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Rigidity theorems on hemispheres in non-positive
space forms

LaN—HsuaAN HuaNG AND DaMIN WU

We study the curvature condition which uniquely characterizes
the hemisphere. In particular, we prove the Min-Oo conjecture for
hypersurfaces in Euclidean space and hyperbolic space.

1. Introduction

There have been many results on characterization of manifolds with non-
negative scalar curvature. One of the most important theorems is the Posi-
tive Mass Theorem proved by Schoen—Yau [10, 11], and later by Witten [14].
A special case of their theorem tells us that, if (M3, g) is asymptotically flat
with non-negative scalar curvature, then the ADM mass defined at each end
is non-negative; furthermore, if the ADM mass is zero for one end, then
(M3, g) is isometric to Euclidean space.

For a manifold M with boundary M, one can ask a similar question:
Under what conditions on OM is M isometric to a standard model? This
question is, in fact, related to the concept of quasi-local mass in general
relativity. Quasi-local mass is a quantity defined on M, which measures
the energy content of M. Shi and Tam [12] proved that, for a three-manifold
M of non-negative scalar curvature, if 0M, has positive Gauss curvature,
and if the Brown—York mass is zero, i.e.,

/ (Hy — H) do =0,
oM

then M is isometric to a domain in Euclidean space. Here H and Hj are the
mean curvatures of M induced from M and R3, respectively. Miao [8] and
Hang—Wang [6] also prove some rigidity results on a flat region in Euclidean
space under different assumptions.

Besides a flat region in Euclidean space, one can also consider standard
spheres as the standard model. There have been several attempts to under-
stand what properties can uniquely characterize the hemisphere S”. The
following conjecture was proposed by Min-Oo in 1995.
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Min-Oo Conjecture. Le M be an n-dimensional compact manifold with
boundary OM . Assume that M has scalar curvature R > n(n — 1). Further-
more, assume that OM is isometric to the unit sphere S*™t, and that OM is
totally geodesic in M. Then M is isometric to the hemisphere S'} .

While the conjecture is still open, some partial results have been obtai-
ned. Hang-Wang [6, 7] proved the conjecture under the stronger condition
that, either g is conformal to the standard sphere metric, or the Ricci curva-
ture Ric > (n — 1)g. Eichmair [3] proved the conjecture for n = 3 by assum-
ing Ric > 0 in M and an isoperimetric condition on M. For other recent
results on rigidity, see, for example,[1, 2].

Let us try to understand the assumptions in the Min-Oo conjecture.
Obviously, the condition R > n(n — 1) is necessary, because one can other-
wise perturb the hemisphere at an interior point so that R > n(n — 1) — ¢,
for some small € > 0, without changing the assumptions on the boundary.
However, it seems that the assumptions on the boundary can possibly be
weakened or replaced by other conditions. For example, under the assump-
tion that Ric > (n — 1)g, Hang-Wang [7] relaxed the totally geodesic con-
dition on M to be the condition that OM is convex in M.

In this paper, we study the hypersurfaces in Euclidean space and hyper-
bolic space, and obtain several curvature conditions which characterize the
hemisphere. We are able to drop the totally geodesic condition on OM,
and also relax the isometry condition on M. In particular, we prove the
Min-Oo conjecture for the hypersurfaces in these non-positive space forms.
Our method in fact works for a more general situation than the incorpora-
tion condition we state below. Roughly speaking, the proofs work for any
compact hypersurface M with boundary dM, as long as the unit n-sphere
can travel through OM.

Let M be a smooth hypersurface in R**!. Denote by r;, i =1,...,n,
the principle curvatures of M. We define, for each 1 < k < n, the kth mean
curvature of M to be

Uk(/ﬁ:): Z Ky =" Ry, -

1<iy << <n

In particular, o1(k), 202(k), and o, (k) are the mean curvature, the scalar
curvature, and the Gauss—Kronecker curvature of M, respectively. Our con-
vention of the mean curvature is that the unit n-sphere has mean curvature
n with respect to the inward unit normal vector. We say that M is g-conwvex,
1 < ¢ <mn, if its jth mean curvature is positive, for all j = 1,...,q. These
definitions also make sense for a C? hypersurface.
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Let By be the open unit ball in the hyperplane R™ x {0} centered at the
origin. Denote by C the upper solid hemicylinder, i.e.,

Cy = {(:cl,...,x"+1) eR"™ .y <1and 2" > 0}.

Throughout this paper, we denote

r=+/(z)2 4+ -+ (z")? for all (z},... 2") € R".
It is convenient to introduce the following definition.

Definition 1.1. Let M C R™*! be a compact hypersurface which is C? up
to the boundary M. We say that M satisfies the incorporation condition,
if M satisfies the following three conditions

(i) OM is diffeomorphic to S"~1.
(il) OM C R™ x {0}, and B is contained in the region enclosed by M in
R™ x {0}.
(ili) M NCy = 0.

The rigidity theorem in Euclidean space is as follows:

Theorem 1.1. Let M C R™"! be a compact C? hypersurface with boundary
OM . Assume that M satisfies the incorporation condition. Suppose for some
integer 1 < k < n that

(1.1) ox(k) > (Z)

and that M is k-convex if k > 3. Then M is isometric to the hemisphere
St.

Note that for £ =2, (1.1) is equivalent to that R > n(n — 1). Also the
convexity is not required for £ = 2. This theorem in particular settles the
Min-Oo conjecture for the hypersurfaces in Euclidean space. Furthermore, if
M is a graph of a function, then the incorporation condition can be dropped.
Here is the result for the scalar curvature.

Theorem 1.2. Let u € C*(By) N C%By), and M, be the graph of u over
By in R If M, has induced scalar curvature R > n(n — 1), then M, is
isometric to the hemisphere S'y .
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Note that the function w here can be prescribed any continuous bound-
ary value. Theorem 1.2 is generalized to the statement for the kth mean
curvature (see Theorem 2.1, in Section 2, for details.).

Next, we consider the upper half-space model of the hyperbolic space
H"*'. We consider the hypersurfaces satisfying the hyperbolic incorpora-
tion condition (see Definition 3.1 for details). This definition is the same as
Definition 1.1, except that R™*! is replaced by H"*!, that the hyperplane
R™ x {0} in Definition 1.1 (ii) is replaced by R™ x {1}, and that the cylinder
C+ in (iii) is replaced by the following upper solid hemicone.

¢ ={(z' ..., 2"y e H" T 2" > and 2" > 1)
We obtain similar rigidity results in H"*1,

Theorem 1.3. Let M C H"! be a compact C? hypersurface with bound-
ary OM . Assume that M satisfies the hyperbolic incorporation condition.
Suppose for some integer 1 < k <n that

(1.2) oK) > 242 (Z)
and that M is k-convex if k > 3. Then M is isometric to S’} .

Let us remark that when k =2, the condition (1.2) is equivalent to
R >n(n—1), in view of the Gauss equation (3.1). The convexity is not
required for this case. This proves the Min-Oo conjecture in hyperbolic space.
In particular, when M is graphical, we can relax the hyperbolic incorporation
condition. The rigidity result for the scalar curvature is as follows:

Theorem 1.4. Let u € C?(B1) N CY(By) satisfy that u > 0 in By and u =
1 on 0B;. If the graph of u, denoted by M,, has hyperbolic scalar curvature
R > n(n — 1), then M, is isometric to St

Here the assumption on v regarding boundary regularity is stronger than
that in Theorem 1.2. This is due to the difference of the geometry, which we
will briefly mention below. As a remark, a more general statement of Theo-
rem 1.4 for the kth mean curvature is proved in Section 3 (Theorem 3.3).

An important observation in this paper is that, we can reduce the prob-
lem of scalar curvature (or of o in general) to that of mean curvature, either
by the Gauss equation, or by the Newton—Maclaurin inequalities (see [5], for
example). The advantage is that the mean curvature operator is relatively
easy to handle, especially in Euclidean space.
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The approach is relatively difficult in hyperbolic space. To begin with,
one must figure out a model geodesic sphere which plays the same role as the
unit n-sphere in Euclidean space. Besides, the hyperbolic mean curvature
operator is significantly different from that in Euclidean space. For example,
the standard comparison principle (see, for example, Gilbarg—Trudinger [4,
pp. 263-267]) does not apply to the hyperbolic mean curvature operator.
We in fact construct a counter example in Example 3.1.

Our main tool to derive the hyperbolic rigidity theorem is the strong
maximum principles including the boundary point lemma. These principles
are known for general quasi-linear operators (see, for example, Serrin [13] and
Pucci-Serrin [9]). But as indicated in Example 3.1, in the actual applications
one has to be careful for different requirements on the ellipticity, regularity,
and coefficients. For completeness, we state and prove the strong maximum
principles in a form we need.

The rest of the paper is arranged as follows. In Section 2, we prove the
rigidity theorems for the hypersurfaces in Euclidean space. In Section 3,
we study the geometry of hypersurfaces in hyperbolic space, and prove the
hyperbolic version of rigidity theorems. Finally, we include in the Appendix
the complete proof of the strong maximum principles for the mean curvature
operators.

2. Hypersurfaces in Euclidean Space

Let M be a C? hypersurface in R"*!, and A = (Af) be the shape operator of
M with the eigenvalues k; for 1 < i < n. We define the kth mean curvature
of M, denoted by o (A) or oi(k), to be the kth symmetric polynomial on
k= (Kl,...,kn), l.e.,

ox(A) = ok (k) = Z Kiy * K-

1<i; << <n

In particular, if M is smooth, o1(k), 202(k), and o, (k) are the mean cur-
vature, the scalar curvature, and the Gauss—Kronecker curvature of M,
respectively. Therefore, we can similarly define for a C? hypersurface, its
mean curvature, scalar curvature, and Gauss—Kronecker curvature to be
o1(k), 202(k), and o, (k), respectively. We say a C? hypersurface is [-conver,
1 <1 < n, if its jth mean curvature is positive for all j =1,...,1.

In this section, we may interchangeably use o1(A), o1(k), and Hy to
denote the mean curvature of a hypersurface. The notation B, stands for
the open ball in R™ x {0} of radius a > 0 centered at the origin. Unless
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otherwise indicated, we always denote

r= V(@) e @)
Let us first proceed to prove Theorem 1.2, in which the hypersurface is
graphical. Let u € C%(B;) N C°(B;) and M, be the graph of u over B in
R e,

M, = {(z", ..., 2" 2" 2" = (2, ... 2"), for all r < 1}.

The mean curvature of M, with respect to the upward unit normal vector,
is

= ou/0x
=i =35 (25 )

Below a simple estimate of the total mean curvature is derived.

Proposition 2.1.

Hoy(u)dz
B,

< nVol(By).

Proof. 1t follows from the divergence theorem that, for any 0 < a < 1,

/Ho

9B, \/1 + [Dul?

_ Dyl

8B, /1 + \Du|2

< Vol(9B,) = EVol( By).

Du(y/a) ‘

Letting a tend to 1 yields the result. O

Proof of Theorem 1.2. Let us invoke a useful identity:

H\? _oa(4) | AP
(2.1) < - ) AR

We denote by A the trace-free part of A, i.e.,

(2.2) (A)Y = AT - @(sg.
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The identity (2.1) follows immediately from substituting (2.2) into
HZ — 209(A) = |A]%.
Now if 209(A) > n(n — 1) everywhere, we have by (2.1) that
HZ >n?+ %]A\Q > n?

Therefore, by continuity, we have either Hy > n everywhere, or Hy < —n
everywhere. But in view of Proposition 2.1, we obtain in fact an identity
in either case. Applying (2.1) again yields that A= 0, i.e., M, is totally
umbilic with all principal curvatures identically equaling 1. Therefore, M,
is isometric to the hemisphere S’} . O

Next, we would like to prove Theorem 1.1. Recall that C is the upper
solid hemicylinder given by

Cy = {(:cl,...,x"+1) eR"™ .y <1and 2" > 0}.

Let M be a C? hypersurface with boundary OM. We say M satisfies the
incorporation condition, if M has the following three conditions:

(i) OM is diffeomorphic to S~

(i) OM C R™ x {0}, and Bj is contained in the region enclosed by M in
R™ x {0}.

(iii) M NCy = 0.
The following lemma settles the mean curvature case in Theorem 1.1.

Lemma 2.1. Let M C R™! be a compact hypersurface with boundary OM .
Assume that M satisfies the incorporation condition. If the mean curvature
of M satisfies that |Hy| > n everywhere, then M is isometric to the hemi-
sphere S'! .

Proof. Without loss of generality, we can assume that Hy > n with respect
to a non-vanishing unit normal vector field ¥ on M. More precisely, v is
the inward unit normal vector if we “close up” M by adding the flat region
enclosed by M in R™ x {0}. Let S(g) be the unit n-sphere in R"! centered
at (0,...,0,q), for each ¢ € R. Since M is compact, we can start with a very
large ¢ so that S(g) has no intersection with M. Then, we continuously
decreases ¢ until S(q) begins to intersect M. We denote g = qo for this
moment.
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We assert that if S(qo) is tangent to M at an interior point, then M
must be a portion of S(qp), and hence, OM = dB; by the incorporation
condition; therefore M is isometric to the hemisphere. Indeed, let V= M N
S(qo). Obviously V is a non-empty closed subset in M. If V' 2 M, then there
exists an interior point p of M such that p € 9V. Locally near p, both S(qo)
and M can be written as graphs over 7, M. Note that the mean curvature
of the graph of S(qo) is equal to n (instead of —n) with respect to the unit
normal v. This is guaranteed by the incorporation condition (ii) and (iii).
Applying part (1) of Theorem A.1 yields that M must coincide with S(qo)
over the small neighborhood of p. This contradicts the assumption p € 9V
Hence, V = M and the assertion is proved.

The assertion will imply that OM N OB # (), and go = 0. Suppose that
OM N 9By = (. Then by the incorporation condition S(qy) has to tangent
to M at some interior point. By the assertion M is a portion of S(qg) and
OM = 0Bjy. It is a contradiction. Thus, we have ¢g > 0. If ¢o > 0, then again
S(qo) must intersect M at the interior, by the incorporation (iii). We arrive
a contradiction again by the assertion.

It remains to rule out the case that S(0) intersects M only at M. For
any xg € OM NIBy, we can locally write M and S(0) as graphs ¢ and ¢
(with ¢ > 0) over T, C, respectively. Here C' is the cylinder

(2.3) C={('. ...a") eR"™ | r=1}.
We have by the second part of Theorem A.1 that

oW —¢)

Let us also write C locally as the graph ¢ over T, C. Because S(0) is tangent

to C at xg, ¢ and ¢ have the same derivatives in the direction of 9/0x"*!,
and therefore,

—9) _0W—0v)

Tognit 0= g (@) >0

This implies that ¢ (z) < @(z) for any © = 2o — (0,...,0,t) with ¢ > 0 small.
This holds for any x¢g € 0M N 0B;. Hence, there exists a small constant § > 0
such that

MNC_s=0,

in which

Cs={(=.... 2" eR" :pr <1land —§ < 2" <0}
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Then, there exists a small constant e > 0 such that S(¢) has no intersection
with M for any —e < ¢ < 0. Thus, we can continuously decrease ¢ until
S(q) is tangent to some interior point of M. We get a contradiction by the
previous assertion. This completes the proof. O

Proof of Theorem 1.1. Tt remains to show the theorem for k > 2. If k = 2,
by (2.1) we have
The result then follows immediately from Lemma 2.1. Assume for some

k > 3 that M is k-convex and oy(k) > (Z) Recall Maclaurin’s inequality
states that

a1 o]V Y o1 (V)
(2.4) B < ) <. .. <
k k—1 n

for any A = (A1,...,An) € R" with oj(A) >0 for all j =1,..., k. It follows
that

Y

1/k
Hy=o01(k) >n [Ukrgfi)] >n
(%)
everywhere on M. Thus, the result is implied by Lemma 2.1. O

If M is graphical, then the incorporation condition in Theorem 1.1 can
be dropped.

Theorem 2.1. Let u € C%(B1) N C%(By), and M, be the graph of u over
By in R™1. Assume that M, is k-convex for some integer 3 < k < n, and

or > (’D

Proof of Theorem 2.1. For 3 < k < n, Maclaurin’s inequality implies that

Then M, is isometric to S'} .

1/k
209(k) > n(n — 1) ["’““”] > n(n — 1).

(%)

The result then follows from Theorem 1.2. O
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3. Hypersurfaces in Hyperbolic Space

We consider the upper half-space model for the hyperbolic space H*+! with
the metric x;,7,0;;. Let M be a C? hypersurface in H"*! and A = (A4]) be
the hyperbolic shape operator. Similar to Euclidean space, we define the
hyperbolic kth mean curvature of M to be the kth symmetric functions on
A. As before, M is called k-convez, if o;(A) >0 for all 1 < j < k. Note
that 01(A) is equal to the hyperbolic mean curvature H. In contrast to the
Euclidean case, the scalar curvature of M induced from H"*! is defined to

be
(3.1) R =209(A) —n(n—1).

(In the following, we call the induced scalar curvature of a hypersurface in
H"*! the hyperbolic scalar curvature.)

The reason is due to the Gauss equation. More precisely, assume that M
is a smooth (or at least C2) hypersurface in H**!. For any p € M, we choose

an orthonormal basis {e;}7_; of T,M. Denote by R;jj; and R;;x, respectively,
the Riemann curvature tensors of H** and M at p with respect to {e;}7 .
Then, by the Gauss equation,

(3.2) Kij = Rijji = Rijji — Auidjj + Aij Aij,

where I_(ij is the sectional curvature of H**! at p. Recall that
Kij =—1+d;;, forall<i,j<n.

Summing (3.2) over all 4, j = 1,...,n yields that

(3.3) —n(n—1)=R— H* + |A]?

where R and H are, respectively, the hyperbolic scalar curvature and mean
curvature of M. On the other hand, we know that

209(A) = H? — |A].
This combining (3.3) yields that
R =203(A) —n(n —1).

The following simple proposition relates the hyperbolic scalar curvature
to the hyperbolic mean curvature.



Rigidity theorem on hemispheres 349

Proposition 3.1. Let M be a C? hypersurface in H" !, Denote by A the
trace-free part of A. Then,

H\? |AJ2 R
(34) <n> - n(n —1) * n(n —1) 1

As a consequence, if R > n(n — 1), then
H > 2n,

where the equality holds if and only if M is totally umbilic with all the
principal curvatures identically equaling /2.

Proof. The identity (3.4) follows immediately from substituting

H2

n

AP = AP +

into
R4 n(n—1) =203(A) = H> — |A].

O

Let us now look at the graph case. Let u = u(zt, ..., 2") € C*(By)N
CY(By). Throughout this section, we denote for § > 0,

Bs = {(«',...,2",0) e R"™ | r < 4},

and

r=la| = V@7 + @)

Let M, be the graph of u over By, i.e.,
M, = {(,7;1’ .. ’$n7xn+1) | xn—f—l — U(aj‘l, N .,.Z'n), for all r < 1}'

Notice that if u =1 on 0By, then M, with the induced metric from
H"*! is isometric to the unit (n — 1)-sphere S?~!. The mean curvature of
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M,,, with respect to the upward unit normal vector, is
Ou/0x’

3.5 H(u _ g — .

( ) ( ) 1—|—|Du|2 81.1 ( 1—|—DU|2>

A geodesic sphere in H"*! is an Euclidean sphere which is contained in
H"*+!. The hyperbolic mean curvature of a geodesic sphere is given by

H=

q
i,
a

where ¢ is the height of the center and a is the radius. Among all the
hyperbolic geodesic spheres which pass through 0B; x {1}, the one of radius
V2 centered at (0, ... ,0,2) has the maximum mean curvature, which is equal
to v/2n. We call this geodesic sphere the model sphere. Let

v=2—v2-17%2 forallr <1,

and M, be the graph of v. Then, M, is the portion of the model sphere. By
abuse of language, we also refer M, (or v) as the model sphere.

Proposition 3.2. The model sphere M, endowed with the induced metric,
is isometric to the hemisphere S'} .

Proof. First, notice that M, is totally umbilic with all the principal curva-
tures identically equaling v/2. Let {e;}_, be an orthonormal basis under
which A is diagonalized. Since M, is smooth, we can apply the Gauss equa-
tion (3.2) to obtain that

—1=K;;=K;; —2, forall<i,j<nandi#j,

where K;; is the sectional curvature of M,,. Thus, M, has constant sectional
curvature 1. Moreover, M, is simply connected, and OM,, = 9By x {1} which
is isometric to S*!. Therefore, we conclude that M, is isometric to St. O

Before proving the theorems, let us remark that the standard comparison
principle (see, for example, Gilbarg—Trudinger [4, pp. 263-267]) does not
apply to the hyperbolic mean curvature operator H(u). One reason is that
the second-order coefficients in H depend on u. See below for a counter
example.
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Example 3.1. Let us compare the model sphere v with the following two
functions:

uy=1 and wus=14+e—V1+e2—-7r2 forallr<l1,
where 0 < € < 1/2. Observe that uy,us € C°°(B;) with

“1}831 = “2‘631 =1= U|aBl’

and that

H(u1) =n <+V2n=H(v) and H(UQ):TL\(/% <V2n.

Nevertheless, we have

Uy > vV > U9 onBl.
Now we would like to show the rigidity theorem for the mean curvature.

Theorem 3.2. Let u € C?(By) N CY(By) such that u =1 on 0By. If H(u)
> /2n where H is given by (3.5), then

u=v=2—+2—7r2 on By.
Proof of Theorem 3.2. Let us first point out that
u>0 on By,

because, if v achieves a non-positive minimum at yg € Bj, then a direct
computation shows that H(u)(yo) < n.
Let

2
v(r) =q — % —r2 forallr=|z| < min{l,q/\/i}

where ¢ > 0 is a constant. Then {v,} defines a family of geodesic spheres of
radius ¢/ V2 centered at (0,...,0,q), whose hyperbolic mean curvatures are
all equal to v/2n.
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The following two inequalities will be used: First, for all ¢ > /2 and
q#2,

2
/q
(3.6) Vgl o, = va(1) = q — 5—1>1:u‘831.

Second,
(3.7) v(r) >r for all ¢ >0 and all r < ¢/V/2.

We start with a very large ¢ so that there is no intersection of the graphs
of vy, and u. Then, we continuously decrease ¢ until ultimately the graph of
vq begins to intersect the graph of u. Denote by ¢ = go for this moment.
Observe that gy > 2, since vy, with ¢ = 2, is exactly the model sphere v
which intersects the graph of u at least on JBj.

We assert that go = 2. Suppose that go > 2. Then v, € C>(By), and
Vg, > uon By by the above construction. In view of (3.6), vy, must be equal
to u at some interior point in B;. Applying Theorem A.1 (1) with Q@ = H
and V = Bj yields that

Vg, =u on Bj.

This contradicts with (3.6). The assertion is proved.
Thus, we have

Vg =0=2—+2—7r2 forallr <1

Clearly, v € C*(Bj), and v > u on Bj. Note that if v = u at some interior
point of Bj. Again by Theorem A.1 we have uw =v on Bj. Therefore, to
prove this theorem, it suffices to rule out the remaining case, i.e.,

(3.8) v(z) > u(x) for all z in By.

Assume that (3.8) holds. We claim that there exists a sufficiently small
constant € > 0 such that for any 2 > ¢ > 2 — ¢,
q* -
Vg=¢q— 5—7“2>u on Bj.
Deferring its proof, we first proceed to exclude (3.8): By the claim we can

find a ¢ e_(2 — €,2) so that the graph of v, lies completely above the graph
of u over By. Then, we can move the graph of v, downward, by continuously
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decreasing q. Note that eventually the graph of v, must intersect the graph
of u, since u(0) > 0 and

1
0) =minvg=|1-—=)g—0 — 07",
vg(0) min vy < \/§> q , asgq
We denote by g; for the moment that the graph of v, begins to intersect
the graph of u. There are two cases:

Case 1: Suppose that 2> g > /2. Then v, € C*°(B;)NC%B;) and
vg, > u on By. Because of (3.6), v, has to equal u at some interior point of
Bj. By Theorem A.1 (1), we obtain that vy, =u on By, which is a contra-
diction.

Case 2: Suppose that V2> ¢q >0. Then v, € C®(B;)NC°B;) and
Vg, > u on B, where 7 = ql/\@ < 1. Note that

0vg,

or (r) = V212

This implies that the graph of v,, cannot touch the graph of u over a point on
dB;, for otherwise u would not be in C?(B;). Thus, v,, = u at some interior
point of B;. However, applying Theorem A.1 (1) yields that v, = u on B;;
this again violates the assumption that u € C%(Bj). Therefore, combining
the two cases, we have ruled out (3.8), with the aid of the claim.

Let us now settle the claim. A key observation is that there is a small
constant § > 0 such that

— to00 asr —T.

(3.9) u(z) <l|z|=r foralll—o¢<|z|<1.
In fact, by (3.8) and applying Theorem A.1 (2) yields that,
0 < (Du — Dv)(xg) - g = (Du — Dr)(xg) - xo for each z¢ € 0By,
where we use the fact that
Dv(xg) = Dr(xg) for all 29 € 0By.
Then by continuity, there exists a sufficiently small § > 0 such that

X

D(u—r)(x) >0 foralll—0<|z|<L1.

|z
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Since u € C'(Bj), we have by the mean value theorem that
u(z) —r(z) <0 foralll—¢<|z|<1.

This proves (3.9).
Let

1
d= §min{v(x) —u(x): |z| <1-—46}.
Then d > 0, because of (3.8). On the other hand, by the uniform continuity,

sup [v — v| < C(2—¢q) forall (24 v/2)/2 < g <2.

B,

where C' > 0 is a constant independent of ¢ and §. Now let

e =min{d/C, (2 — v/2)/2} > 0.
We then have for any 2 — e < ¢ < 2,

vg>v—Ce>v—d>v—(v—u)=u forall|z|]<1-0.
Moreover, combining (3.7) with (3.9) gives that
vg(x) > || > u(x), foralll—4d <z <.

Therefore, we conclude that for each 2 — e < ¢ < 2,

vg(z) > u(x), forall |z| <1.
This proves the claim, and hence, the proof is completed. O
Remark 3.1. As pointed out by Rick Schoen, if the function » in Theo-
rem 3.2 satisfies in addition that du/0r = 0v/0r on the boundary (which

holds if OM is totally geodesic in M), then (3.8) can be immediately ruled
out by Theorem A.1 (2).

Theorem 1.4 then follows immediately from Propositions 3.1 and 3.2,
and Theorem 3.2. There is also a k-convex version of the rigidity theorem,
which also follows from Proposition 3.1 and 3.2, Theorem 3.2, together with
Maclaurin’s inequality (2.4).
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Theorem 3.3. Let u € C?(By) N CY(By) satisfy that uw >0 in By and u =
1 on 0By. Let M, be the graph of u over By. Assume for some 1 <k <mn

that
(k) > ok/2 <Z>,

and that M, is k-convez if k > 3, then M, is isometric to ST} .

Next, we generalize the rigidity results to a hypersurface in H**!. Sim-
ilar to the Euclidean case, we will introduce the hyperbolic incorporation
condition. Let € be the upper solid hemicone, i.e.,

¢ ={(z' ..., 2" e H" 2" > 1 and 2" > 1),

Definition 3.1. Let M C H"*! be a compact C? hypersurface with bound-
ary OM. M 1is said to have the hyperbolic incorporation condition, if M
satisfies the following three conditions:

(i) The boundary OM is diffeomorphic to S~ 1.

(ii) OM C R™ x {1}, and B is contained in the region enclosed by OM in
R™ x {1}.

(iii) MNe&L =1.
The rigidity theorem for hypersurfaces is as follows:

Theorem 3.4. Let M C H"t! be a compact C? hypersurface with boundary
OM . Assume that M satisfies the hyperbolic incorporation condition. If M
has hyperbolic mean curvature H > /2n, then M is isometric to St.

Proof of Theorem 8.4. The proof is similar to that of Theorem 3.2, so we
only point out the difference here. We use the following family of functions:

2
vq(r):q— %—73 forallrSQ/\@v

where ¢ > 0 serves as a parameter. Denote by S(¢) the graph of v,. Again
we start with a very large ¢ so that S(¢) has no intersection with M. Then
we move S(q) downward, by continuously decreasing ¢, until ¢ = gp when
S(gq) begins to intersect M.
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Observe that S(gp) N M is contained in the interior of S(qp). To see this,
notice the fact that

9S(qo) = {(z*,...,a" ™) 17 = qo/V2,2" = g0} C S(3qp).

Thus, if there exists an x € 95(qo) N M, then S(3qo) should also intersect
M at z. This contradicts our choice of qg.

For any y € S(qo) N M, the observation enables us to locally write M
near y as a graph over a small ball V' C By. The (iii) of incorporation con-
dition assures that the local graph has the right sign for its mean curvature.
Thus, similar to the proof of Theorem 3.2, we can apply Theorem A.1 to
obtain that gy = 2, and that either M is isometric to S7, or S(2) only inter-
sects M at OM. It remains to rule out the latter case. The process goes
the same as that of Theorem 3.2, except that Case 2 here is excluded by
virtue of the above observation. The difference is that a hypersurface can be
vertical at the interior of By, in contrast to a graph. O

Finally, Theorem 1.3 follows as a corollary of Theorem 3.4 and Maclau-
rin’s inequality.

Added in Proof: The assumption that M being k-conver when k > 3
can in fact be removed from Theorem 1.1, Theorem 1.3, and Theorem 2.1.
We are very grateful to Professor Pengfei Guan for pointing this out to us.

The reason is as follows: First, observe that M is k-convex everywhere
on M as long as it is k-convex at one point. This is due to the well-known
fact (see, for example, [15] and [16, p. 51]): The convex cone I'y = {x € R™ :
o1(k) > 0,02(k) > 0,...,01(k) > 0} is the connected component of {k € R™ :
o(k) > 0} containing {x € R" : k1 > 0,..., Kk, > 0}. Thus, it suffices to find
a point p in M so that x(p) € T'x. By the incorporation condition, M lies
in a hyperplane, denoted by L. Because M is bounded, we can start from
a hyperplane which is parallel to L and disjoint from M, and translate the
hyperplane upward until it begins to contact M at some interior point pg.
Then, the principal curvature x; > 0 at py for all 1 <4 <n (in particular,
in hyperbolic space we have k; > 0 at py for all 7). By the assumption,
or(k) > 0 on M. Applying Maclaurin’s inequality yields that

Ujl»/j(/i) > a,i/k(m) >0 atpy, foralll<j<k.

This shows that x(po) € T'.



Rigidity theorem on hemispheres 357

Acknowledgment

Both the authors would like to thank Professor Rick Schoen for many help-
ful discussions. The second named author would also like to thank the warm
hospitality of Stanford University, and the support of The Ohio State Univer-
sity at Newark. We would like to thank the referee for bringing our attention
to some other recent results on rigidity such as [1] and [2].

[1]

2]

References

H. Bray, S. Brendle, M. Eichmair and A. Neves, Area-minimizing pro-
jective planes in three-manifolds, arxiv:0909.1665.

H. Bray, S. Brendle and A. Neves, Rigidity of area-minimizing two-
spheres in three-manifolds, arxiv:1002.2814.

M. Eichmair, The size of isoperimetric surfaces in 3-manifolds and a
rigidity result for the upper hemisphere, Proc. Amer. Math. Soc. 137
(2009), 2733-2740.

D. Gilbarg and N. Trudinger, Elliptic partial differential equations of
second order, Springer, Berlin, Paperback edition, 2001.

G. H. Hardy, J. E. Littlewood and G. Pdlya, Inequalities, Cambridge
University Press, Cambridge, 1934.

F. Hang and X. Wang, Rigidity and non-rigidity results on the sphere,
Comm. Anal. Goem. 14 (2006), 91-106.

F. Hang and X. Wang, Rigidity theorems for compact manifolds with
boundary and positive Ricci curvature, J. Geom. Anal. 19 (2009),
628-642.

P. Miao, Positive mass theorem on manifolds admitting corners along
a hypersurface, Adv. Theor. Math. Phys. 6 (2002), 1163—-1182.

P. Pucci and J. Serrin, The mazximum principle, Birhduser, Basel, 2007.

R. Schoen and S. T. Yau, On the proof of the positive mass
congecture in general relativity, Comm. Math. Phys. 65 (1979),
45-76.

R. Schoen and S. T. Yau, Proof of the positive mass theorem. II. Comm.
Math. Phys. 79 (1981), 231-260.



358 Lan-Hsuan Huang and Damin Wu

[12] Y. Shi and L. F. Tam, Positive mass theorem and the boundary behav-
tors of compact manifolds with nonnegative scalar curvature, J. Diff.

Geom. 62 (2002), 79-125.

[13] J. Serrin, A symmetry problem in potential theory, Arch. Ration. Mech.
43 (1971), 304-318.

[14] E. Witten, A new proof of the positive energy theorem, Comm. Math.
Phys. 80 (1981), 381-402.

[15] L. Caffarelli, L. Nirenberg and J. Spruck, The Dirichlet problem for non-
linear second-order elliptic equations. III. Functions of the eigenvalues
of the Hessian, Acta Math. 155 (3-4) (1985), 261-301.

[16] G. Huisken and C. Sinestrari, Convexity estimates for mean curvature
flow and singularities of mean convex surfaces, Acta Math. 183 (1)
(1999), 45-70.

Appendix: Strong maximum principles

Throughout the Appendix, we denote by B, the open ball in R™ x {0} of
radius r centered at the origin, and denote B = By for simplicity. A function
with subscripts stands for the derivatives of the function. For example,

ou 9%u

U = —, Ujj = ———.
Yot Y Qrigd

Consider
n

Q(u) = Z @ (u, Du)uij + b(Du) in B,
ig—1

for all u € C?(B) N C%(B). Here

aii(t,p) = —20) <5ij pipj)

JI+pP U7 T+ pP
and
b(p) = b for all p = (p*,...,p") € R",

V1+pl?

in which by is a constant, and z = z(¢) is a smooth function defined on a
domain in R. In particular, ) is the Euclidean mean curvature operator Hy
if bp = 0 and z = 1; Q) is the hyperbolic mean curvature operator H if by = n
and z(t) = t.
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Theorem A.1. Let p,9 € C*(B)NC%B) with z(y)) >0 on B. Let V be
an open ball in B (V could be B itself) such that

Qlp) <Q(Y) and @>y V.
(1) If ¢ =1 at some interior point of V', then
p=1 onV.

(2) If pe C2(V), v € C3(V)NCHV), ¢ > in V, and ¢ = at some
xg € OV, then

D(¢p — p)(x0) -1 > 0,

where 1 is the outward unit normal vector at xy to OV .

Remark A.1. Part (2) of the theorem is the boundary point lemma for
quasi-linear operators. The regularity of ¢ and 1 can be replaced by that
at least one of ¢ and 9 belongs to C?(V) N CH(V), while the other is in
C?(V)NnC% (V) and at which z > 0.

The proof of Theorem A.1 is based on Hopf’s strong maximum principle
and boundary point lemma. Let V' be the open ball in B, and L be the linear
operator given by

(A1) Lh="Y " ahjj+» bhi+ch inV,

ij=1 i=1

for all h € C%(V). Assume that the coefficient matrix (a¥/) is everywhere
positive definite in V, and that @, b’, and ¢ are continuous in V for all
1<i,5 <n. A special case of Hopf’s strong maximum principle can be
stated as follows:

Lemma A.l. Let L be the operator given by (A.1), and h € C*(V) such
that h <0 and Lh > 0 in V. If h = 0 at some interior point of V, then h =0
onV.

Lemma A.1 follows, in turn, from the following boundary point lemma
due to Hopf.
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Lemma A.2. Let L be the operator given by (A.1), and U be an open ball
in'V such that a’, b', c € CO(U) for all 1 < i,j < n, and that there exists a
positive constant 0 such that

(A2) > algig; > 0l¢),

ij=1

for all x €U and & = (&1,...,&,) €R™. Let h € C*(U) N CY(U) such that
Lh >0 in U. Suppose that for some xy € OU,

h(zg) =0 > h(z) forallx e U.

Then,
Dh($0) >0,

where p is the outward unit normal vector to U at xq.

Proof of Lemma A.2. We assume without loss of generality that U = B; for
some 0 < § < 1. Define

w(z) = e Mel® _ o= o all € Bs,

where A > 0 is a constant yet to be determined. Notice that
) n n n
(L — |cDw > e Mol 1422 Z a’zix; — 2\ (Z b'z; + Za”) — (|e| = ¢)
ij=1 i=1 i=1

> e Ml [4020)2]2 — 20O(|2| + 1) — C] .

Here 6 > 0 is given by (A.2), and C' >0 is a constant depending on the
CY(V)-norms of a®, b’, and c. Now consider the annulus A = Bs \ Bs /2- We
can choose a sufficiently large constant A = A\(6, d, C') such that

(A.3) (L—|c)w >0 on A.
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Since h(zg) = 0 > h(x) on 0Bs/s, there is a constant € > 0 such that
(A.4) h(zo) =0 > h(x) + ew(z),

for all € 9B;/5. Note that (A.4) also holds on 9B, where w is identically
zero. On the other hand, we have by (A.3) that

(L —|c|)(h+ew) > —|c]h >0 on A.
It follows from the usual maximum principle that
h+ew<0 onA.

But h(zg) + cw(xg) = 0. Taking the normal derivative at x( yields that

ou ow
—_— e > (0.
au(ﬂco) +€3M (z0) >0

Thus,
ou

8'11} —\§2
ou > _9v —9 .
o (z9) > Eau (z0) = 2Xede >0

Proof of Lemma A.1. Let
E={x eV |h(z) =0}

Then F is relatively closed in V. By the assumption E is non-empty. We need
to show that E' = V. Suppose not. We can then choose a point y € V '\ E
such that

d(y, E) < d(y,0V)/2.

Consider the largest open ball U C V' \ E centered at y. Then, by the con-
struction U C V and OU must intersect F at some point xg. Thus, this
implies that a/, b', ¢ € C°(U) for all i,5 =1,...,n, that (A.2) holds for
some constant § > 0 depending on U, and that h € C?(U) and

h(zg) =0 > h(z) forallzeU.
Applying Lemma A.2 yields that
Dh(xg) # 0.

This is a contradiction, since zg is an interior maximum point of A in V. [0
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Proof of Theorem A.1. Note that
Q) — Qly)

- Z A" (1, DY) (vij — @ij) Z pij[a” (¢, DY) — @’ (¢, Dy)]

i,j=1 1,j=1

+b(Dy) — b(Dy) + Z wij[a” (v, Dp) — a’ (o, Dy)].
i,j=1

Let h =9 — . We can rewrite

0< Qi Zajhw—i-th +ch = Lh,
1,j=1
where
a'l = a" (¢, D),
b (‘3(1
= > o (¥, tDY + (1 = t)Dyp)dt
l,m=1
1 ob
+/ - (tDvp + (1 — t)Dy)ddt,
o Op
c= Z sozm/ (t + (1 = t)p, D) dt,
l,m=1
for all i,j = 1,...,n. Then since ¢, € C?(B), a”, b, c are continuous in
B for all i, =1,...,n. Furthermore, we have

i 2(¥) 2

S aigg > — 2P ez
P (1+ D)

for all x € B and { € R™ \ {0}. Thus, the first part of Theorem A.1 follows
immediately from Lemma A.1. For the second part, since ¢ € C?(V) and
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Y € CH(V), we have a, b, c € CO(V) forall 1 < i,j < n. Furthermore, (A.2)
holds as we can take

W)
~ Ry

Now applying Lemma A.2 with U = V yields the result. (]
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