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Abstract

We give a new existence result for compact with boundary normal geodesic
graphs of constant mean curvature in a class of warped product spaces. In
particular, our result includes that of normal geodesic graphs with constant
mean curvature in hyperbolic space H**! over a bounded domain in a totally
geodesic H® ¢ H" 1.
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1 Introduction

Let Q2 C P" a mean convex bounded domain in a totally umbilical hypersurface P
of standard hyperbolic space H"! of (normalized) constant sectional curvature —1.
The Dirichlet problem for normal geodesic graphs with constant mean curvature
and boundary I' = 0 was solved in [6] and [7] when P is a geodesic sphere and
a horosphere, respectively. By a normal geodesic graph determined by u € C°(Q)
we mean the hypersurface of points at distance u(z) along the geodesic starting
orthogonal to P™ at any point x € 2.

Both of the above results are covered by the general theorem given in [2] on
constant mean curvature normal geodesic graphs for a large class of warped product
spaces. On the other hand, the case of a totally geodesic P* = H" has neither been
considered before nor follows from the results in [2]. Solving this basic problem was
the starting point of this paper.
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In the general context of warped product ambient spaces (as considered in [1]
and [2]) the setting of the latter problem goes as follows. Represent the hyperbolic
space as the warped product manifold H* ™! = R X . H", and consider a bounded
domain © in the totally geodesic hypersurface P* = {0} x H". Then the normal
geodesic graph over  associated to a function u € C°(2) is the hypersurface

Y(u) ={(u(x),x) : x € Q}.

In this paper, we solve the Dirichlet problem for constant mean curvature normal
geodesic graphs in a class of warped product manifolds (includes H"™!) described in
the sequel.

Let (P, (, )p) denote an n-dimensional Riemannian manifold. Then let

M =R x,P"
be the product manifold R x P" endowed with the warped product metric

(5 ) =mp(dt?) + o (me)mp(( , )e),

where ¢ € C{°(R) and 7g, 7p denote the corresponding projections. It is easy to see
that 7 = oT is a closed conformal vector field on M™*! since

Vx7T =¢X forany X € TM,

where T = 0/0t for t € R, and V stands for the Levi-Civita connection in M"+!.
Moreover, each leaf of the foliation P, = {¢} xP" is totally umbilical and has constant

mean curvature
H(t) = d'(t)/ o(t). (1)

Tashiro [9] called M™! a pseudo-hyperbolic space if P is complete and the
warping function ¢ € C3°(R) is a solution for some ¢ < 0 of

0" +co=0.

Thus either o(t) = cosh(y/—ct) or o(t) = eV~ up to changes of origin in R. It
is well known (cf. [8]) that the Riemannian product R x P" together with the
pseudo-hyperbolic manifolds can be characterized as being the universal cover of
the complete manifolds carrying a closed conformal vector field without zeros and
having constant Ricci curvature c in the direction of the field. Deck isometries is
any subgroup of Iso(R) x Iso(P), and quotients can also be characterized [5] as the
complete manifolds supporting non-trivial solutions of the Obata type equation

Hessp (, )+ cp(,)=0.

2



In this paper, we do not ask P" to be complete since we work with graphs on
a bounded domain. Moreover, we restrict ourselves to the case o(t) = cosht (for
simplicity we take ¢ = —1). The latter is because the case o(t) = €' was already
solved in [2] by different arguments that do not work in this case. Thus, for the
remaining of the paper we denote

M™M= R Xeoen P*

and Q C Py := {0} x P" is a C>* bounded domain. We also assume that (2 is mean
convex, i.e., the mean curvature Hr of I' = 00 as a submanifold of P" is positive
with respect to the inner orientation.

By the normal (geodesic) graph X" = ¥"(u) in M™ over 2 determined by a
continuous function u: 2 — R vanishing at I' we mean the compact hypersurface
with boundary I' defined as

Y u) = {(u(z),x) : x € Q}.
In this paper we prove the following result.

Theorem 1. Assume that the Ricci curvature of P satisfies that Ricp > —1,
and let H > —1 be given such that —Hyr < H < 0. Then there exists a function
u € C*%(Q) whose normal graph ¥"(u) is a hypersurface in M™ ' with constant
mean curvature H and boundary I'.

Finally, we refer to [1] and [3] for some global results.

2 The proof

A straightforward computation shows that X™(u) has constant mean curvature H
(taken with respect to the downward pointing normal vector) and boundary I' if
u € C*Q)NC°Q) is a solution of the Dirichlet problem

T -— Di Du h H — sinh u _
(u) v < FS}IQHDUP) + n cos u( Fh%ﬂpu?) 0 @)

u‘p = 07

where Div and D denote the divergence and gradient operators in P" respectively.
With the change of variable s = s(t) given by

t 1 .
s=¢(t) = /0 mdr = arctan(sinh(?)).
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the Dirichlet problem (2) becomes

Q(v) == Div (\/ﬁ) + (H — %ﬁﬁgv'?) =0 5

U‘F =0.
Therefore, we have that
T(u)=0 ifandonlyif @Q(v)=0 where v = ¢(u).

We have from (1) that the mean curvature of the hypersurface P, = {to} x H"
is H(to) = tanhty. Thus, there is nothing to prove if H = 0 since Q2 C Py itself is a
minimal surface with boundary I'.

We assume that H < 0. To prove the theorem we may apply to (3) the standard
theory for quasilinear elliptic PDE’s as given in [4]. We use the continuity method.
Thus, we consider the family of Dirichlet problems

{ Q:(v;) =0 in Q

’UT‘F =0

(4)
where @), equals ) except that we replace H by 7H. Then, we prove that
J ={7€10,1] : the problem (4) can be solved for 7} (5)

is nonempty, open and closed in [0, 1].

We have that J is not empty since 0 € J with vg = 0 the trivial solution. We
prove that J is open. Assuming that 7 € J, we need to show that (4) can be solved
in an open interval around 7. Let 3 = ¥"(u) denote the normal graph with constant
mean curvature 7H corresponding to v = ¢~ (v, ), where v, is the existing solution
to (4). Recall that the linearized mean curvature operator about a normal geodesic
graph in a Riemannian manifold M is

L = A+ ||A|]> + Ricp (N, N)

where A is the Laplace-Beltrami operator on the graph, ||A|| denotes the norm of
its second fundamental form A = Ay and N stands for a unit normal vector field
along Y. To prove that the operator () is invertible, it suffices to show that £f > 0
for some function f on ¥ satisfying f < 0. We choose f = cosh(u)© where

O(p) = (N(p), T)

and the orientation N of ¥ has been taken such that © < 0. Thus, we have f < 0.

4



Since ¥ has constant mean curvature 7H, we have from (20) and (21) in [1] that
V f = —cosh(u)AVu (6)
where V f is the gradient of f on X, and
Af = cosh(u)Ricy (N, Vu) — nsinh(u)rH — || A|]*f.

We use that
Vu=T—-06N, (7)

and take into account that

which follows from (22) in [1] using (1). We obtain that £f = —nt) where
Y = sinh(u)TH + cosh(u)©.

But from Theorem 13 in [1] and because Ricp > —1 we know that 1) is subharmonic
on Y. In particular, by the maximum principle and since 1|9z = O, we obtain that
1 < 0 on X. Therefore, Lf = —n1 > 0 on ¥ with f < 0, and we conclude from the
implicit function theorem that the Dirichlet problem (4) can be solved in an interval
of 7.

To show that J is closed we have to obtain apriori C*® estimates for any solution
of the family of Dirichlet problems (4). Actually, standard theory for divergence type
quasilinear elliptic equations and Schauder theory guarantee that it is sufficient to
obtain apriori C! estimation. In other words, it suffices to prove the existence of a

constant K = K(Q, H) independent of 7 such that any solution v, € C>*(Q) of (4)
satisfies

HUTHCl(Q) = Sgp lv-| + sgp |Dv,| < K. (8)

Let v, be a solution of (4), and let ¥ = ¥"(u) denote the normal graph with
constant mean curvature 7H corresponding to u = ¢~ !(v,). Since 9¥. C Py and
TH < 0 = infj ) H, then from part (i) of Proposition 18 in [1] we have the apriori
estimate

u<0 onQ. (9)

We have seen above that 1 is a subharmonic function on ¥. Therefore, by the
maximum principle,

¥ < maxas = O(q), (10)
where ¢ € I" is a boundary point such that ©(¢) = maxr ©. First, we show that

2 _ 2102
0(q) < ——””I;H <0 (11)



where s := minp Hr. Observe that
Vi = cosh(u)(tHVu — AVu).
From (7) and u|r = 0, we obtain along I' that
Vu = (Vu,v)yv = (T,v)v,

and thus
Vi =(T,v)(THv — Av)

where v denotes the inward pointing unit conormal vector field along I'. Then, the
maximum principle yields

(V(q), vq) = (T4, vg) (TH — (Avg, 1)) < 0. (12)

Moreover, (Vu,v) = (T, v) < 0 along I' since u < u|p on 3. In fact, we may assume
that (T,,v,) < 0 since, otherwise, we obtain using (7) that ©(¢) = —1, and (11)
trivially holds. Thus (12) yields

(Av,,v,) < TH.

Choosing an orthonormal basis {ey,...,e,_1} of T,I', we obtain from

ntH = Z (Ae;,e;) + (Avy, vy)

that
(n—1)7H < Z (Ae;, ;). (13)

i

Let n denote the inward pointing unit conormal 7 along I' in P5. Then
(N,m) = (T,v) = =V1-0?2

and hence

N=—V1-02y+0r. (14)

Taking into account that Py is totally geodesic in M"™*! and using (14), we have
(Aei,e;) = (Veei, N) = —(Byei, ei)y/1 — ©2(q) (15)
where B, stands for the second fundamental form of I" in Py. We conclude from
(13) and (15) that
TH + k1 —02(q) < 0. (16)
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In view of (16) consider the equation
P(z) :=7H + V1 — 22 =0, (17)
Our hypotheses yield
P(-1)=7H <0 and P0)=7H+kx>H-+r>0.
It is easy to see that (17) has a unique root —R(7) € [—1,0) where

VK2 — T2H?2
- .

R(1) =

Since P(O(q)) < 0 by (16), then ©(¢) < —R(7) and (11) holds.
We are now ready to estimate supg, |v,|. Observe that (9) is equivalent to

v, = arctan(sinhu) < 0 on Q.

Thus, it suffices to estimate infg v, or, equivalently, u := miny, u.

Set z = sinh v and recall that 2z < 0. Observe that the mean curvature vector of
the totally umbilical slice IP, is —tanhu T'. Since the mean curvature vector of X is
—7HT, it follows from the tangency principle that

z>7Hcoshu=1HV1+ 22

That is,
z

<0
V1422

Taking into account that —1 < H < 7H < 0 for every 0 < 7 < 1, we get from here

> i >
z =z =
VI—72H?~ J1-H?

TH <

for every 7, concluding that

H
—(C = —— <sinhu <0. (18)

V1—H?
Therefore, taking K = K;(H) =: arctan C' we have

sup v, | < K (19)
Q

for every 7 € J.



In order to estimate now sup, |Dv,|, first observe that

— cosh —1
o_ coshu _ (20)

\/cosh2u + | Du/|? V' 1+ |Dv.|?

We have from (10) and (11) that

VR W I

7H sinhu + © coshu < — <
K K

Taking into account that 7H sinhu > 0 and using (18), we obtain

JrZ — 2
OV1+C? <Ocoshu < _/<c77

K

that is,
/2 _ []2
O < VR <0
V1 +C?

Therefore, from (20) we conclude for Ky = Ky(Q2, H) := 7% that

sup | Dv,| < Ko (21)
Q

for any solution v, of (4). Then (19) and (21) yield (8), and the closeness of J
follows from standard quasilinear elliptic PDE theory.

Finally, standard regularity results in the theory guarantee that any solution of
Q(v) = 0 is smooth in Q as required. This concludes the proof of Theorem 1.
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