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Abstract. We prove the existence of maximal surfaces in asymptotically flat
spacetime satisfying an interior condition. This uses a priori estimates which
can also be applied to prescribed mean curvature surfaces in cosmological
spacetimes and the Dirichlet problem.

1. Introduction

Maximal surfaces are spacelike submanifolds of a Lorentzian manifold which
locally maximize the induced area functional. This leads to a nonlinear elliptic
equation which is interpreted geometrically as the vanishing of the mean extrinsic
curvature. More generally, one considers surfaces of prescribed mean curvature.
The main interest in such surfaces presently comes from general relativity, where
there have already been many applications. For example, they have been used to
prove positivity of mass [SY1], analyse the space of solutions of Einsteins
equations [FMM] and in numerical integration schemes for Einsteins equations
[P, ES]. Further references can be found in review papers such as [MT, ChY].

It is clear that a good understanding of the existence and regularity properties
of such surfaces is needed. In this paper we prove the existence of asymptotically
flat maximal surfaces in asymptotically flat spacetimes satisfying a uniformity
condition in the interior (Theorem 5.4). Along the way we show that the Dirichlet
problem in nonflat spacetimes is solvable (Theorem 4.2) and prove the existence of
constant mean curvature surfaces in cosmological spacetimes (Theorem 4.1). The
result for cosmological spacetimes was first proved by Claus Gerhardt, but our
proof appears to be simpler.

These results hold under very general conditions. For example, the usual
energy inequalities on the curvature tensor [HE] are not needed, the mean
curvature can be nonconstant and singularities protected by barrier surfaces (i.e.
crushing singularities [ES]) are permitted. The restrictions are that the spacetime
admits a smooth time function and that some compactness condition is satisfied.
This latter condition is needed to ensure that spacelike surfaces with given
boundary do not reach arbitrarily far into the future (past). An instructive example
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of Brill [Br] of a spacetime having a compact surface (with boundary) with a
noncompact domain of dependence, indicates that such a condition is necessary.
We note that this difficulty arises even when considering solutions of the
variational problem [Av, Go].

The first results in this area were due to Avez [Av] who showed that the
associated variational problem is solvable, assuming some compactness
conditions. However, the resulting surface is a priori only Lipschitz-continuous
and may be null. This illustrates the main difficulty of the problem and arises
directly from the form of the nonlinearity of the elliptic equation satisfied by the
defining function of the surface. In flat space R™! this equation becomes

1 < DuDu
ij

+ Di~u=0,
/1~ Duf? l—lDu|2> !

where u € C*(R") and the mean curvature is zero.

In 1968 Calabi [C] showed that for n<4 this equation has the Bernstein
property that the only entire solutions are linear. This was later extended to all
dimensions by Cheng-Yau [CY] and their estimates were used by Treibergs [T] to
construct and classify constant mean curvature surfaces in R™'. For non-flat
spacetimes several authors used implicit function techniques to find solutions near
known exact solutions. We mention Choquet-Bruhat [Ch] and Stumbles [St] and
refer to [MT] for a review of these results. The main uniqueness theorem is due to
Frankel and Brill-Flaherty [BF] and applies only to constant mean curvature
surfaces in spacetimes satisfying the timelike convergence condition. In view of the
very general existence theorems in this paper, it would be useful to find stronger
uniqueness results.

The solvability of the Dirichlet problem and the regularity of variational
extrema in R™! were shown in [BS]. Previously weak results for the Dirichlet
problem in R™ ! had been given by Bancel [Ba] and Flaherty [F]. Independently
Gerhardt obtained a gradient estimate similar to [BS] but valid for nonflat
spacetimes, and applied it to solve the prescribed mean curvature problem in
cosmological spacetimes. Generalizing a barrier construction of [BS], he was also
able to solve the Dirichlet problem in spacetimes conformal to a product.

This paper is organized as follows: In Sect. 2 we describe notation and give a
number of calculations of mean curvature and the first variation of mean
curvature. These calculations all rely heavily on the slicing provided by the time
function. Section 3 contains the basic gradient estimates, for surfaces with smooth
or empty boundary. These estimates are much stronger than those of [BS], [Ge]
since they depend only on pointwise bounds. Existence theorems are then derived
in Sect. 4 for situations in which an a priori height estimate follows, either from a
compactness assumption (Dirichlet problem) or from existence of barrier surfaces
(cosmological problem). Even here it is not necessary that the domain be bounded,
and an application giving constant mean curvature surfaces near a singularity of
Kasner type appeared in [B].

The main difficulty in applying the methods of Sect. 4 to the maximal surface
problem is in obtaining an a priori height bound. This is done in Sect. 5 by a test-
function argument exploiting the existence of barrier surfaces at spacelike infinity.
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The main result Theorem 5.4 constructs a maximal surface asymptotic to a given
level set of the time function. The asymptotic conditions required are standard
[ChY], and only a mild condition is needed in the interior in order to exclude
behaviour such as in Brills example.

Most of the results here are contained in [B].

2. Notation and Calculations

A spacetime ¥~ is a smooth (n+1) dimensional manifold (Hausdorf and
paracompact) with smooth Lorentzian metric ds*=g,,dx*dx" of signature
(+ +...4+ —). We denote the metric pairing by <, - ), the canonical connection by
V' and use the summation convention with index ranges 1=<i,j,...<n,
1=, 4, ... £n+ 1. For simplicity we assume smoothness throughout and will note
weaker regularity conditions where appropriate. Since most of the calculations are
purely formal unless otherwise stated, we make no assumptions about the causal
topology of ¥~ apart from requiring that 7~ has a time function.

Definition 2.1. t € C*(¥") is a time function if V't is a nonzero, everywhere timelike
vector field. Thus ¥ is time-oriented, with V't lying in the past-directed timelike
cone. Associated to t we have the reference slices &,={p € ¥ :t(p) =t}, which are
Riemannian submanifolds with respect to the induced metric and topology. The
lapse function o.e C*(7") of t is defined by

a 2=V, Ve, 2.1
and thus the future-directed unit normal vector to the reference slices is
T=—olt. 2.2)

Choosing an orthonormal frame {v;} on %, yields an adapted orthonormal frame
{v,}1*1, where v, . ; = T, which defines a positive-definite norm on tensors on 7.
For example, if B(-,-) e [(T*?" ® T*¥"), then

n+1 1/2
|IB||=SUP< 2 IB(vx,vﬂ)lz) )
Ap=1
k .
IBllk= 2 IV'B]|.
Jj=0

A spacelike surface M C¥" is a codimension-one submanifold of ¥~ with
Riemannian induced metric with respect to the induced topology. Denoting the
induced connection by V'™, the operators div,,grad, =V" and 4,, are given by

div, X =<e,V.Xy, Xel(TV),
gradyg=V"d=e(ple;, $eC=(M),
Ayp=divy grady = (ee;—Vo'e) (9),

where {e;}" is any orthonormal frame on M. Let N be the future-directed unit
normal to M, so the second fundamental form A(-, -) and mean curvature H =H,
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are given by
A(eia ej) = <eia VejN> s (23)
H=A(e;, e;)=divy N . 2.4)

The height functionu e C*°(M) of M is the restriction of the time function to M,
u=t|y. Denoting the component tangential to M by (-)! we have

PMu=Wt)l =Vt+oa 'WN=0"'(vN-T), (25

where v= — (T, N) measures the “angle” between M and the reference slicing.
Observe that

My =0"2(v*—1), (2.6)
and hence v = 1, a result that also follows from Lemma 3.3. From (2.4) and (2.5) we
have Hv =divy (V™) + div,, T, @.7)

Ayu=0"'vH+div, Vt. (2.8)
Proposition 2.1. With the above notations, we have
Ay =v(A)* +Ric(N, N))—<{T,VMH>+ T(H), (2.9)

where Ric(-, -) is the Ricci tensor of ¥, and T(H 1) is the variation of mean curvature
of M under the deformation vector field T. This can also be expressed in terms of the
Killing tensor %rg of T, L1rg(X,Y)={(W T, Y)+<WT, X by the expression
T(Hp)=3(VyZr9) (e, e)— (Ve,Z19) (N, €;) —3HZ1g(N,N)

—Zryle; e Alese)) . (2.10)
Proof. Fix pe M and choose an orthonormal frame {¢;} on M such that
(VMe;) (p)=0. For generality let X be a vector field in a neighbourhood of M with
associated flow ¢,: 7" — 7", |s| < &. In our case we have that X is transverse to M but
this is not necessary, provided we interpret X(H ) properly [SL]. Extending the
frame {e;} by e,(s) = d.(e;) gives a frame tangent to M= ¢ (M) with metric g;;(s)
={ei(s),ej(s)),%09,;;(0)=0;;and Lye;=[X, e;]=0. Let N(s) be the future-directed
unit normal to M, so the second fundamental form A,(s) is given by A4,(s)
=<{e;, V,,N>(s), and hence (with the s-dependence implicit)

VeiN:Aijgjkek, Ve,-ejzAijN"“(Ve.-ej)” .
Direct computation at p now gives

Ay<{X, N> (p)=eeX,N)
=eVye, Ny +e({X,e;»A;)
=<R(e;, X)e;, N+ VyVie, N)+2{Vxe;, e,) Ay
+<X, e (e(H)+<{R(e;,e))N, e))+<{X,V,e;pA;;
= —Ric(X, N)+ XV, e, N>—X(9")A4;;
+XI(H)+Ric(X", N)+ <X, N)|AJ]?
={(X,N>(A*+Ric(N,N))+<{X,VMH)Y— X(Hy),
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where precisely,
0
X(Hy)= 5 (H)ls=o- 2.11)

Setting X =T gives (2.9). To motivate (2.10) observe that if X is a Killing vector
field, #xg =0, then ¢, is an isometry and hence X(H)=0. The calculation is as
follows:
X(Hy) (p)= — Ay X<e;, e+ X e, VN
= —Zxgi;Aij+elVye, Ny =<V, Vye, N>+ e, VyV, N>
=- gxgiinj'i' e(KVye;, Ny +<e;, yN ) — <Ve,~ei’ VyN>
+<{R(X,e)N, ei>'—ei<VeiX>N>+<VeiX’ l7e,~N>
= —Zxg;jdij+ WX, e) — V. WX, e) — Wppe X €
+ Vv X, € —eVo X, N>+ <V, X, V, N>
=3N(ZLxg(e;, ) — Lxg(Vyei €) —e(Lxg(N, e)) + <X, V..e
=3 Lxg(e e) —e(Lxg(N, e))+3HZLxg(N, N)
2% VaZxg(e;, e;)— lli,‘fxg(N, e)— gxgiinj_%ngg(Na N) O
Observe that the calculations thus far have been intrinsic, in that they depend
only on the choice of time function and not on some local coordinate system.

However we will later need to do locaul calculations, so let (x',t) be local
coordinates (¢ is still the time function) in which the metric has the form

ds* = — (o« — p?)dt* + 2Bdx'dt + g, dx'dx (2.12)

where o is the lapse function (2.1) and p = f,4"0; is the shift vector. We write 0, , for
coordinate tangent vectors and denote partial derivatives by subscripts, so the
tangential gradient operator on the slices %, is D¢ =g"¢,0;=¢'0;, ¢ € C*(¥"). The
future-directed unit normal vector T is given by

T=—aVt=0"10,—p), (2.13)

and then the second fundamental form A{; and mean curvature H° of the slices .%,

are
A?j=<ai’ ‘7¢3JT>=%OC_1atgij_%a_1$ﬁgijo (2.14)

H°=g"4%=30""¢"0,g;;— o ' div’(f), (2.15)
where div’is the divergence on the slices ¥,.

The height function u € C*(M) can be extended to ¥~ by requiring J,u=0.
Since M is then a level set of (u—t), we have

N=wU+T), (2.16)

where U=(1+f-Du) *aDu, and v=(1—|U|?>)~'/2. Choosing an orthonormal
frame on M with e,=|VMu|~*VMu, we calculate H,

VMy=oa-W2(U+|U]PT), e =v(é,+|UIT),
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where &, =|Du| ™ 'Du if Du=0. Then
H=vdiv, (U+T)
=vdiv’(U+T)+v(v*—1) ((&,, V;,UD + A7)
+V3|Ul (K&, pUy+<&, Vi TH+<T, Vé1+|U|TU>)
=vdive U +vH° +v3|UPE,(|U|) +v|U| ey, Ve T> + 33 T(UP?)

U
)/ 1-UP

For later reference, we also calculate in the same manner

H=div"< > FvH +v{U, i T> +3v3T(UP). 2.17)

divy, T=H’+v?U'U A+ v*CU, Vi T
—HO+ (v — 1) (4%, — a1 T(0) + (7 Mu, PMar) 2.18)

since U, V;Ty=a" 'U(x)=0"'U - Da.

There is an alternative expression for H which illustrates the essential difficulty
of our problem. First observe that it is always possible to construct coordinates
(x', t) in which the shift vector f vanishes. Lifting the coordinates (x’) to M gives
coordinate tangent vectors X;=0;+u;0, with induced metric

gy=gy—*un;,  §I=g"+o>viuiul, (2.19)

which shows that the ellipticity of 4,, is controlled by v. In particular, a calculation
based on (2.7) shows that

H =oavg"u;j+Vv(H®+Du - Do) +v*(Du - Do+ |Dul*er, — o u'u/ AF) .

It is clear from this expression that the prescribed mean curvature equation is
nonuniformly elliptic, since

gijCiCjégijCiCjévzgijCiCj» {eR",

and hence an a priori estimate is needed for v.

3. Gradient Estimates

In this section we give some estimates for v. The techniques employed are simpler
than those in [BS, Ge] but the final estimates are significantly stronger. It is
interesting to note that the key inequality involving |4|* occurs in some form in all
of the preceding works: [BS, CY, Ge].

The previous notation will apply. We use c to denote constants depending only
on n, and C for constants depending on geometric data. Important constants are
denoted C,,C,,...,m, 0, ....

Definition. Let 7, ¥ denote the bundle over 7~ with fibre at p € ¥~ consisting of
future-directed unit (timelike) vectors at p. Then F € C*(J,¢") satisfies the mean
curvature structure conditions (“the structure conditions”) with constant A if, for
any spacelike surface M C ¥, the function F e C*(M), F(p)=F(p, N(p)), pe M
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satisfies | F(p)l <Av, 3.1)
KT, VMEY < A3 +v?A|) forall peM. (3.2)

If the mean curvature H,, of a fixed surface M satisfies the structure conditions we
say that H,, satisfies the structure conditions along M (with constant A).
Some examples of functions satisfying (3.1), (3.2) are:

F(p,v(p))=¢(p), ¢cC(¥), (3.3)
with | @], < oo, since by (2.19)

KT VY$)1=1g"X($) <X, THI=V V4],

so the structure conditions hold with A= ¢|/,;

F(p,v(p))=<{X,v), (3-4)
where X € I'(T¥") is a smooth vector field on ¥~ with || X ||, < co. Using (2.16) gives
IF) =v(KU, X1 +<T XD <vIX ], (3.5)

and (2.3) gives
KPME, TH| =<V X, NY+ AT, X <ev? VX |+ | X[114],  (3.6)
and hence A=c||X];.
The main gradient estimates are given by the following:
Theorem 3.1. Let (¥, g) be a spacetime with time function t such that
IRicll, floll, oo™ *Weull, 1 4°I1, |1 Z7glls = C o (3.7
and suppose that M is a compact spacelike surface with height function u and mean

curvature H satisfying the structure conditions along M with constant A.
(i) If OM =0 then

v(p) £2exp{K min(m, —u(p),u(p)—m_)} forall peM, (3.8)

where K =K(C,, A) and m, =supyu, m_=inf, u.
(i) If OM 0, then

v(p) = 2exp{K min(m, —u(p),u(p)—m_)}sup,,v forall peM, (3.9)
where K=K(C,, A).
(iii) If oM =0 and OM satisfies the conditions

nt1 1/2
1 opll = supope <l§1 [<H ops v;>|2> =Cy, (3.10)

Ul =const, (3.11)
where H,, is the mean curvature vector of 0M, then
v(p)<2exp(Km) forall peM, (3.12)
where K =K(C,, A) and m=sup,,|ul.
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(iv) If OM =0 and p € M is such that
u(p) —sup,u=e>0, (3.13)
then
W(p) S 2exp{K(m, —u(p))}, (3.14)
where K=K(C,, A,e~ ). The analogous statement when u<infy u is also true.
Remarks. (1) The condition (3.7) could be replaced by
[Ricl,  [logafy, [VTI=Cy.

(2) The main estimate (3.12) is extended to nonconstant boundary data in
Corollary 3.4. Note the very weak dependence on the geometry of ¥~ — this is
essential for the applications to unbounded domains.

(3) It will be clear that the proof requires only that ds?e C?, te C3, and
M e C3. In addition, the Einstein field equations are not assumed in any form.

Proof. Let K be a (large) constant to be fixed later, and consider the maximum
point g € M of eX*v. First suppose g € Int(M), so

0=KvWMy+ My,

3.15
0= KvAyu—K>|VMul>+ A,y at q. (.13

Using (2.8), (2.9), (2.10) and the structure conditions, we estimate
Ayu= —a~1Cv2,
Ay ZV|A]2 — C(3 +v2|A]) (3.16)
>(1—¢ey]AP*—C(e~)v® forany &>0.
Let {1,}" be the eigenvalues of A(-,-) with |4;|=max|4,, then
AP =31722 22+ Tl—l(zm)zg <1+’11> 22 H? (3.17)

by the Schwarz and arithmetic-geometric mean inequalities, since H=2"4,.
Thus
[VMVIZ = A(TH, VMV) - <Na l7I7M\:T>

SV (A, +Cv?)
S(14+ew?A24+C(e~w* forany e>0,
and combining this with (3.17) gives

VAP = 1+ 1 PMyl2—Cv* > 1+ 1 K23 PMyl>—Cv* at gq.
2n 2n
Substituting this and (3.16), in (3.15) gives

1
0;%szuﬂ"uﬁ—C(Kofl+1)v3 at q,
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and since [PMu|* =0~ ?(v?>— 1), we can choose K = K(C;, A), so that this gives v(g)
<2, and hence

v(p)<2exp{K(supy,u—u(p))} forall peM. (3.18)

Applying the same argument to e ¥“y gives (3.8) and (3.9). To show the main
estimate (3.12),let g, , g denote the maximum points of eX%y, e “X*y, respectively. If
either of ¢, q_ € Int(M), then by the above argument we are done, so we consider
the remainingcase g, ,q_ € 0M. Since u),), =0, we can take g, =¢_ =gq. Letting e,
be the inner normal to 0M in M, we have

e (e**y)<0 at q. (3.19)
But 0M is a level set of u, so
e, =+ |VMu|~trMy (3.20)

for some choice of sign [if [F™u| (q) =0, we are done], so choosing the appropriate
sign in (3.19) gives

Ky|PMul2 <|KPMu, vMyy| at q. (3.21)

The right-hand side is estimated using (2.8) and 4,u=(e;e;—V,.e;) (u) as follows:
the term with e, is calculated using (3.20), (2.6)

(erey — Ve (w)=|V™ul™ 1 <PMu, VMV Mul))
= —o L PMu, Moy +v(v2 — 1) 1My, 7™My |
and the terms in e,, ..., e, are estimated by
2ee;— Ve],-uei) (u)=Aopt— (Hpgs €1 €1 () = — CHapg, VMUY,
since ul;,, =const. Here H,,, is the mean curvature vector of oM,
Hoy=— Z’i(Ve.»ei)l s
where (-)* denotes the component orthogonal to dM. Collecting terms gives
v PMu, PMyy = (v2 — 1) (0™ VMo, VMuy + CH g, VMUY 4 A )
and from (2.6), (2.8) and the structure conditions we have
[<VMu, VMyS| <aCv|VMy)?,
where C=C(C,, 4, ||H,,,|)), and hence at g,
Kv|VMy)?> <aCv|VMu)?.

For K=K(C, 4, ||Hyy|) chosen large enough this is a contradiction, and hence
the interior estimates (3.18) must hold. This proves (3.12). Finally the estimate
(3.14) follows from the interior maximum argument applied to the function ¢(u)v,
where @(u) = (&" —eswat)X | []

To handle nonconstant boundary data we show that the time function can be
modified to incorporate a given spacelike surface as a level set. This result is also
useful in barrier arguments.
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Proposition 3.2. Let 6,= —a*V't be the coordinate vector in the zero-shift coordinate
system and let the associated flow be ¢;: v —". Suppose & is a given spacelike
surface with height function w, and define S,={pe ¥ :¢_{p) € ¥}.

(i) Suppose 6>0, m, B< oo are such that ¢ _;: S, — & is a diffeomorphism for |s|

<9, and
supyw—infyw=2m, supsup, V=B, (3.22)

Is=o

wherev=v(s)= —{(N(s), T) and N(s) is the future-directed unit normal to &, (hence
&, is spacelike ).
(i) Suppose ¥~ can be written as the disjoint union

V =AUl (L)l (Z-,), (3.23)

where I, 1~ denote the chronological future, past with respect to ¥ [HE], p. 182,

and
Us= U -

Isl<o

Then there is a time function t € C*(¥") such that
S ={pe? :tp)=0}, (3.24)

t(p)>sup,w+30

t(p)<infyw—34. (3.25)

ip)=t(p) for {

Further, letting &, T denote the lapse function and future unit normal with respect to
t, we have [T, TY|<B,
(m+6+9 '<a'a<2B,

1T 1= Calk,m, 8, B, [ Tlles [DWllisar,s 12l1) (3.26)

where w is extended to %; by o,w=0, and
k
IDW 2, = _ZO Supg, |D7" .
=

Remark. Condition (i) is trivially satisfied if .% is compact. Condition (ii) says that
& is “large enough” in ¥

Proof. Normalize t by sup,w= —inf,w=m, and coordinatize %; by
Us={p=(V,1): D=0 i)V, y €L, [t—w(y)| £} .

Let y € C*(R), he C*(R) be functions satisfying

O

x=0, spt)(C(O;%é), x=1

3
0 if s<—95, [ h=6,
6

0shsLhS)=11 i 245
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and define functions y,, y_ € C*(R), F € C*(R?) by
x:()=x() £ x(—s),
F(z, t)=%(t—m—25)+%tj:) [(m+28)y,(s)+zy_(s)]ds.

The time function £ is defined explicitly by
F(w(p), 1(p)); PEUs;,

tN(p)= Ft(p)+m+20

tp)+ 3 § h(syds; pel™(Fyy).

Then F(z,z)=0 gives (3.24), while (3.25) follows from h(s) =0 for s< — . If pe,
and t(p)—w(p) =46 then since joo h(s)ds=t for t =9,
FO@ ) =3 +m+20) =048 | hds,
and similarly for t—w< —16, so £ is C*. If p¢a;
Vi=(1—3(Ft4+m+20)Wt, pel*(L.s),
which gives (3.26), and if pe%;

ri=4(1 +w)l7z+%< | x_(S)dS—w> Dw, (327)

where p=(m~+20)y . (t—w)+wy_(t—w). Then
a=2o(1+y) KT D,

_ 2 -1/2
|<7:T>|=<1—a2(”’—w-+f%) !Dw|2> <B.

t
since | y_=—1, and the first two estimates of (3.26) follow now from 0 <
<2(m+9). From (3.27) and (2.2) we have

_ 2 -1/2 _
T=(1-0o2 & |Dw|2) <T+a<1p—h;> Dw>,
p+1 p+1
which yields the estimates for V*T. [J

The following linear algebra exercise shows that the norms ||, |- [[; defined
by the reference slicings of ¢, ¢ respectively are equivalent.

Lemma 3.3. Let T,, T,, T; be future-directed unit timelike vectors. Then
1= <N, T) S XT,, )<, T)—1.

Thus in the situation of Proposition 3.2, the tilt functions v=—(T,N),
v=— {1, N) are related by

(2B)"'v<V<2Bv. (3.28)
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Corollary 3.4. Suppose ¥, M satisfy the conditions of Theorem 3.1 with OM
nonempty and smooth, and suppose & CV¥" is a spacelike surface satisfying the
conditions of Proposition 3.2 with respect to some subset ¥’ C V" such that MC¥V",
and 0 =0M. Then there is a constant C=C(C, A, Co(&L), ||Hapll, sSupaslul) such
that v(p) = C for all peM.

Proof. The assumptions on & give a time function £ in ¥ such that £[,,,=0 and
Theorem 3.1 (iii) estimates 7. The conclusion (3.26) of Proposition 3.2 and (3.28)
give the estimate for v. [

4. Existence Theorems

Existence and regularity results for surfaces of prescribed mean curvature follow
from standard elliptic theory once a uniform gradient bound is established. The
estimates of the previous section provide this once an a priori estimate for the
height function u is given. In this section such an estimate follows from
compactness or barrier assumptions.

Theorem 4.1. Let (¥, ds?) be a C* cosmological spacetime with time function
teC*(¥") satisfying the estimate (3.7) and coordinatized by

vV ={(x,t),xe¥,t; <t<t,},

so & is a compact n-manifold without boundary.
Suppose that FeC*(J,¥") satisfies the structure conditions (3.1), (3.2) with
constant A, and there are C* spacelike Cauchy surfaces &, S_ in ¥~ such that

L. I (F), 4.1
F(p,N,)>Hgy (p) forall peZ.,
F(p, N_)<Hg4 (p) forall pe¥_,

where N ., N _ are the future unit normalsand H, _, H, _ are the mean curvatures of
S, F_ respectively. Then there is a C* spacelike Cauchy surface M C¥" such that

H,(p)=F(p, N(p)) for all peM.

Proof.* We will use the Leray-Schauder fixed point theory in the form of [LL,
Theorem 4.4.3]. The method is essentially that of [Ge] with some modifications.
We work in zero-shift coordinates, considering surfaces as defined by graphs over
&, and by applying Proposition 3.2 twice we can assume that

S ={pe?:t(p)= * 1o} .
Define the Banach space B =C"*(¥) and the subset

4.2)

K={weB:|w|, ;= K;, max,v(w) = K,, max, [w|<to},

where 4, K, K, are constants to be fixed later and |- |, , is the Holder norm. We are

using the notation
v(w)=v(x, w)=(1—a?|Dw|*)~ 1/2|(x,w(x)) .

1 I would like to thank G. Galloway for pointing out an error in the previous version of this
proof
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For 0<¢<1 define the operator I,:BNK—->B by letting u=I,w be the
solution of

div,,(xDu)+{G(w), Du) —ev(w) " tu=v(w) " 'F,—J(w), 4.3)

where div,, F,, are evaluated with respect to graph(w) and

G(W), = v(w)z(azij‘i)j + ai)}(x, w(x)) »
J(w)=H’(x, w(x)).
Since weK this equation is uniformly elliptic with C%* coefficients, so the Schauder

estimates [GT, Chap. 6] show that I; is well defined and compact, provided that
the operator

$—div,, (aD@) +{G(w), Dg) —ev(w) ¢
has trivial kernel. This follows from the Hopf maximum principle after noting that
the operator is of the form a“¢;;+b'¢; +cé, with ¢ <0.
From the calculations of Sect. 2 we verify that
H(w)=v(w) (div,,(«Dw)+div,, (1)),
div, (T)=<G(w), Dw) +J(w),
so if u is a fixed point of 6T, 0=<0 <1, then
Hu)=0F,+(1—0)v(uw)H’+¢u. 4.4
This satisfies the mean curvature structure conditions, so from Theorem 3.1(i) and
standard Holder estimates [GT, Theorem 12.6], we have the estimates
V)= C(Cy, 4, 1),
|ull,},' é Cl(cla A7 tO) s

for some 0 <A’< 1. Setting K; =C'+1, K,=C+1 and 1= 4" shows that ucInt(K)
unless u touches &%, or &%_. But from (4.2), if u=0T,u and max,u=t,, then

Hu)—H°=0(F,—H°)+¢ty>0

at the maximum point. This contradicts the maximum principle so uelnt(f), and
the Leray—Schauder theory shows that T, has a fixed point u, with mean curvature
H(u,)=F, +eu,. By the Schauder estimates again, the fixed point u,e& is in fact
smooth. Since all the above estimates are independent of ¢, we can take a
subsequence {u,; &0} converging to ueC®(¥), which defines the required
surface. [J

To state a theorem about the Dirichlet problem some terminology is needed:
Definition. The domain of dependence of ¥ C¥" is
D(¥)=D"(¥)uD (¥), 4.5)

where D*, D™ are the future, past domains of dependence with respect to ¥ [HE, p.
2017.
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Theorem 4.2. Let (¥, ds*) be a C* spacetime with time function te C*(¥") satisfying
(3.7), and suppose that & is a C* connected spacelike surface with 0% smooth and
nonempty, satisfying

DY (A)nD (F)=, (4.6)

0D(&) is generated by null geodesic segments with
endpoints on 0% (cf. [HE], Proposition 6.5.3), 4.7
D(&) is compact. (4.8)

Suppose that FeC*(T V") satisfies the structure conditions, then there is a spacelike
surface, M C v satisfying the Dirichlet problem:

Hy(p)=F(p,N(p)) for all peM

OM=0% . (4.9)

Remark. Assumption (4.6) is designed to avoid possible pathological cases, (4.7)
roughly says that D(%) has no “holes” and (4.8) is needed to apply the gradient
estimate. Note that (4.8) does not follow from compactness of &, as the Brill
example mentioned in the introduction illustrates.

Proof. Compactness of D(%) shows that Proposition 3.2 can be applied with
¥ =D(¥), so we may assume & = {peD:t(p)=0}. By virture of (4.7) and the
definition of D(¥), we can introduce zero-shift coordinates (x,t) in D(¥) by
pe(x,1); x=¢_(p)e, where ¢, is the flow of —a*V¢=09,. Compactness of D(¥)
gives a uniform height estimate and hence uniform gradient estimates for fixed
points of the operator I, of Theorem 4.1. The Leray-Schauder theory applies,
since any spacelike surface M C D with 0M =09 cannot touch dD except at 0.
because of (4.7). Setting ¢ =0 gives the result. [

Remark. The above proof can be generalized to include upper and lower barriers,
exactly as in Theorem 4.1. This gives solvability of the Dirichlet problem near
crushing singularities [ES]. Formally, we have

Theorem 4.3. Suppose that the conditions of Theorem 4.2 hold, but with (4.8)
replaced by D(F)AI™(¥,) is compact . (4.8)

where &, is a future barrier surface. That is, ¥, is a smooth spacelike surface

satisfying the topological conditions
y C I N (y-\‘-) bl

IDA)NI™(FL.)=(@D(A)NI (L )N(F . nD(F)),
and has mean curvature H . satisfying

F(p,N+(p)>H (p) forall pe?.

where N, is the future unit normal to %,
Under these conditions there is a smooth spacelike surface M CD(L )™ (¥ ,)
satisfying the Dirichlet problem

{HM(p)=F(p, N(p) forall peM
oM=0% .

(4.10)
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Proof. Condition (4.10) ensures that Proposition 3.2 can be applied to make &, a
level set of the time function. The remainder of the proof follows Theorems 4.1 and
4.2 and is omitted. [J

5. Asymptotically Flat Maximal Surfaces

In this section #” is a 4-dimensional spacetime with radius function reC*(#”) and
time function te C*(7") satisfying the estimates (3.7).

Definition. v~ is asymptotically flat if there is a constant R,=1 such that the
exterior region ¥y ={pe¥", r(p)=R,} has coordinates (x’, ) such that

r=(@ixy,

ds* = — (o — pP)dt* + 2, dx'dt + g, dx'dx’ = g, dx*dx* -

and there are constants C;, C, such that
”EWA#_’?M‘*‘VZ K’;”l@xgzﬁécaa (5.2)
PIH|<C,, (5.3)

with C3/R, <1072, where n,, is the Minkowski metric and H° is the mean
curvature of the slices ;.

The interior region of v~ is ¥ ;={pe?", r(p) S R,}. ¥ satisfies the uniform
interior condition if there is constant Cs such that for all ge¥” with r(q)=R,,

sup (p)—t(@)=Cs il Hg)20,
pe?1—1%(q) (5.4)
sup (((g)—t(p)=Cs if (g)=0.
peV1—17(q)
Remarks. (1) The uniform interior condition is slightly stronger than saying the
Brill phenomenon doesn’t occur. In particular it implies that D(%) is compact for
compact & C%5,.

(2) For simplicity we have assumed that ¥~ has only one end but this is not
necessary — the generalization to a finite number of ends is immediate. Combining
this with the barriers provided by crushing singularities shows that the results
apply, for example, to spacetimes close to the maximally-extended Schwarzschild
solution.

We start by constructing barrier surfaces at spacelike infinity (Proposition 5.1),
then prove the fundamental height estimate (Theorem 5.3) from which the
existence of maximal slices follows easily (Theorem 5.4).

The radial mean curvature equation in R3:! for w=w(r),

2.,/ ’
-2 rw _
r =Hyy
/1—w?

can be solved with H= —Ar~ 3 in r=R, giving

e {ie G (o))
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with 6= —w(1—w?)"Y2(R). A calculation shows that w”=0 for r=R when
AZ26R? so we set =4/3, A=8R?/3, and then (1—w?)"12<5/3 for all r=R.
Now setting w(oco) =0 gives

© —1/2
w(r)=R | <1+%s4(1+2logs)‘2) ds, (5.6)
r/R

and then w(R)=C4R, where C;=2 is an absolute constant.
Then in the metric (5.1) by (2.17) we have

i)
1-|wp?
By asymptotic flatness there are constants R,, C such that

W) <(1—w?)"1Y24Cr !, r=RZ=R,,

H(w)=div* ( +YW)(H+LW, Ve TY)+33T(W)H.  (5.7)

and the last two terms of (5.7) can be estimated by
VKW,V T+ 3V T(WP) S C(wlr =2+ wwlr ).
Since ¢gV=08,;+0("), V=V"+0(r"?) by asymptotic flatness (5.2), we can

estimate
(dive (W1 = W(2)~12) — Hyyy(w)| < CW'Ir =+ wlr=2),

and thus

R

s _ , 1 r
w(r)= —Ar 2(1 —w?)112 (§+log (f{_))’

w(r)=24r3(1—w?)*?log (%) :

Hw)< —Ar‘3+2C4r_3+CAr"4<1 +log<1>>
since by (5.5),

Since A= &R?, we can find R,(R,, C5, C,) such that Hw)< —R?* 3 for r=R
= R,;. We have shown

Proposition 5.1. There are constants R; =R;(R,, C3, C,), Cg, C; such that for any
RZ=R, the surface wg defined by (5.6) is spacelike for r 2R and satisfies

Hwg)<—R*r"3%, r=R, (5.8)
v(wg)=2, Tr=R, (5.9)
We(00)=0, we(R)=CeR, Cy=2, (5.10)
C;'<r(Rlogr) *wg(r)<C,; r=2R. (5.11)

The above construction generalizes to handle H°=0(r"27%), ¢>0. For
simplicity we now redefine R, to the R, given by the proposition —it is not difficult
to check that this only changes C5 by no more than 2(R; —R,). Write w=wg,.
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Corollary 5.2. Suppose that M is a compact maximal surface with height function u
such that OM C ¥ ynS,. Then

either supy|u|SCeRy, or supy|u|Ssupy .y, lul. (5.12)

Proof. Itis clear that the translated surfaces defined by w + 7, 7eR also satisfy (5.8)—
(5.11). Since similar considerations hold for the functions —w+7, TeR, it will
suffice to prove the estimates for supu.

Consider Mn¥7% as a graph over ' C%;N7%, and define

7o =Inf{reR : w(x)+ = u(x) for all xeS ' N¥%}.

Since H(w +1,) < H,, the maximum principle shows that the contact point x, €%
Ny must satisfy either r(x,)=R, or x,€0M, and then 7, <0. The conclusion
(5.12) follows from (5.10). O

Notice that this says we may assume sup|u| is attained in ¥;nM.

Theorem 5.3. Let " be an asymptotically flat spacetime with uniform interior
satisfying (3.7) and (5.3-5), and suppose M is a compact maximal (H =0) surface
with OM C VNS, and |Hgy || S Cy. Then there is a constant Cg=Cg(R,, Cy, Cs,
C,, Cs) such that supy|u| < Cg, where u is the height function of M.

Proof. It suffices to estimate sup,,u and for simplicity we scale ¥~ so that R,=1.
Constants depending on R, Cy, C, C,, C5 but not on sup,,u will be denoted by C.

Define the modified time function on ¥, t(p) = t(p) — w(r(p)), pe ¥, and use * to
indicate quantities defined by the {=slicing.

Let weC!(RR , ) satisfy p(0)=0 and '(s), y(s) >0 for s>0, and let M =M~ 77
n{p: t(p)=0}. Then M has boundary consisting of components where ii=0 and a
set BCMn{p:r(p)=R,=1}. Multiplying (2.7) by G () and integrating by parts
over M gives

[ a2p(@) <VMi, oydA™ = [ ay(@) [H—div,, T+ Vi, VMa)]dvy,
B M

+ [ @@ 7™l doy ,
M

where ¢ is the outer norrgal of oM, dv,, is the volume form on M and #" ! is
Hausdorf measure on M. From (2.6), (2.18) and H =0 this can be written as

[ ap(HSdvy, = [ w(i) (72— 1) 2 @)+ T@) — 442, + —— A° ) dv,g
M () v+1

M

— [ @) VM, oy dam !, (5.13)

where 49, =|U|"24°(U, U) in the notation of Sect. 2. By asymptotic flatness (5.2)
and Proposition 5.1 there is a constant Cqy=Cg4(R,, C5, C,) such that

|6AS, —G(F+1) 1A —T@)| < Cor~2 for r=1. (5.14)

Let m=sup,,u— Cs— Cg and suppose m> 1, so sup,,uis attained in #7, and by
(5.4) d(p) =1 for all peM, r(p)=1. The gradient estimate (3.14) applies and gives
v(p) £ C for all peM, r(p)=1, where C=C(C,, Cs) does not depend on m. The
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boundary term in (5.13) is estimated now using Lemma 3.3, Proposition 5.1 and

5.2), o . _ -

(5:2) [ @2p(@) <VMi, oy dA™ | < Csupy (i) . (5.15)
B

To estimate the left-hand side of (5.13) we first calculate the volume form dv,, in
local coordinates (5.1). The induced metric on M7 is given by

g-ijzgij+uiﬂj+ujﬁi_(“2_ﬁz)uiuj9
where the height function u has been extended by d,u=0. A short calculation
shows that det(g) =det(gy) (1+p-Dup™ ™2,
and the volume form on M can be written
dvy, =]/ng.j(1 +B-Du)v~'d3x,

with respect to the lifted coordinates (x’) on M. Considering M as a graph
over QC¥#,Nn? and using Proposition 5.1, we can estimate

[ Gp(@H bdvy < — C [ p(@yr3d3x, (5.16)
2

M

where C=C(R,, C3)>0. Inserting (5.14), (5.15), (5.16) into (5.13) now gives
Jy@r3d3x+C [ w@ (P —1) <% @) — Cgr_2> dvy < Csupy (@), (5.17)
Q2 M

and we now choose y appropriately.
Since M is spacelike, in ¥z M we have |Du|<2, and (5.4) gives
u(p)=supyu—Cs—2(r(p)—1) for all peM,

which in terms of m and @ can be written

r(p)=Li(m+2—ii(p)) for all peM. (5.18)
Now define p by
4Co(m+1)"*logs, 0<s<1
logy(s)=14Co(m+1)" " (m+2—5)""(s—1), 1=s<m
Co(s+2—m—4(m+1)"1), m<s,

and (0)=0, so weC*(R ) and
, 4Co(m+1)"25"1, 0<s=<1
z(s)= 4Cy(m+2—5)"%, 1<s<m
v Cy, m=s.

From (5.18) we have Cor ™2 <4Co(m+2—1)~2in M and then Cor ™2 < %(ﬁ) in M,

so the second term in (5.17) is positive and may be discarded. The definition of m
shows that supyid=<m+Cs, so sup,w(@)=<exp(C4(2+Cs5)=C, and (5.17)
becomes

fw@yr 3d®x<C.
Q
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Now (i) =1 for #=1, so (5.18) shows that

I r3d3x<cC.

r<im

1

lIA
lIA

Integrating shows that logm < C which gives the desired estimate. [

The main existence theorem follows from this estimate and the techniques of
Sect. 4.

Theorem 5.4. Let v be a spacetime satisfying the asymptotic flatness conditions
(5.2), (5.3) and uniform interior condition (5.4) and suppose there are coordinates
(x,t) in ¥~ which cover the region

V'={p=(x0:1t(pI=Cs if r(p)=R,,
DI Swe,(r(p) . i r(p)ZR,}, (5.19)

where Cg is the height estimate of Theorem 5.3, R, =Cg/C¢ and Cg, R, are given by
Proposition 5.1. Then there is an entire maximal surface M satisfying

{ Z(A;M;)Cr“ logr for peM,r(p)=R,. (5.20)
If the additional decay
1 210,0,9,0 < C3 (5.20y
holds, then
r|Du|+7r*D*u|< C, (5.21)
and the mass of M [SY2] equals the mass of %,.

Remarks. (1) The coordinate condition (5.19) can be weakened to allow for
crushing singularities in 77.

(2) This result does not need the Einstein equations, but to assert uniqueness of
the resulting surface the timelike convergence condition is needed [BF].

Proof. The uniform interior condition (5.4) and the global coordinates (5.19) ensure
that the Dirichlet problem

{H(u) =0 in Bg={peS:r(p)SR}
u(p)=0 for r(p)=R

is solvable when R = R, with solution u, satisfying
supg,, ([ugl +v(ug) =C

for C independent of R. The argument outlined in Theorem 4.2 shows that uy is
smooth, with derivatives estimated independent of R so there is a subsequence ug ,
R;— o0 converging uniformly to ueC*(¥,) with H(u)=0. The decay estimate
follows from the comparison principle applied to ug, R = R, and the surfaces wg,.
The additional decay (5.21) follows from a standard scaling argument (e.g. [SY2,
Proposition 3]); for completeness we describe this proof, using the Schauder
interior estimates of [GT, Chap. 6].
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Let x,e4, with 7(x,) =2R > R, and set Q= {xeH, : |x — xo| = R}. The uniform
estimates for |u|, v applied to Eq. (2.17) with [GT, Theorem 12.1] give the estimate
[Du]l,; o< C forsome 0 << 1. We write Eq. (2.17) as a"u;;+ b'u;= — H®, where a”,
b*depend on a, f', g;;, Du and a” is uniformly elliptic, again by virtue of the uniform
estimates for |u|, v. Let xeQ, and set B,={ye%, :|x—y|<k}, k=1,2. Then one
checks casily that

Iaijlo,e;Bz + |bi[0,£;B2 é C(l + [Du]O,s;Bz) é C .
The Schauder estimates imply
|u|2,a;31 é C(|“|0;Bz + |H0|0,8;Bz) é CR— ! IOgR
for any xeQ, and hence
a1, o+ 16716 0 = C(1+ [Dulf) 0) < C.
Applying [GT, Theorem 6.2] now gives
[ulf ;0= Clulo; 0 +H|,; @) SC(R™ ' logR+1),

where we use [VH®|=0(r"?). This gives the estimate (5.21). Note that if |V H°|
=0(r %), then (5.21) can be strengthened to

r|Du|+r*|D*u| < Cr~tlogr. O (5.21y
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