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+1W/ Hd /QS’Hd 1/2/HL/ d
2 (16m)3/2 Jy, 7007 J, TP (1 RETE 0)¢pdo
3 1/2
+(1|&|T)3/2/E(2H290A<p+4SH24p2)d0
=]/ 2 2 2 2 2 2
~ [W6n 5 H —|—§A (|Vo|* = S¢* + H*p")do
1

|E| 1/2 2 2A

On the other hand, since X is a critical point for the Hawking mass we
have

/Q(HAcp—l—SHgo)— <H2+§A> ((,0H)d0’=—;|21/(,0Hd0'.
b %

Therefore we deduce

d2
— by
dt? ‘t:OmH( )

3 my(2) (/ >2 1mH<E>/ )
—= pHdo | + = Vo|“do
i mE Uy > 3 Sy Ve

_1mH(E)/ o2y 25 2‘211/2/ 2
2 t(S H?)pdo (167)772 (Lp)*do

ﬂ H? gA v |2d 71/2 H2 Lod
~ 6 )y +3 [V O'+( EE ¢ Lpdo
S|1/2 2
+(1|67|r)3/2/ <H2+3A> (S — H*)p?do

2|E’1/2
(16732

/ HL'(0)pdo,
that was to be proved. ]
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