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A capillary problem for spacelike mean curvature flow in a cone of
Minkowski space

WILHELM KLINGENBERG, BEN LAMBERT AND JULIAN SCHEUER

Abstract. Consider a convex cone in three-dimensional Minkowski space which either contains the light
cone or is contained in it. This work considers mean curvature flow of a proper spacelike strictly mean
convex disc in the cone which is graphical with respect to its rays. Its boundary is required to have constant
intersection angle with the boundary of the cone. We prove that the corresponding parabolic boundary value
problem for the graph admits a solution for all time which rescales to a self-similarly expanding solution.

1. Introduction

We study the capillary problem for mean curvature flow of spacelike surfaces M;
with free boundary on a non-degenerate (i.e. Riemannian or Lorentzian) surface ¥ in
Minkowski space. It is well known that spacelike mean curvature flow with gradient
estimates is well behaved, see, for example, [2-5,20]. One particularly intriguing class
of capillary boundary conditions is therefore given by ¥ being a Riemannian subman-
ifold, as this immediately implies uniform spacelikeness at the boundary (depending
only on barriers), which in turn yields global gradient estimates in the compact case.
However, as we shall see, this necessarily leads to other issues such as the possibility
of boundary collapse. In this paper, we deal with the capillary problem when ¥ is
the boundary of any convex cone with a non-degenerate induced metric. This prob-
lem carries with it several technical difficulties: Typically, a surface being spacelike
implies that the surface is graphical, but for the form of graph that we require (see
(1.2) below) this is not true if ¥ is a Riemannian cone. Instead, graphicality is a
property that we must show is preserved along the flow. A second difficulty is the
appearance of unwanted curvature terms in boundary derivatives of first order, terms
which are present due to the non-perpendicular boundary condition. We deal with this
by exploiting two-dimensional techniques and good bounds on the mean curvature.

We denote three-dimensional Minkowski space of signature (+ + —) by R? and
take ¥ C R? to be a cone with non-degenerate metric and apex at 0. Then, mean
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curvature flow with a capillary boundary condition is given by the following PDE

@x)t=H=Hv on Q x [0, T)
x(+,0) = x0(+) in Q (L.D)
x(&, 1) e X for (§,1) € 92 x [0, T)

— (& 1), ux(€, 1)) =a for(§, 1) € d2x[0,T),

for some fixed @ € R. Furthermore, u is the future-directed normal to X, see (2.5).
Let C C R% be an open convex cone such that ¥ = 9C. Our convex cone C arises
from the following construction. Let Q2 C R2 be a convex, bounded and open domain
containing the origin. We may also view €2, without renaming it, as a subset of R?
within the slice {x> = 1}. Then Q generates an open convex cone C in ]R? by radial
extension with apex being the origin of R?, i.e. Q and C are related via

Q=CN{x eR}: (x,e3) = —1}.

The boundary condition in (1.1) has a special name.

Definition 1.1. For « € R when X is Lorentzian and & > 1 when X is Riemannian,
we say that a surface M C C with boundary d M is «-capillary, it 9M C ¥ and along
oM there holds

— (v, ) = c.

Finally, we say that M is graphical, if we can parametrize M via its graph function
u: Q — (0,00),
so that the embedding x of €2 into C is given by

x(E) =u@) (€ +e3). (1.2)

Here we identify &£ € Q € R? x {1} ~ R? x {0} C R3, so that (£, e3) = 0.
Our main result is the following.

Theorem 1.2. Suppose that C C R? is a strictly convex cone with non-degenerate
boundary ¥ and suppose that Mo C C is a-capillary, spacelike, graphical and strictly
mean convex. Then:

(1) A solution of (1.1) exists for all time and leaves any compact subset OfR? for
large t.

(2) We define the rescaled flow to be M, =1+ t)_%M,. The rescaled solution
stays in a bounded region and converges uniformly to a piece of an expanding
solution to MCF satisfying the boundary conditions as t — 0.

Remark 1.3. (i) We require ¢ > 1 in the Riemannian case, since by properties
of future-directed timelike vectors « = — (v, u) > 1. In fact, for this to be
an oblique boundary condition for the PDE we require the strict inequality, see
Lemma 2.3.



J. Evol. Equ. A capillary problem for spacelike Page 3 of 24 15

(i) Note that in the above not every « admits mean convex data in the Lorentzian
case. However, it can easily be seen that for « < 0 such initial data always exists.
(iii) For a full treatment of regularity at the initial time, see Theorem 7.2.

Mean curvature flow in semi-Riemannian manifolds has seen a great deal of interest
over the years, with applications in producing prescribed mean curvature hypersurfaces
in the works of K. Ecker and G Huisken [5] and C. Gerhardt [9] and in producing
homotopies between manifolds by G. Li and I. Salavessa [21]. A variant of mean
curvature flow constrained to lie inside null hypersurfaces has recently been used by
H. Roesch and the third author as a method to find MOTS in general relativity [23],
with an interesting connection to Yamabe-flow [27].

Mean curvature flow with boundary conditions in semi-Riemannian spaces has
been considered by a range of authors such as K. Ecker [4], the second author [16,18]
and S. Gao, G. Li and C. Wu [8]. In particular, the case of a perpendicular boundary
condition on a Lorentzian cone was proven in all dimensions by the second author [17]
(equivalent to « = 0 in the present paper). Similar perpendicular timelike boundary
conditions have also been considered for a mean curvature type flow by F. Guo, G. Li
and C. Wu [12]. In the Riemannian setting a wide range of boundary problems have
been considered for mean curvature flow and we do not give a full bibliography here
but mention the works of G. Huisken [14], A. Stahl [25], A. Freire [7], B. Guan [11],
V. Wheeler [26], and N. Edelen, R. Haslhofer, M. Ivaki and J. Zhu [6].

As mentioned in the introduction, one might hope for good behaviour from space-
like mean curvature flow with uniform spacelike estimates (e.g. by applying interior
estimates such as in [4,20]). However, we note that in the case that ¥ is Riemannian,
even with uniform spacelike estimates, boundary singularities can occur via boundary
collapse. Indeed, the self-shrinker examples of Halldorsson [13, Theorem 7.1] pro-
vide self shrinkers satisfying capillary boundary conditions with ¥ the x-axis in R%
(for all angles) and form singularities, with the whole boundary shrinking to a point.
We expect similar rotationally symmetric self shrinkers to exist in Rf indicating the
necessity of the strict convexity assumption on X.

The method of proof is to prove uniform graphicality and spacelikeness estimates,
which ultimately allow us to rewrite (1.1) as a uniformly parabolic PDE with an oblique
nonlinear boundary condition, see (2.9). The proof is different in the cases that X is
either Riemannian or Lorentzian. In fact, the case that ¥ is Riemannian requires
significantly more work to prove graphicality estimates, while uniform spacelikeness
follows more or less for free as mentioned above. The major difficulty in both cases is
to get boundary estimates and these are obtained using estimates on the mean curvature
and careful use of the maximality condition as in [1,19].

In Sect.2 we describe this reduction and give sufficient conditions for obliqueness
and parabolicity, in Proposition 2.4. In Sect. 3 we collect the required boundary iden-
tities from an analysis of our boundary condition. In Sect. 4 we prove initial estimates
which are true in both the case that ¥ is Lorentzian or Riemannian, including height
estimates and a speed limit. Our proof then splits into two cases:
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e If ¥ is Riemannian: A uniform spacelikeness bound follows immediately in
Lemma 4.2, so the key estimate required is a uniform graphicality estimate. This
is completed in Sect. 5.

e If ¥ is Lorentzian: The flow is automatically graphical, and we require a uniform
spacelikeness estimate. This is proven in Sect. 6.

Finally, we prove the full theorem in Sect.7, see Theorem 7.2 for full details.

2. Geometric quantities in cone coordinates
Spacelikeness and graphicality

In this section we investigate the property of being graphical further and deduce
formulae for geometric quantities in terms of the graph parametrization as in (1.2). First
of all, it is important to note that spacelikeness does not in general imply graphicality
in the sense of (1.2) if ¥ is Riemannian, in contrast to the more common case that the
surface is graphical over the flat Euclidean subspace. Later, we will show that under
mean curvature flow, each of these properties is preserved in a quantitative sense.

For the sake of compressing some formulas, it will occasionally be useful to work
with

p =logu

instead of u.
With the standard basis (eq, e2) in €2, the tangent vectors are

x; = ue; + Dju(§ + e3),

where D is the standard directional derivative in €2, and in these coordinates the metric
induced on M is

gij = u’8ij +u(&Dju + & Dju) + DiuDju(|€* — 1)
=¥ 8+ &Djp+&Dip) + DipDjp(l = ]

Its inverse is given by

ok — 2 <6jk+ D7pD*p +|Dpl*§/8" — (1 + Dp-§)(E/Dp +£°D7p))
(14 Dp - €)% — |Dp|?
2.1)

By inspection we see that

V:i=Du+ (u+§&- Du)es

satisfies
(v, x;) = Diu(u+ Du - &) — Diju(u + Du - £) = 0.



J. Evol. Equ. A capillary problem for spacelike Page 5 of 24 15

As at & = 0, V has nontrivial positive e3 part, we see that this is a future-directed
normal which must be timelike due to the assumption on M. Hence, we obtain

0> [V|* = |Dul* — (u + & - Du)?

and hence
(u+& - Du)> > |Dul>.

This gives us a globally defined unit normal

Du+ (u+é& - Du)es

v = . (2.2)
V@ +&-Du?> —Duf?
Therefore, the standard measure of spacelikeness satisfies
-D 1
151);:_(\),63):\/ (u+& 2u) == \D\z (2.3)
- Du)?> — |D — _1Dul®
(u+&-Du)’ —[Du>  [1— Iou
The support function of a surface M C R? is given by
uDu - & —uDu - & — u? u’
S:=—(x,v) = 2.4

V+§-Du? =D /w+§- D — [Duf?’
The Gaussian formula on M is given by
VxY = VxY +1I(X, Y),

where V is the Levi—Civita connection on R%, and so the second fundamental is given
by
hij = —(11(3;, 3;), v) = — (Djjx, v).

With this convention the mean curvature of M is given by
H =-— <2giijM€i + gijDijM@ +e3), U>
2gijD,~uDju n ugijDiju
Ju+E-Du? = Dul?  J(u+&-Du)?* —|Dul®

Geometric quantities on X will be furnished by a hat, e.g. the second fundamental
form is defined by
hij =(Viw. yj).
where y is an embedding of X, and where the future-directed normal p is defined by

_ N+ N-& e 2.5)

VIT=(N-&)?]

Here N is the outward pointing unit normal to 32 C R? (and identified with a vector
in R% x {0}), i.e. N - & is the standard Euclidean support function on RR?. The normal
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vector u is well defined due to the metric non-degeneracy of X. To keep track of the
signature of X, we also define

+1, X is Lorentzian

o= (u, u) =
—1, X is Riemannian.

Note also that the sign of o coincides with the sign of 1 — (N - £)2. As by Definition
1.1, ¢ > 1 if ¥ is Riemannian, we always have that

o’ +0 > 0.

This will be used throughout the following computations. We next deduce some geo-
metric properties of «-capillary surfaces.

For any p € R% and W € TPR?, when dealing with semi-Riemannian norms of
vectors of unknown causality we write

IWI? = W] = (W, W)].
For p € 9M; and a vector W € T,,R?, we will write
W' =W+ (v, W)y
for the orthogonal projection of W to T, M; and
WE =W —o (uW)u

for the orthogonal projection of W to T, X. We will write WMOX for the projection
of Wto T,0M = T,M; N T, X. In particular we have

,LLT=[L—OIU, v2=v+0au,

T2_ 2 T2 2 =2
' I”=a”+o, =" =—o(a” +0) =—olv=|".

We note that ;| and v are orthogonal to d M, and contained in T M and T ¥, respec-
tively.

Lemma 2.1. Let M C C be a-capillary. Then ' is normal to dM C ¥ = 9C and
points out of C.

Proof. For p € M, T;,0M is orthogonal to both v and . We immediately see that
w' (p) is orthogonal to T,0M. In the case that X is Lorentzian, a vector V points out
of C at p € dM if it is on the same side of 7, X to w. If ¥ is Riemannian, then V
points out of C if it is on the opposite side of 7, % to w. In both cases, (V, u) > 0.
The lemma follows by calculating

<M,/LT)=(M,M—(X\)>=C¥2+O‘>O.
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Second fundamental form of X

We suppose that z: [0, £(0€2)] — R2isan arc-length parametrization of 9€2, where
£(0€2) is the length of 9€2. We will write differentiation of z with respect to arc-length
parameter, s, by z. We may now parametrize ¥ by Z: [0, £(32)] x (0, 00) — R%
given by

Z2(s, A) = Az(s) + e3).

It is easy to see that 7 has a zero eigenvector in the % direction while in the 9€2
directions, recalling (2.5),

K _ P
T—(N-22 [ZIVII=WN-2?

where « denotes the curvature of the plane curve 9Q C R%. We may write

7z 2) = =272 (Zss 1)

A

—az-l—b” &

2

where (as sign(|x|?) = —0),

o . 7
— S|zl 1=a<z, T>—
Izl
and so

A A 2
WP = +2“b<z’ B ||>_C’b2 (1+"<Z’ B ||>>_C’Sz”?”_2

We obtain

CWEP+ oS o (—vEF + SR )
- ~\2 - ~\2
s < s <z

3

where we note that, by the Cauchy—SchwarZ inequality, the denominator is always
positive and depends only on 9€2. As eT is a zero eigenvector (as it is in direction 3 k)
we immediately see that

VP =Tk
-~ . 2 \2 )
12l (1+o<z,,=§=,)) T—(N.2)7]

— S2 -2 _ X2 D, 2.6
”A”( Izl v=119)q @) (2.6)

where ¢ : ¥ — R is a bounded positive function with positive lower bound.

ROE VD) = o (SHIZ172 = IvEI?)
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Mean curvature flow of capillary surfaces in cone coordinates

In this paper, we are interested in the motion of «-capillary surfaces in the cone C,
as described in (1.1), where T is the largest time, such that the flow exists as a flow
of spacelike and smooth surfaces. The use of (9,x)" ensures that this set of equations
is geometric, i.e. invariant under time-dependent reparametrizations of Q. If we fix a
parametrization by using cone coordinates, then

X0 =uE DG +e3) = ePC0E +e3)
evolves by mean curvature flow if

e0;p

H=-(0 1), =0 1, -
(0rx(§, 1), v) 1o (X8, 1), v) V(1 +&-Dp)? —|Dp|?

and hence
0o =g &, p,Dp)Dijp — g (&, p, Dp)DipDjp.

In particular, we note that

H
o p= 5 2.7
We define a “rescaled” p by
- 1
p=p=3 log(1 + 1) (2.8)
and a modified time function
T :=log(l +1).

Then (1.1) is equivalent to

~

pr = e 2all (&, DP)Dyp — e *Pa'l (5, DP)DipD,; 5~ 5 onQ x [0,T)
b(€, Dp) =0 on Q2 x [0, T)

p(0,-) = po(") on 2,
2.9)
where, as Dp = Dp and using the explicit formula in (2.1),

a' (&, Dp) = e*g" (x, p. Dp)
and, using (2.2) and (2.5),

p-N—N-£(1+£-p) w
VIN -2 =11/ +&-p)? —|p?

b, p)=

In the above T may be taken to be the largest time such that the flow is spacelike,
smooth and graphical.
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Conditions for uniform parabolicity and obliqueness

We now prove that v and S, defined by (2.3) and (2.4), respectively, control parabol-
icity and obliqueness of (2.9).

Lemma 2.2. Suppose that there exist constants cg,—1,C, > 0 such that Su™" >
cgu-1 and v < Cy forall't € [0, T). Then there exist constants 0 < ¢ = c(cg,-1,
Cy, Q) < C = Cl(cg,-1, Cy, Q) such that the eigenvalues A; of a'/ = e gl satisfy
c<i<C.

Proof. Recall that v > 1. We note that in terms of p,

1 1

Su™' = ,
V(1 +Dp-§)? — | Dpl?
1_ L 1Dep Y 14 Dp-k
2T U+Dp-£)2  Su-l s

In particular,

Dp|” = 1 v Csc s
(S 1)2 — (S 1)2 —_ v Su’l

and

|Dp|? _
(14 Dp -£)? — |Dp|?

(1+ Dp - £)? )

1—v? =
o= ="

For any unit vector w with respect to the Euclidean metric on €2, we have
e~ w'gijw <1+ 2(§||Dpl + 1§ Dpl” < Ci(es,1. Co. Q)

and

|Dp|? + |€1*|Dp|* + 2(1 4+ Dp - §)| Dpl|§|
(1+ Dp-£)? — |Dp|?

14+ (1+ [EP)@> = 1) + 20V 02 — 1|E]

Ca(cgy-1, Cy, Q).

ez"’wigijwj <1+

IA

IA

This implies that the eigenvalues are strictly bounded away from zero and infinity.
As gij > 0 at time zero, this is hence preserved with the claimed estimates being
valid. O

Lemma 2.3. Let M C C be a-capillary, with radial graph function u. Then

ni b —\/l(N-E)2—1|<(x2+U>Su_1.

8_pi|p:Dp -

Therefore b is uniformly oblique given Su~' > Cgu-1 > 0.
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Proof. We calculate

i _ 1= (N-§)? I FE PN E=N-p
p IN-E=1VA+E-p)Z—|pP (1+&-p)?—|pP

N-£)2—1 1 —(N-&)?
_ Ve ] <(b_a)2+ ( s>2>‘
VI +E-p?—IpP 11—V -£)?
As in (2.9), the a-capillary property gives b = 0, completing the proof. 0

We collect Lemma 2.2 and Lemma 2.3 in the following proposition.

Proposition 2.4. Suppose that there exists constants C, cg,—1, Cy, c5 > 0 such that
forallt € [0, T), we have

v < Cy, Su~' > Csu-1s and ¢y <p <Cp.

Then (2.9) is uniformly parabolic and has a uniformly oblique boundary condition.

3. Boundary identities

We calculate the boundary properties of the flow. We note that Lemma 3.1 and
Lemma 3.2 hold for any manifold X as capillary boundary condition.

Lemma 3.1. (First space derivatives) For any Y € ToM,,
0=hY,u")+hY,v>).
Proof. We have

0=Y(v, 1)) = (Vyv, u) + (v, Vyp) = h(¥, 7)) + A (Y, 7).

Lemma 3.2. (First time derivative) On o M,,

b b T T
~( v v
VurH =H [—0’1 (_2 _2) —ah (M_T M—Tﬂ :
o=l v ']
Proof. We consider a reparametrization of mean curvature flow y: B1(0) — R? such
that Im(y|35,0)) C X. We have on dB;(0),

d T
() -

where V is a vector field in TdM, and S is some function. By reparametrizing near
the boundary, we may choose V to be zero.
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We know that y € X for all time, so % € T\, X, which implies that

0= <dy,u> (Hv +,3MT,/L> = —Ha + B(a* +0).

d
Solving for 8,
dr L= Hy + +0H“T:"azza"2
Under this velocity, we have
<iv<y),y,->— < (Hv + ——Hp >> Hi+ ——Hh(yi, 1),
dt a’+o
Applying this, we have
0=L o u) = v TH+otHh( woonl >+0Hﬁ<i, i)
dt T T =17 lv=|
O

The following identities will be useful to us later. Recall that S is defined by (2.4).

Lemma 3.3. On 0M; we have
- \JE vE ) ( MT N«T ):|
ViS=S|-oh|—,— | —ah|—,— ) |.
a [ (IIVEII o=l T

Proof. We use that (x, u) = 0 and represent x using two orthonormal bases:

T T ) )

v v
x:meE+Sv+< i >M meE—a<x,—2>—2.
ARyara o=/ vl

Rewriting and rearranging the second equality,

S )y MN%
—O'Wv = . (31)

‘We have

X x T T
=—0Sh <v_z v_2> —(x,u—av)h (M— M—T>
lv=1" vl 72NN

_
> > T T

=S<—ah<—”E L )-m(“ ol ))
o=l vl ANl

where we used Lemma 3.1 on the third line and that /1 has a zero eigenvalue in the x
direction and (3.1) on the fourth line. O
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Recall that v is defined by (2.3).
Lemma 3.4. On dM; the following holds:

R P
Vv = h(eévmz, vE) — ({e3, 1) + av)h (ﬁ, ﬁ) .
T

Proof. We have
ef = el (e 1) @+ o) = e (o3, 1) + a0 (@ o),

so using Lemma 3.1

T Ty _7,MNY % ptoul
V/LTUZ_h(%vH )=h(63ﬁ ;) = ({e3, w) +av)h Wsm .

4. Initial estimates

In this section we will prove a priori estimates for the flow (1.1) which hold for
non-degenerate boundaries X, namely either of o = £1. Recall that T is the largest
time of smooth and spacelike existence. As is standard, we will use time-dependent
rescalings to understand the asymptotics of this solution. We define

M, =0 +t)""2M, c R,

and we will typically consider 1\7It in terms of the rescaled time coordinate T = log(1+
t). We will add tilde’s to all geometric quantities calculated on M;. We immediately
see that

~_ 1
(0; )" = HY — EEL' 4.1)

Remark 4.1. Note that a solution to (4.1) is stationary if and only if H= %g Given
an «-capillary manifold 1\710 which satisfies this condition, M, := (1+1) 3 1\710 satisfies
(1.1). Such an My will be called an expanding solution to spacelike mean curvature
flow.

We first observe the following estimate on v, which was defined in (2.3).

Lemma 4.2. (Uniform spacelikeness of M;for Riemannian X) Under the assumptions
of Theorem 1.2 and in the case X is Riemannian (i.e. 0 = —1), there exists a constant
C = C(a, X) such that forallt € [0, T),

v < max{supv, C} =: C,.
My
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Proof. We first bound v on dM;. We write © = aez + V, v = bez + W where
V,W Lesanda,b > 0.Then |[W|2=5b%>—1,|V]?=a?—1anda = ab— (V, W).
By Cauchy-Schwarz,

ab < a+|V||W| =a+va? - 1Vb2 - 1.

Squaring both sides and rearranging gives

b2
a’+b* <o’ +2ava? —1Vb2 —1+1 < o’ +2aab+1 50124—?—}—20(2612—1—1,

where we used Young’s inequality to get the last estimate. Finally, we see that

v=b <202 120202 — 1) (. e3)? +2,

By uniform timelikeness of w, |{u, e3)| < C(X) and so v < C(, £) on 9 M;.
As to the interior, by [4, Proposition 2.3] the evolution of v is given by

d
(E - A> v=—|A|%v,

we apply the weak maximum principle for an interior bound. This completes the
proof. g

Lemma 4.3. (Preservation of mean convexity of M;) Under the assumptions of The-
orem 1.2, forall t € [0, T), M; remains strictly mean convex.

Proof. In the interior of M;, by [4, Proposition 2.6(i)],

(i — A) H = —H|A|?
dt

and as H > 0 on M, any interior point p with H (p) = 0 would contradict the strong
maximum principle. Let #; be the first time at which the miny, H = 0. Then there
exists a p € dM; such that H(p, ;) = 0, and so, by Lemma 3.2, VMTH = 0. This
contradicts the parabolic Hopf Lemma so no such #; exists. 0

We now estimate S, which was defined in (2.4).

Lemma 4.4. (Preservation of graphicality of M;) Under the assumptions of Theorem
1.2, forallt € [0, T), M, is graphical, i.e. S > 0.

Proof. In the case that ¥ is Lorentzian, S |x|_1 > 1 and so the above follows auto-
matically. If ¥ is Riemannian (i.e. ¢ = —1), then by Lemma 4.3, H > 0 is preserved
and so, using [17, Lemma 4.3],

i_ _ 2 . 2
= A)S=—IAPS+2H > —|APS.
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By the strong maximum principle, there can therefore be no interior minima of S with
S=0.

As in Lemma 4.3, a boundary minimum with S = 0 would contradict the Hopf
Lemma due to the form of the boundary derivative in Lemma 3.3. Therefore graphi-
cality is preserved. g

Lemma 4.5. (Bound on speed) Under the assumptions of Theorem 1.2, while t €
[0, T'), there exist constants 0 < ¢s < Cs depending only on initial data, such that
H H

<2(Cs +1t).

Tfen

T|

2(cs +1) <
i

Proof. We have
d S
——A)|=—2t
(=) ()
S[1/d 1 (d VH _ S
=—|=(——A)S——=|—-A)H|+2(—, V=) -2
H | S \dt H \dt H H

VH _S
=2(—.,V—).
<)

By Lemma 3.2 and Lemma 3.3, H and § satisfy the same linear boundary condition,

and so
S
VMT E -2t ) =0.

We may apply the maximum principle to % — 2t to get the claimed estimates with
_ 1 S 1 S
C%_jsupMOﬁandc%_jlnfMoﬁ. O
Lemma 4.6. (Bound on rescaled flow) Under the assumptions of Theorem 1.2, there
exist constants ¢y < Cg depending only on My such that while t € [0, T),
5 <p=<Cjp.

Proof. Recall that by (2.7), p; = H/S. By applying Lemma 4.5 and using the defini-
tion of p, (2.8), we see that

1-Cs l—cs
= <<
2Cs +0)(1+1) 2es +0)(1+10)
The lemma now follows by integration in time. U

We also note that for § € 92, there exist constants 0 < ¢, 2,2 < Cjyq2,-2
depending only on My with

a2t €0 < IxE 0P = u?E DIEP — 1] < Cppppu2t’E. 0. (42)

Applying Lemma 4.6 to this, we see that there exist constants 0 < ¢y < C x| such
141 1+t
that for the position vector x € dM,,

I ey (4.3)
1 +t T+t

Cp2 <
141
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5. The graphicality estimate in case X is Riemannian

In this section we work towards strict graphicality, i.e. improving Lemma 4.4 to
a strictly positive lower bound on § in case X is a Riemannian surface. We start by
noting some useful linear algebra.

By Cauchy—-Schwarz, at any boundary point we have

S = —(vz,x) < |x|vVa? —1.

However, if S < |x|va2 — 1 (i.e. x and v* are not parallel) then {x, vz} is a basis for
T %. In the following computations we will assume that we are in this case. Therefore,
we see that for any Z € ToM,,

S(Z, x) b (Z, x)

2
== _1
e —n s T T Ve oy s

As x is a zero eigenvector of T, we may now apply the above identity to get the useful

formula
@ —=1DS(Z,x) ~( vE T
(@® = Dlx|> =82 \|vE|" pE| )’

hZ,v%) = (5.1)

Lemma 5.1. Suppose the assumptions of Theorem 1.2 hold and that ¥ is Riemannian.
Then there exist constants ¢, C > 0 depending on «, X, and on C,, C%, ¢y, Cpin
Lemma4.2, Lemma4.5 and Lemma 4.6, such that the following holds. For any x € 0 M,
at which % attains a minimum of value % < clx|, we have

s S S ~f vE  E S
Voi—>=|0-Cc=x|™Ya | —, — | - C=x|7?].
M—v[( y (|v2| |v>3|) Mol ]

Proof. Using Lemma 4.2, we choose ¢ < C; 1/ — 1 to be determined later so that
S < |x|/a? — 1. Therefore, x and v* are linearly independent, and we may apply
the linear algebraic computations above. In particular,

S ) VZ I‘LT /‘LT 1~
=2 h —v 1 EﬂM, p))
v[ <|v2| |v2|> ( ) vV
T

S _STe -1
VMT;=—|:S VMTS—U VMTU]
It T
T T
+(v—1<e3,u>+a>h(“ - )]
SI1(,_ NCE —1)S(E”M,x) 2 vE E
v R PO TP IR
T T
-1 I 13
-V I(e3,M>|h<—,—>]
(AR RN
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where we used (5.1). By assumption, Sv~! attains a global minimum over M, at
X € dM;, and so Sv~! also attains its minimum over d M, at x. Therefore, writing a
unit tangent to d M, as y, we have

s S
0=v,2 =2 [—h(S_le —v7leq, y)]
v v
P T\ /S
=—[—(S_1x—v €3, V>h(l/ J/)+< ER 163’M_T>h<_2’y>:|'
2 I [v*|
5.2)
Note that

<S_1x —v e, MT> = <S_1x — v les, u> =—v ", e3) =v {1, e3) | > 0,

while

1S7Tlx —v e3P =S 252 =207 1S T ix,e3) —v 2 =S 2 x 2 + 20 tus™ — 02

Therefore, from the previous two equations we have

2
<S_1x — v ey, y> = S 2P 420 uS ! — v 2 — v 2 (e (@ — 1))
> S72(¢x|? — Cv28?)
forsome0 < ¢and1 < C depending only on ¥ and . We also modify these constants

for future estimates (by making ¢ smaller and C larger depending on the spacelikeness
estimate in Lemma 4.2) so that, as a result of the upper bound on § as above,

IxP@® = 1) — $% > x> = Cv 282 > 0.

Applying (5.1), we also have

5y —vten, AV (2L ) 2 St e wip (v 0T
ST AN (@2 = Dlx2 =52 T\ =" =)

Using (5.2) at p, along with the above estimates and identities, we see that

T T
h(“ & ) b y)
AR

S “1S(y,x) v (e, p) [~ vZ ¥
<> | —. —
=25 2 2@ —1D—52 "\ vr
__ S S~ (y, x) <63,M>I7;( vE ) )

- ZC% + 2t (&|x)? _év—Zsz)% WE|” vE )

— <S_1x — v_le3, y)

Therefore,
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2 NM
s S|, —DUFMA) 202 gy e r? N
S oSz ) -
v v Elx|2 = Cv—2s82

3 » 3 TRETS>
(c|x\27Cv_252)2 [v=| [v=]

S
! =
v |(€3,u>|2”+2[]

H

¢ = min /%,CU_I\/O{Z—I ,

and using this bound, we may find a C depending only on «, ¥ and estimates in
Lemma 4.2, 4.5 and 4.6 so that

We now choose

S

V,17—>~—

S ~fvE E S
1—C=x|™YHn — — | —-C- 2.
Wz |:( U|X| ) <|v2| |v2|> v|x| :|

O
Proposition 5.2. (Uniform graphicality estimate) If the assumptions of Theorem 1.2

hold and ¥ is Riemannian, then there exists ¢ > 0 depending only on o, ¥ and the
estimates in Lemma 4.2, Lemma 4.5 and Lemma 4.6 such that for all t € [0, T),

inf — > c.
M; vu

Proof. Throughout this proof, let ¢;, C; > 0,7 € N be constants depending on «, X

and the estimates in Lemma 4.2, Lemma 4.5 and Lemma 4.6. We consider the function
‘—j .By (2.6) and Lemma 4.2 there exists C1 and ¢y, = cx () such that, at the boundary,

z %
~ v _ _ _ _ _ _
(W’W)qu'” =82 =17 > exlx| T = CustoT e

where we used the strict convexity of X for the lower bound on g. While % <

we therefore have
7 pE pE 1 ||_1
—, —— | > —cx x| .
E" [vE| 2

Now, for ¢ as in Lemma 5.1, while % < min {c, /2%1} |x|, there holds

- Ixl,

We see that as | is outward pointing, a boundary minimum is not possible for

S . cy 1 C_l
—— <min|ec, [—, —-C =: 0.
vlx| 20, 4 %72 2

Hence, using (4.3) and Lemma 4.6, there exists a ¢3 > 0 such that at a boundary
minimum there holds
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SHR

c3v 1+t

Next in the interior, using Lemma 4.5,

——A)—=—1S5 — —A)S—v — —A)v|+2{v " Vv, V-
dt v v dt dt v
H _1 S
=2— +2{(v"Vv, V-
v v

1 S 1 S
>—— ——+2(v” Vu,V—).
(C%-i-t)v v

Therefore

d S _1 1 S _1 S _1
——A)=(Cs +1) 2> ———+2(v Vo,V (—=(Cs +1)72)).
dt v H 2Cs +1)2 V v H

H

Applying the weak maximum principle yields %(C s + t)_% > c4(My, c3,Cs ). The
H H
lemma now follows by Lemma 4.6. 0

Remark 5.3. We note that the evolution equation above at first glance appears to allow
for stronger lower bounds. However, such a global estimate cannot hold since smaller
boundary minima would then not be disallowed by the above boundary estimates.

6. A uniform spacelikeness estimate in case X is Lorentzian

We now obtain a uniform upper estimate on S in case X Lorentzian, namely o = 1.

We have -

2 2.2 X
ST = [xI7 =1l <—

2
2,2
T ||v2||> = e+ D,

as the inner product of unit timelike vectors has modulus greater than or equal to 1.
As in the previous section, we only deal with the case S? > ||x||*(a? + 1) as we are
aiming to bound S from above. In this case {x, v*} is a basis of 7. As previously,
for any Z € T9M, we may calculate

Z:((,¥2+1) <Z,X> Y — (Z,)C)S 1)2
S2 —[Ix[2(@2+ 1" 82— |x[2(@2+1)

‘We therefore have

WZ,v¥) = —

(Z,x) (@*+ 1S ﬁ< pE ) 6.1

S2—llx2@*+ D \Iv=| vE

Lemma 6.1. Suppose that the assumptions of Theorem 1.2 hold and that ¥ is
Lorentzian. Then for any x € dM, at which S attains its global maximum of value
2 > |Ix|I2(a? + 1), we have
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(8 — x| @+ D~ v> - v¥
VS=S(-—"5 | — | —aH ).
§* = lxlI*(e=+ 1)  \ =] [lv=]

Proof. We recall that, by Lemma 3.3,

A > uT T
V,rS=S$ —h(—,—)—ah( ))
a < [WE" X T T

As § attains its global maximum at x € dM;, S also attains its maximum over o M;.
Therefore, for a unit vector y € T,0M;,

T )
_ T _ .7 /J“ n v

We know that (x ', ) = (x, ¥) # 0 (as otherwise x = Bv* and so 5% = ||x[|*(e® +
1)). Therefore we may write

<xT MT) ~
hy,y) = ——— 1 _J(y,v¥). 6.2
. v) o @+ (y,v™) (6.2)
‘We have

(xT, MT> = Sa
and so

2 T2 S2
nw
(Tor) =T (T ) = o -
[t a?+1

Therefore, by (6.1) and (6.2) we have

T T
(% |Z_T|) =HoMr =R +i‘;<y,x>h (r-v%)
—H+ S2a ;;( pZ p= )
S2—xl2@2 + 1) \[vE vE|
and so

vaes=s(—mfXo 22 S pfn v H
= — , — , —«
! WE" vE| S2 —Ix|P@®+ 1) = [vZ

2 12 (a2 4 1) b b
=S(_(S2 )@ + >h< v >_aH>_
ST = xR+ 1) \IvE] v

Proposition 6.2. (Preservation of uniform spacelikeness) Suppose that the assump-
tions of Theorem 1.2 hold and that ¥ is Lorentzian. Then there exists a constant C > 0
depending only on o, X and the estimates in Lemma 4.2, Lemma 4.5 and Lemma4.6
such that for all t € [0, T), we have S < C||x]|.

O

Proof. We first estimate the maximum of S a the boundary. Suppose that S|/ x|| =2 >
2(1 4+ ?). By (2.6) we have
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] ot (S e (S
— ——— ) =qgX)|x —_— > cx|lx —_— 1.
T A a2 11 = a2+ 1
Therefore, at a boundary maximum, as a result of Lemma 6.1, Lemma 4.5, Lemma
4.6, and equation (4.3)

vos<s(zem (S0, Sl ) S (_ (S22 L s
T\ e 2Cs +2 | = x| a? +1

for some C; = C; (a, s, C2 ) Therefore V7§ < 0 if S|lx[~! > €, for some
jea

Cy = Ca(cx, C1) > +/2(1 + ?). Using (4.3), this implies that there exists a C3 =

C3(C3, C 2 ) such that any global maxima of S2 at the boundary satisfy S 2 - C3(1+
1+

1).

We now deal with the interior maximum. Namely we have

d 1
(E—A)SS—|A|ZS+2H§—§HZS+2H§2S1,

SO d |Vs2|2
— —A)S*<4-— .
<dt ) - 282

As a result, there exists a C4 = C4(Mp, C3) such that on M, we have S22 < Cy+
max{4, C3}t by the maximum principle. Therefore, the claim follows by Lemma 4.6
and (4.2). O

Corollary 6.3. Suppose that the assumptions of Theorem 1.2 hold and that ¥ is
Lorentzian. Then there exists a C,, > 0 depending only on «, ¥ and the estimates
in Lemma 4.2, Lemma 4.5 and Lemma 4.6 such that for allt € [0, T), v < C,.

Proof. Forall x € X, — <e3, x||x||_1) < C(X), so by estimating literally as in the
proof of Lemma 4.2 but replacing u with x||x||~! and « with the estimate C(X) we
see that v < C(Z)S||x||~". The estimate now follows from Proposition 6.2. O

7. Proof of theorem 1.2

We have the following improvement on Lemma 4.5.

Lemma 7.1. On the rescaled flow M, we have
' H 1
S

<Ce™".
AR

P.roof. By scaling properties we have -I;{ = (1+ t)%. Using the above evolutions
gives

(i—A)(l+t)£——2£ ((1+r)£—1>+2<E v£>
dt s 7S s 2 s’ s/
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Writing ¢ = (1 + )2 — 1,

d A . 2H ) VSV
(5 -8)0=—250+2(v9)

Using Lemma 4.5,

(i - A) ¢* = —4%& + <4¢¥ ~2Vg, V¢> <

2 VS _ 2

Cys +t S
H

and therefore

(i—A>&«gﬁqﬁ52w£+o&—2wi+0&+Q<zivwi+o%ﬂ
dt H H H S H

=4zivwi+n%ﬂ.
S H

As in the proof of Lemma 4.5, on the boundary V, % = 0 and so we also have the
boundary condition V,, (®*(C s +1)%) = 0. Applying the maximum principle leads

to
(1 —l—t)H :
s 2

C (M)
Cs +1t

IA

T

We define the k™ compatibility condition by

dk
—b(x, D =0,
dtk (x. DP) =0

where b is as in (2.9).
We now prove the following which implies Theorem 1.2. We recall from Remark
4.1 that an expanding solution to MCF is stationary for the renormalized flow (2.9).

Theorem 7.2. Suppose that ¥ is the non-degenerate boundary of a strictly convex
cone C C R? and that My C C is strictly mean convex, spacelike and graphical
with graph po. Suppose furthermore that pg satisfies the boundary condition and all
compatibility conditions up to k™ order. Then:

(1) A unique bounded solution
7 e CHHEIE (0 5 [0, 00))) N CX(Q x (0, 00))

of (2.9) exists for all rescaled time t. The solution is bounded, and given any
fixed € > 0, we have uniform Cl;%(SZ X [€, 00)) bounds for all 0 <1 € N.

(2) The solution p converges uniformly and smoothly to a piece of an expanding
solution to MCF satisfying the boundary conditions as t — 00.
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Proof. The first part of this follows from uniform parabolicity and obliqueness esti-
mates and an application of standard theory, as in [24, Section 2.6 and 6.1]. We now
give more details.

One obtains short time existence as in [10, Theorem 2.5.7, page 106] where we
also linearize the boundary conditions in an identical way and use [15, Theorem 5.3,
page 320] to ensure suitable existence and estimates on the linearized problem for
T € [0, Tl) and some small Tl > (. We now suppose that T < oo is the maximal time
interval on which a graphical solution exists.

In case 0 = —1, the requirements for uniform parabolicity and obliqueness of (2.9)
in Proposition 2.4 have been shown to be satisfied in Lemma 4.2, Proposition 5.2 and
Lemma 4.6 respectively.

For the case 0 = 1, the first condition in Proposition 2.4 follows from Corollary
6.3. Properties of timelike vectors imply that there is a constant C = C(X) > 0 such
that Su=! > —C (v, x|x[|7') = C > 0 and so the second condition in Proposition
2.4 is satisfied. The final condition in Proposition 2.4 is satisfied due to Lemma 4.6,
and so uniform parabolicity and obliqueness follows.

Furthermore, using these estimates we also have

2

S2y—2
By Nash—-Moser—De Giorgi PDE estimates [22, Lemma 13.22, p353], we now have
uniform estimates in C1 14 #, and, as in [24, Section 2.6 and 6.1], we may bootstrap
further to obtain uniform C*+5 "% (Q x [0, T)) (for k as in the statement of the
theorem). Furthermore, for any € > 0, we also have estimates on C I+8; HTﬂ (2x e, f))
depending only on € and /. As a result, we may smoothly extend our solution to the
interval [e, f] with u(f) satisfying compatibility conditions to all orders. Therefore,
we may apply short time existence again to contradict the maximality of T . Therefore,
T = oo and we have the claimed smooth estimates. _

By Lemma 7.1 we have exponential decay of p; = % — % and so there exists a
subsequence of times such that p converges to a solution of the stationary equation

cg<p<Cz; and |IDp|* <

2 -2
< Cycg-

H= % which we will write p,. However, by integration we see that for 7, 7o > 0,
P(x, T1) = Blx, 12)| < Ce™ Mnr),
and taking the same subsequential limit in 77,
1p(x, T) = Poo(x)| < Ce™",

implying full uniform convergence of the rescaled equation. Smooth convergence now
follows from our smooth estimates and interpolation. U
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