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Curvature flow in hyperbolic spaces

By Ben Andrews at Beijing/Canberra and Xuzhong Chen at Shanghai

Abstract. We study the evolution of compact convex hypersurfaces in hyperbolic
space H"*!, with normal speed governed by the curvature. We concentrate mostly on the
case of surfaces, and show that under a large class of natural flows, any compact initial sur-
face with Gauss curvature greater than 1 produces a solution which converges to a point
in finite time, and becomes spherical as the final time is approached. We also consider the
higher-dimensional case, and show that under the mean curvature flow a similar result holds if
the initial hypersurface is compact with positive Ricci curvature.

1. Introduction

In this paper, we consider compact hypersurfaces M; = X;(M) in hyperbolic space
H”*1 that contract with normal velocity equal to F, according to the evolution equation

1.1 9 X =-F
(1.1) a = —rvy,
where F' is a function of the principal curvatures of the surface, and v is the outer unit normal
of M. There are many papers which consider the evolution of hypersurfaces under flows of
this kind, beginning with the work of Huisken [21] on mean curvature flow, and including
flow by powers of Gauss curvature [15,29], scalar curvature [16], and large classes of other
examples [2, 7]. Several previous papers have considered such flows in the special case of
surfaces in three-dimensional space [4, 5, 8,25-28], where the low-dimensional setting allows
a more complete understanding of the equation for the evolution of the second fundamental
form, and where there is also a more general regularity theory available [6]. In particular,
in Euclidean space [4], compact convex surfaces moving by their Gauss curvature become
spherical as they shrink to points, and the same is true if the speed of motion is an arbitrary
monotone increasing homogeneous degree one function of the principal curvatures [8]. The
authors [10] recently proved results of this kind if the speed is a power of the Gauss curvature.
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2 Andrews and Chen, Curvature flow in hyperbolic spaces

For hypersurfaces in non-Euclidean background spaces, the understanding of the behav-
iour of these flows is less complete (see [5,23,24]). The first author [3] found a flow which
takes any compact hypersurface with principal curvatures greater that /¢ in a Riemannian
background space with sectional curvatures at least —c¢ (with ¢ > 0), and deforms it to a point
with spherical limiting shape. However, this flow is rather special and the behaviour of flows
such as mean curvature flow, Gauss curvature flow, and other examples are not well understood
in this setting.

In this paper, we consider the corresponding questions for surfaces in hyperbolic spaces.
The negative curvature of the background space produces terms which prevent the same
estimates from being applied in the hyperbolic setting, and it is necessary to find different
improving quantities in order to control the geometry of the evolving surfaces. We concen-
trate mostly on the case of surfaces, for which we study several classes of examples: If F is
equal to the mean curvature H, so that the surfaces move by the mean curvature flow, previous
results [14] apply for principal curvatures «; bounded below by 1 (one says that the surface is
horospherically convex). Huisken [22] allowed the weaker condition x; H > 2 for each i. We
allow the weakest possible condition, namely positive intrinsic scalar curvature R = 2(K — 1):
We show that the mean curvature flow preserves this condition, and evolves any compact sur-
face with R > 0 to a point in finite time, with spherical limiting shape. We prove a similar
result for an analogue of the Gauss curvature flow, in which F = K — 1 = R/2: This flow
contracts surfaces with positive intrinsic scalar curvature to round points. Finally, we provide
a generalisation of the results of [8] to the hyperbolic setting: Let & be the set of all smooth,
homogeneous degree one symmetric functions defined on the positive cone in R? which have
strictly positive derivative in each argument on the interior of the positive cone. Such speeds
include the mean curvature H = k1 + k3, the square root of Gauss curvature VK = VK1K2,
the power means H, = (k] + K;)l/ " including the harmonic mean curvature (r = —1), and
most generally speeds of the form

where ¢ is an arbitrary smooth positive function on (—1, 1) satisfying
1 /
_ _? (x) <1
I1—x  ¢kx) 1+x
The result of [8] allowed arbitrary speeds in &, but in the hyperbolic case we instead require

the form .
F = (1 — —)F,
K

for arbitrary Fes. Remarkably no condition on concavity or convexity of F' is imposed.
In the final section of the paper, we consider the higher-dimensional situation, for which we
consider only the case of motion by mean curvature. The strong condition of horospherical
convexity is weakened to positive intrinsic Ricci curvature.

We identify H" ™! with the future timelike unit sphere

{(x,xo) eR"! xR :xp = m}

in Minkowski space R?T1:1 ~ R”*+1 x R, so that we can rescale embeddings into H”*1 as
maps into the vector space R”*t1-1. We assume that M is compact and connected. Our main
result for the n = 2 case is as follows.

foreach x € (—1,1).
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Andrews and Chen, Curvature flow in hyperbolic spaces 3

Theorem 1. Let Xo : M?> — H3 be an embedding with positive scalar curvature R.
Assume that either F=H, F = K —1or F = (1 — 1/K)F where F € 8. Then there
exists a unique solution X : M x [0, T) — H? of (1.1) with X(z,0) = Xo(z) forallz € M,
on a maximal time interval [0, T). The surfaces My = X(M,t) are strictly convex for each
t €[0,T), and converge uniformly to p € H? as t — T. The solutions are asymptotic to
a shrinking sphere ast — T, in the following sense: If O, € O(3, 1) is the Lorenz boost which
brings p to the point eq € R>1, then the rescalings

£y = C2XED o

converge in C™ to a limiting immersion Xt with image equal to the unit sphere in R3 ¢ R31,
with || X — X1 |lck < Cx (T — t)? for each k for some a > 0. Here we can choose

VAT —1) for F =H,
r(t) =3 V3(T —1) for F = K —1,

V2EQT =) for F = (1-1/K)F.

The key step in the proof is a pinching estimate for the principal curvatures, analogous
to those used in [4] and [8]. The details of the precise pinching estimate, and the subsequent
analysis, differ substantially in the three cases, so we present the proofs of each case separately.

Our result for hypersurfaces in higher-dimensional hyperbolic spaces is as follows:

Theorem 2. For any embedding Xo : M™ — H" 1 with positive Ricci curvature, there
exists a smooth solution of the mean curvature flow (equation (1.1) with F = H ) on a max-
imal time interval [0, T). The hypersurfaces My = X;(M) have positive Ricci curvature for
each t € (0,T), and are asymptotic to a shrinking sphere as t — T, in the following sense:
If Op € O(n + 1, 1) is the Lorenz boost which brings p to the point eq € R* 11, then the
rescaled immersions

. 0p(X(z.1)) — o

Xt == T

converge in C® to a limiting immersion Xt with image equal to the unit sphere in the vector
space R"T1 c R*T 11 with | X; — X7||cx < Ci (T — ) for each k for some a > 0.

We remark that restricting to hypersurfaces in H” ! does not exclude consideration of
surfaces in other hyperbolic manifolds: The assumption of positive Ricci curvature guarantees
that M has compact universal cover, so any immersion of M into a hyperbolic manifold lifts to
an immersion of the universal cover into H”*1, and the evolution equation (1.1) respects this
lifting. Thus our results also hold in this more general setting.

2. Notation and preliminary results

Throughout the paper we adopt the Einstein summation convention of summing over
repeated indices from 1 to n unless otherwise specified.

We denote by u - v the Minkowski inner product of two vectors in R” 11 defined
by eg-eo=—1 and e;-¢; =1 fori =1,...,n+ 1, with e¢; -¢; for i # j. We consider
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4 Andrews and Chen, Curvature flow in hyperbolic spaces

immersions X : M — H"*t! c R"*1L1 in which the induced inner product on 7M defined
by g(u,v) = uX - vX has positive intrinsic Ricci curvature (here uX denotes the derivative
of X in direction u). At each point we have a normal line within TX(X)]HI”Jrl defined by

NeM ={neR" 0 in.yX =0forallu € TyM, n- X = 0}.

For each unit vector v € Ny M we have a second fundamental form &, : TxyM x T,yM — R
defined by h,(u,v) = —uv X - v. The principal curvatures k; are the eigenvalues of 4, with
respect to the inner product g, and the principal directions are the corresponding eigenvectors;
the mean curvature is H is the sum of the principal curvatures, and we denote by |A|? the sum
of the shares of the principal curvatures. The scalar curvature is given by the Gauss equation
as R = H? —|A|> —n(n —1), so the positive Ricci curvature assumption implies that | H| > n
everywhere. We can therefore choose the unit normal so that H is positive. Henceforward
we make this choice of v, but omit the subscript v and refer to the second fundamental form
simply by /. The Ricci curvature in the direction of the ith principal direction is given by
ki(H —k;) — (n — 1), so each «; is positive and the hypersurface is locally convex. Given
a basis {0; } for Tx M we define the components of g and / in this basis by g;; = g(9;, ;) and
hij = h(0;,0;). The cotangent space 7* M then has dual basis {dx"} defined by dx' (0)) = 8L,
and the dual metric on 7*M then has components g/ given by the inverse of the matrix g; -
The Weingarten relation provides a formula for the derivative of the unit normal vector v:

2.1 uv - vX = h(u,v),
or equivalently, with respect to a basis,
0iv = hig®lo x = hlo x.
The second derivatives of the immersion X can be decomposed as follows:
(2.2) uvX = —vh(u,v) + (Vyu) X — Xg(u,v)
where V is the Levi-Civita connection of the metric g. The Codazzi equation then gives
2.3) Vuh(v,w) = Vyh(u, w)

for all u, v, w € Ty M. Combining the Gauss and Codazzi equations gives the following gen-
eralisation of Simons’ identity (see for example [3]):

(2.4) Vi Viyhir = VaViyhij + hijht hyy — higgh hpj — gijhin + grihij

where the brackets denote symmetrisation.

Also note that at a given point p € M we can always choose coordinates so that
—s VoS0 Ko—d ( )
8ij = 0ij, %axj_ s ;= diaglky, ... .Kkn).

The normal velocity F can be considered as a function of (1, k2) or (h;;, gi;). We set

i~ OF  pija_ PF
oh;;’ Oh;johy;
Note that in an orthonormal frame with h;; = diag(k1, ..., k) we also have

FYU = diag(F',..., F™)

oF

“i _ OF
where F' = ;-
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Andrews and Chen, Curvature flow in hyperbolic spaces 5
Under the evolution equation (1.1) we have the following evolution equations (see [3]):

0
(2.5) = 8ij = —2Fhij,

(2.6) EF = FUV,'V]'F-I-FFUhiphpj —FFngl‘j,

2.7) %h,-j = FKIVVihi; + FRm 0 Vihn — F¥ highP hypy + F¥ i h? by
— FM i + F¥ grrhiy — Fhf'chkj - Fgij,

(2.8) %G = FUV;V;G + (GU Fklmn _ pi7 GKLMNYG, 1V B
— G F¥ hyhP hyy + G F* hijhP hyy — GU F g ihy
+ G FM gpihi; + FGYhEhy; — FGY gy

where G = G(h;) is a symmetric function of the principal curvatures. In the special case
n =2, F = K —1 this becomes

)

(2.9) 580 = —2(K — Dhij,
0 o

(2.10) = H = KYV;ViH + g7 KRNy Vb + 2(K — 1),
F) o

(2.11) aK = KYV;V;K + (K — 1)*H.

Finally, for F' = H, we have the following:

0
(2.12) Egij = —2th'j,

0
(2.13) = hij = Mhij 2H (hich® + gij) + (AP + n)hij.
(2.14) %H = AH + (|A]> —n)H.

If F is a smooth function of the principal curvatures defined on some open subset A
of R”, which is strictly increasing in each argument, and X is a smooth immersion of a com-
pact n-manifold as a hypersurface in H”*! such that the principal curvatures at each point lie
in A, then there exists a unique smooth solution for a short time interval (see for example the
treatment given in [13]). We define T to be the maximal interval of existence of a solution.
In the remainder of the paper our argument will show that for the particular classes of speed F
we consider, the evolving hypersurfaces contract to points and become spherical in shape at the
end of the maximal interval of existence.

We conclude this section by observing that the maximal time of existence is necessarily
finite for a very large class of flows:

Proposition 1. Suppose the normal velocity F is defined and positive on a domain A
which contains (c, . .., c) for ¢ > 1, and is nondecreasing (in the sense that if (ay, ..., an) and
(b1,...,by) are in A with b; > a; for all i, then F(by,...,by) > F(ay,...,an)). Then the
maximal time of existence for any compact solution of (1.1) is finite.
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6 Andrews and Chen, Curvature flow in hyperbolic spaces

Proof. Let d be the hyperbolic distance from any fixed point in H?3. Then d is smooth
where it is nonzero, and we have the following evolution equation:

% = Dd(—Fv).
At a point where the spatial maximum of d is attained, we have
0=V;d = Dd(9;),
so that v points in the radial direction, and
0> V;V;d = D?d(d;,0;) — Dd(hijv).
But since v is radial, we have
D?d(0;,9;) = cothdg;;,
so the second derivative condition becomes
k; > cothd
for all i. Since F is an increasing function of the principal curvatures, this implies that

F > F(cothd, ..., cothd) > 0.

The maximum principle (in the form given in [19, Lemma 3.5]) implies that the maximum of d
is non-increasing, so we have d < do = sup, ¢ d(X(x,0)). The monotonicity of F and the
fact that coth is a decreasing function then gives

F > Fy = F(cothdy,...,cothdp),

and so
9 d < —F
o =
so that
sup d(X(x,t)) <doy— Fot.
xeM
Since d is manifestly non-negative, we conclude that T < do/ Fy. |

3. Scalar curvature flow
In this section, we will study the K — 1 flow for n = 2:
3.1) 9 X (K-1)
. — —_ — — v
ot
where K is Gauss curvature and v is the outer normal vector of M;. In this case, the crucial

estimate is a bound on the difference between the principal curvatures, which follows a similar
argument to that in [4].
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Andrews and Chen, Curvature flow in hyperbolic spaces 7

3.1. Pinching estimate. We first prove that positive scalar curvature of the initial
surface is preserved by equation (3.1):

Proposition 2. [If K(x,0) > 1 forall x € M, then K(x,t) > 1 for all x € M and all
t € [0, T) under (3.1). As a consequence, the surfaces My are strictly convex forallt € [0, T).

Proof. This follows from the evolution equation (2.11) for Gauss curvature K, and
maximum principle. o

Next we prove the bound on the difference between the principal curvatures:

Theorem 3. Let {M; = X(M,t)}o<i<T be a smooth connected solution of the flow
equation (3.1) with K > 1. Then

(32) sup |K1(p9t)_K2(p’t)| = sup |K1(p10)_K2(p70)|'
PEM PEM

Proof. 'We will apply the maximum principle to the quantity
0 = H> — 4K = (k1 — k2)>.
We first compute an evolution equation for Q:

90 OH oK

—4(KVV;V;K + (K —1)*H)
= KYV;V;Q —2KYV;HV;H +2Hg"” K(V;h,V;h).
Suppose p is a point in M where a maximum of Q is attained at time ¢ € [0, T'), choose local
coordinates for M near p such that g;; = §;; and h;; is diagonal. At this point the leading

term on the right-hand side of the above evolution equation is non-positive. We now estimate
the remaining terms. Using the fact that VQ = 0 at p,

0=V,0
=2HViH —4V1 K
= 2(k1 + k2)(V1h11 + Vahao) — 4k1Vihay — 4k2Vihy
= 2(k1 — k2)(V1h11 — Vih22).

If k1 = k2, then Q = 0 and we have nothing to prove. So we can assume that Vii1; = Vihao
at the point p. Similarly, we have Vah11 = Vahas. Now we compute

K(V1h,Vih) = 2V1h11Viha —2(Vih12)?
= 2(Vih11)* = 2(Vah11)?
= 2(Vih11)? — 2(Vahp2)?
by using VO = 0 condition and the Codazzi identity. Similarly,
K(Vah,Vah) = 2(Vah22)* = 2(Vih11)?,
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8 Andrews and Chen, Curvature flow in hyperbolic spaces

therefore at the point p, we have
gV K(Vih,Vih) = K(Vih,Vih) + K (Vah, Vah).

Thus the last term on the right-hand side of the evolution equation for Q vanishes and
the second term is manifestly non-positive. The maximum principle applies to show that the
supremum of Q over M is non-increasing function of time. |

Corollary 4. Under the conditions of Theorem 3 there exists a constant Cy such that
1 K>
0<— < —=<¢(.
1 K1

Proof. Theorem 3 and the inequality K > 1 imply that

2
K1 K K1 —K
—1+—2—2=M§(K1—K2)2§C0
Ko K1 K1K2
where Co = sup,e s (k1(p. 0) — k2(p. 0))%. =

Corollary 5. Under the conditions of Theorem 3 there exists a constant Cy such that

ki > Cy fori =1,2.
Proof. This is a direct consequence of Corollary 4 and the inequality K > 1. ]

3.2. Convergence. In this subsection, we discuss the convergence of the solution to
a point and of the rescaled immersions to the sphere. The argument differs from that in previous
work [3,27] in only a few points. As in other flows with speed growing super linearly in the
curvature, the main difficulty is in the non-uniform parabolicity of the flow. This difficulty can
be overcome using either the methods of [1,28,30] for which the key step is to apply estimates
for porous medium equations, or the methods of [12] which use geometric estimates to show
the surface becomes close to a sphere near the final time, and then a barrier argument to force
the speed to become positive so that the flow becomes uniformly parabolic. We sketch here the
former approach.

We first observe that the Gauss curvature must become unbounded as the final time is
approached: If not, then since we have a positive lower bound on K — 1 by Proposition 2, and
a bound on ratios of principal curvatures by Corollary 4, all principal curvatures are bounded
above and below by positive constants. In particular, the coefficients FJ have eigenvalues
bounded above and below by positive constants. The results of [6] (applied in a local graph
parametrisation, for example) apply to give C %% bounds on the second fundamental form, and
higher derivative estimates follow by standard Schauder estimates. It follows that the solution
can be extended further, following an argument similar to that in [21].

We therefore consider a sequence of times ¢ approaching 7', for which a new maximum
of the Gauss curvature is attained, so that

(3.3) A2 = sup  K(x,t) = K(xg. 1%)

XeEM,0<t<ty
for some x; € M for each k. Now let Oy € O(3,1) be such that O (X (xg,?x) = ep and
v(xg,tr) = es, and define

(3.4) Xy (x,1) = (O X(x, tg + A1) — eo).
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Andrews and Chen, Curvature flow in hyperbolic spaces 9

Then Xj : M x [—Aitk, /\i(T — 1)) — Ar(H? — ep) is a solution of the equation

X _
(3:5) == (K= X

where K} is the Gauss curvature of X3 and v is the unit normal (within Az (H?3 — eg)).
Furthermore, we have

sup  Kp(x,t) = Ki(xr,0) =1 foreach x,
xXeEM,t<0

Vi (M, 0)) = e3 and X (x;,0) = 0.

The result of Corollary 4 implies that ratios of principal curvatures are bounded at each
point for X}, and hence that all principal curvatures are bounded since K < 1.

Under equation (3.5) the Gauss curvature evolves as follows:

(3.6) %K = KYV;V;K + (K —A;)*H.

The evolving surfaces may be written locally as graphs over a totally geodesic hyperbolic
2-plane H in H3: At each point x € H let v(x) be the unit normal. Then we define the map
U: H xR — H3 by W(x,s) = exp,(sv(x)), and describe M, locally by the embedding

(3.7) X x> U(x,u(x,1)).
The inner product induced by W is given by
(3.8) g(Ws(u,a), Wi (v, b)) = cosh®(A; ' $)g(u, v) + ab

where g is the hyperbolic metric on H'. It follows that the tangent vectors to the embedding are
given by

3.9 0iX =0V 4 u;05 ¥
where u; = 0;u, so that the induced inner product is

(3.10) gij = cosh*(A ' u)gi; + uiu;
and the unit normal to the surface is given by the expression
—uigijajlll + coshz()\lzlu)as\ll

(3.11) V= .
cosh(k;lu) \/coshz()tlzlu) + |Du|§

The evolution of the graphical embedding is related to X by a time-dependent diffeomorphism
defined by the requirement that the orthogonal projection onto H remains fixed. Explicitly, this
is given by

0X
(3.12) —=—(K- A — vk x
where
- = pk
(313) Vk _ (K —Ak2)upgp

cosh(k;lu) coshz()t;lu) + |Du|§

Brought to you by | Australien National University
Authenticated
Download Date | 12/8/16 3:46 AM



10 Andrews and Chen, Curvature flow in hyperbolic spaces

It follows that the evolution of K under the graphical flow is governed by the equation

oK
(3.14) == KYV;V;K + (K = 2;)?H - VFViK.

The Codazzi identity implies that V; K =0, so we also have the following divergence form:

oK
315 ===V (KVV;K) + (K —A{)*H - VEV K

= Vi(KYV;K) + (T = D)ip? KP —V/)\V;K + (K — 22)*H

where I'; jk and T jk are the Christoffel symbols of the Levi-Civita connections of g and g
on H, respectively. These are related by the Levi-Civita formula

_ 1 _ - _
(3.16) Fy* =Ty = 26" (Vigjq + Vigia = Vagiy).
which implies that
- . 1-
T-D)p' = EVP logdet g.

The bound on curvature, together with barrier arguments as in [3, Lemma 5.2], gives the
following: There exists an r > 0 such that for each k and each x € M, the hypersurfaces can
be written as hyperbolic graphs of the form (3.7) on a region

G ={(z.1) 1z € By(x), —r* <1 < 0},

with 0 < u(z,t) <r71, Wu(z,t)|g <r~! and |@2u(z,t)|g <r~!forall (z,t) € § . From
equation (3.15) we deduce that on each of these solutions the Gauss curvature evolves accord-
ing to an equation of the form

(3.17) K¢ = Vi(a’V;K3?) + ATV K + f

where M8/ < a'/ < A" forsome 0 < A < A, and A’ and f are bounded. This follows since
KU K=12 = K1Y/2(h=1)iJ has positive bounds above and below by Corollary 4.

Theorem 1.2 of [17] can now be applied to give a Holder continuity estimate for K on the
region §,/,, with constant depending on fﬁr |VK3/2|2 dju(g). To bound the latter we observe
that (since K%/ is comparable to K 1/2giJy,

d 5
—[ K5/? < ——/ K32(ViKUV;K + (K = A{)*H) + K>2H(K — A7) dp
dt Jy 2 Jum
S—C/ Vi K322 + C,
M

so that (since g and g are comparable on §,)

[g K22 du(z) < C [M VK22 du(g)
r t

t=0 d
< —C/ (—/ K52 du(g) + C) dr.
t=—r2 dt M[

Integrating this gives the required bound.
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Andrews and Chen, Curvature flow in hyperbolic spaces 11

This proves that K is Holder continuous on M x [—r?2/2,0], with constants indepen-
dent of k. Therefore in this region for any (xg,%9) we have K comparable to K(xg, ) on
B (x0) X [to — 12, to] where r? is comparable to K (xo, fo). On this set the evolution equation is
uniformly parabolic, and the estimates of [6] apply to give Holder continuity of second deriva-
tives, with estimates depending on K (xg, fo). Schauder estimates then give C**¢ estimates for
every k. This proves that the hypersurfaces M; have all derivatives of second fundamental form
bounded on regions where K > 0.

It now follows that X} converges as k — oo to a solution of Gauss curvature flow with
bounded curvature in R3, which is smooth at points where K > 0. The pinching estimate of
Theorem 3 implies that |k — k1| < C A;l — 0, so the limiting hypersurface is totally umbilic
and hence a sphere. The smooth (rather than subsequential) convergence follows as in [4].

4. Mean curvature flow (n = 2)

In this section, we will study mean curvature flow in three-dimensional hyperbolic space:

0
4.1 —X=-H
4.1 5 v

where H is mean curvature and v is outer normal vector of M;.

4.1. Pinching estimates. We will prove that scalar curvature of solutions to equa-
tion (4.1) remains positive if initially so, and also that the principal curvatures remain bounded
in ratio. According to evolution equation (2.13), we have

0
5 = Ahij = 2H (hih + gij) + (A* + 2)hij.

If we introduce the canonical spacetime connection (as in [11, Section 6.3] or [9, Section 2.3])
by setting V;0; = —H h{ 0;, then this becomes

(42) Vihij = Ahij —2Hgi; + (AP + 2)hi;.
We apply the vector bundle maximum principle to the evolution equation (4.2) to prove that

the inequality K > 1 is preserved by mean curvature flow.

Proposition3. If K > latt =0, then K > 1 forallt € [0, T). In particular, the sur-
face My remains strictly convex.

Proof. We will use the vector bundle maximum principle introduced in [19] (see in
particular the formulation in [11, Theorem 7.15]). Let k; and k, be the principal curvatures
of M;. Let Q;; = (14> + 2)hij —2Hg;;, which is the reaction term of (4.2). In particular,
if we work in a frame where (/;;) is diagonal, then so is Q:

k1 O K3+ Kk1K2 — 2K 0
(4.3) h = = 0= 2 5 5 :
0 «p 0 K5 + K2k — 2K1
Consider the following convex domain:

4.4) Q ={(k1,k2) : k1ko — 1 >0, k1 + k2 > 0}.
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12 Andrews and Chen, Curvature flow in hyperbolic spaces

For the vector bundle maximum principle to apply, we need the vector field Q to point
into €2, which is equivalent to the derivative of the defining function «1k5 — 1 in direction Q
being positive. We have
Qwi = ki (|A]> +2) —2H,

and so
O(k1k2) = k1k2(|A]* +2) — 2Hko + k1k2(JA]? +2) — 2H K
= 2(k1k2 — DA + 2|4 + 4ic162 — 2H?
= 2(kik2 —2)| AP
=0.
Therefore the maximum principle applies, and the proposition is proved. |

Theorem 6. Let {M; = X(M.,t)}o<i<T be a smooth, strictly convex solution of the
flow equation (4.1) with K > 1. Then

(R0 =30l _ 0.0~ F(p.0)

4.5) < su )
pem K1(p,Dia(p, 1) =1 7 pepr k1(p, 0)k2(p,0) — 1

Proof. Let

2 ,0 2 ,0
Cs(Mo) = sup k1 (p,0) —k5(p )|_
peM K1(p,0)k2(p,0) — 1

We need to prove
(4.6) lk? — k3] < Ca(kika — 1).

We again apply the vector bundle maximum principle. To apply this we must verify that (4.6)
defines a subset of the bundle of symmetric 2-tensors which is convex in the fibre and invariant
under parallel transport, and such that the vector field Q defined by (4.3) points into the set.
We verify this using arguments similar to [11, Section 7.5.3.1-7.5.3.2]: First we show that this
defines a convex subset €2 of the vector bundle of symmetric 2-tensors: Define

deth — 1

Q= {h >0, h(er,e1) —h(ez,ez) < C3(
trace h

) for all {e1, ez} orthonormal}.

deth
trace h

1

and — trace h

Since

are concave functions on the positive cone, the function

deth — 1
h(er,e1) —h(ez,e2) — C3( ————
trace h
is convex for each orthonormal frame {eq, e, }. It follows that €2 is an intersection of convex
sets, hence convex. The invariance under parallel transport is automatic from the definition.
It remains to check that the vector field Q points into Q2. Let & € 0€2, so that for some frame
we have

deth — 1
h(e1,e1) —h(ez,e2) — C3 (—)
trace h

Variation of the frame shows that e and e, are eigenvectors of s, with corresponding eigenval-
ues kK1 > ko satisfying K% - K% = C3(k1k2 — 1). The supporting linear function at this point is
given by

f(A) = [2/(1 — CK2]A11 + [—2/(2 — CK1]A22.
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Andrews and Chen, Curvature flow in hyperbolic spaces 13

We have Q11 = Kf + Kzl(% — 2Ky and Qpp = K% + Kzl(% — 2k1, so this becomes

€(Q) = 27 (] + Kk3) — 4k1k2 — Creara (k] + K3) + 2C 3
— 25 (kT + 13) + 412 — Ciara (k] + K3) + 2Ck7
= 2(k? + k2)(kF — k3 — C(k1ka — 1))

=0.
The maximum principle therefore applies, and the inequality is preserved by the flow. ]
Corollary 7. For a smooth compact strictly convex solution of mean curvature flow
with K > 1 in H3, there exists a constant Cy such that

1 K>
0< — < —=<0(4.
C4_K1_ 4

Proof. Theorem 6 and K > 1 implies that

K1\ K2\? (k1 — Kk2)* (k1 + k2)* (k1 — Kk2)* (k1 + Kk2)? >
— ] +(=) —-2= 5 < 3 <Cj.
K2 K1 (k1K2) (k1K2 — 1)
The corollary follows with
Cc? Cc?
c42=1+73+c3 1+T3‘ O

4.2. Convergence. The argument for convergence for the mean curvature flow is
considerably simpler that for the scalar curvature flow of the previous section. We rescale in
a similar way to the previous section, choosing a sequence of times 7 on which the mean
curvature reaches a mew maximum, so that

4.7 A = sup H(x,t) = H(xg,t)

XeM,0<t<ty

for some x; € M for each k. Now let O € O(3,1) be such that O (X (xg, x) = ep and
v(xg,t;) = es, and define

(4.8) Xp(x, 1) = (O X (x, 1 + A1) — eo).

Then X : M x [—kitk, )LIZC (T —ty)) = Ax(H3 — ¢g) is a solution of the mean curvature flow.
Furthermore, we have

sup  Hp(x,t) = Hr(xr,0) =1 foreach x,
XEM,t<0

vk(M, 0)) =e3 and Xk(xk, 0) =0.

Standard estimates (see for example [18, Theorem 3.4] for the Euclidean mean curvature
flow) yield bounds on all higher derivatives of second fundamental form, independent of k.
It follows that the solutions X} converge to a complete strictly convex solution of mean cur-
vature flow in Euclidean space, satisfying the pinching ratio bound of Corollary 7. The result
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14 Andrews and Chen, Curvature flow in hyperbolic spaces

of [20] implies that the limiting solution consists of compact convex hypersurfaces, and the fact
that the pinching ratio of a compact convex solution of mean curvature flow in Euclidean space
is strictly decreasing unless the hypersurface is a sphere implies that the limiting is a shrinking
sphere solution. The convergence result follows.

5. F-flow

In this section, we will study the flow in three-dimensional hyperbolic space:

0

(5.1) =X =

—Fv
where F = (1 — %)14: and v is the outer normal vector of M;.

5.1. Pinching estimates. The crucial estimate in this case is a bound on the ratio of
principal curvatures.

Theorem 8. Let {M; = X(M,t)o<;t<T} be a smooth, solution of the flow equation (5.1)
with K > 1. Then

g (Kl(x’[)_KZ(x’t))z <su (Kl(x70)_K2(x’O))2
M (6 0) 1206 D)2~ a1 (x,0) + ko (x, 0)2

(5.2)

Proof.  'We will apply maximum principle to the quantity

(k1 —Kk2)?
(k1 K2)?

Note that G is a homogeneous degree zero function, so (2.8) applies to give the following
evolution equation:

) o o
(53) =G = FUVV;G 4 (GU FKLmn _ FU GRLMIY Gy 15 i

— Giijlhklhfhpj — Gi‘ijlgijhkl + FGijh{-chkj — FGijgij.

Suppose p is a point in M where a new maximum of G is attained at time ¢ € [0, T'). Choose
local normal coordinates for M near p such that /;;(p,t) = diag(x1,k2). We now estimate
the second term on the right-hand side of the above evolution equation. The computation of
this term will require results from [7] which describe the components of F and G in the above
orthonormal frame:

0Ky
oF oF

Fl212 _ 2121 _ 0k 0Kk
K1 — K2
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Andrews and Chen, Curvature flow in hyperbolic spaces 15

The last of these identities is to be interpreted as a limit if k; = k5. It follows that the second
term on the right-hand side of the evolution equation for G are as follows:

Q — (G'ijﬁkl,mn _ Fijékl’mn)vihklvjhmn

oG 0°F OF 0°G , (0Go*F OF 9°G

= (S T T Vi) + (o Sy -
oK1 BK% oK1 a/clz oK1 6K§ oK1 axg

oG 0*F oF 0%G
2l ——— ———— |\ V111 V11
+ (8K1 aKlaKz aKl aKlaKz) V122

0G 0°F OF 0°G , (90G93*F OF 0°G

3 22 3. a2 (Vahi1) 3 22 3 a2

0K 0Ky 0K 0K3 0K> 0K O0K> 0K

)(Vlhzz)z

)(V2h22)2

oG 0°F oF 0°G
2l ———— — — — —  |Voh11 Vah
+ (6/{2 Ok10ky  OKk2 aKlaKZ) B
9G 9F _ 9G oF 96 oF _ 9G oF
) 0K 0K2 0Kk2 OK1 (Vlhlz)z +2 0K 0K2 0k2 0K (Vzhlz)z-
K2 — K1 k2 =k

Now we note

Let S = % so that
( 11 Fkl mn _ Fij le’mn)vihklvjhmn
lj kl mn __ Lij Skl,mn . . _ (i) Gklomn __ Gij fskl,mn . .
=0p—0s

where N
QS _ ( szkl mn _ gij le’mn)vihklvjhmn-

At a maximum point (p, t) of G, G is nonzero (otherwise M; is a sphere and the proof is
trivial) and it can be assumed without loss of generality x; > k» because the maximum point
is not umbilic. The gradient conditions on G then give two equations:

2 %G
oK

Vihi1 = ——Vlhzz, Vahay = —a—lezhn-
a/q %

The degree zero homogeneity of G implies by the Euler relation that

oG n oG 0
Ki=— + & .
Yo T o
Homogeneity also implies the identity
62G ny ,0*G 4o 0°G 0
K1k =
! o 2 < oK % 12 Bicy 012

Similarly, the degree 1 homogeneity of F and the degree —1 homogeneity of S give the fol-
lowing identities:
*F  kpy O*°F  PF  «1 F oF oF

_ e OF OF_ a OF o oF OF g
al(% K1 aKlaKz aKg K2 aklaKz 18/(1 + 2aK2
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16 Andrews and Chen, Curvature flow in hyperbolic spaces

and
0TS DS 2P g 05 05
62 "2 0k 1Kz oz T T Yoy " Pok,

Substituting these expressions into Q z and Qs and applying the Codazzi symmetries

Vihia = Vaohyr and  Vohia = Vihgs,

we obtain ~ 3
For ) e
L= % (v.h % (V,h
Or Kz(Kz—Kl)( th22) Jrl<2(/<2 )( 2h)”
and
oG (28 28 oG (28 28
Os a/<1(i€§ Kz(Kz—Kl))( thz2)” +5K2(Kf Kl(Kz—Kl))( )

The derivatives of the function G = g‘ +’;2;2 with respect to k1 and k3 can be computed

as follows:
aG _ 4K2(K1 —K2) aG . 4/(1(/(2 —K1)

5.4 96 _dalki—ky) - 06 _ Akilks — k1)
©h 0K1 (k1 + Kk2)3 0K2 (k1 + k2)3

This gives the following:

8F

= ((Vih)? Vahi1)?),
Qp (K1+/<2)3(( 1h22)* 4 (V2h11)?)
8F 8F
= (Vihn)* + Vaohi)2.
Os (K1+/<2)3/c§( 1h22) (K1+K2)3Kf( 2h11)

In particular, Q 7 is non-positive and Qg is non-negative, so Q = Q 5 — Qs < 0. Now we
consider the terms on the second line of (5.3):

Z = —Giijlhklhph i — Giijlg,'jhkl + FGijhkhk~ — FGijgl‘j
= GUhPhyj(—F* hyy + F) — GV gij (F¥ gy + F)

0 0 oF oF
= (—Glcf + —G/cg) (——/q — TKz + F)

oK1 0K oK1 0K
oG n oG\ (oF n oF L F
— | =— - —K —K
alq aKz aKl ! al(z 2

The derivatives of the function F = F (1- %) with respect to k1 and « are as follows:

oF aﬁ( 1) Fky, OF aﬁ( 1) Fry
- = _ e = 1 + —

o o TR e\ k)T R

(5.5) X

Substituting the expression (5.4) and (5.5) into the expression for Z , we can obtain

K (k1 +k2)? (k1 + K2)3
Therefore by the maximum principle, the maximum of G is non-increasing. ]
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Andrews and Chen, Curvature flow in hyperbolic spaces 17

Corollary 9. For a smooth compact strictly convex surface My in H?3, flowing accord-

ing to % = —Fv, there exists a constant C¢ = Cg(My) such that
1 K
0<—< 2 < Cs.
Ce ~ k1
Proof. This is a direct consequence of Theorem 8. o

5.2. Uniform parabolicity. We next deduce that the evolution equation (5.1) is uni-
formly parabolic: Since F = (1 — 1/K)F, we have

= (1- L) L

K K2
The set . )
K2
C=3A4:|4l=1, — < <C
{ 4] Cs ~ Kk1(A) — 6}

is compact, so the eigenvalues of F'/ attain a finite maximum and a positive minimum value
on this set. Since F' is homogeneous of degree one, we have

L <. h
iy = Fii( 2 ).
Fre)=r (|h|)

Since h/|h| € €, we have C_g"/ < Fii < Cyg" forsome0 < C_ < Cy.
_ Similarly, by homogeneity and the pinching ratio bound, we have that the eigenvalues
of %KU are in an interval of the form [C_ /K, C4+ /K] for some 0 < C_ < C. This gives the

bounds N N
1 c_ .. 1 Ci o+
l——=)C_+—|g" <FY <||[1-=]C — |g".
(-g)er o=z | )er e e

Since K > 1, the bracket on the right-hand side is bounded and the bracket on the left is
bounded away from zero.

5.3. Speed bounds and positive scalar curvature. The next important result is a lower
bound on the speed: From equation (2.6) and the estimates of the previous section, we have

0
= F= FYV;V;F —CF

for some C. Therefore infyeps F(x,1) > e Ct infyeps F(x,0), and since the maximal time of
existence is finite, the speed F has a positive lower bound on the entire interval of existence.
It follows also that K — 1 has a positive lower bound throughout the evolution, since
(K-1)= % F. By the pinching ratio bound we have
K -

—>CF >CF
F

forsome C,s0 K — 1 > CF? has a positive lower bound.

5.4. Convergence. The argument for convergence is now similar to that given for mean
curvature flow above: First, the regularity estimates of [6], together with Schauder estimates,
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18 Andrews and Chen, Curvature flow in hyperbolic spaces

apply to show that the solution continues to exist as long as the speed remains bounded. We
can therefore rescale at a sequences of times approaching the final time on which F attains
new spatial maximum values approaching infinity, and product a limit which is a solution of
the flow % = —Fv in Euclidean space, with ratio of principal curvatures bounded. The result
of [20] implies that the hypersurfaces of the limiting solution are compact, and the monotonicity

of the pinching ratio implies that the limit solution is a shrinking sphere.

6. Mean curvature flow (n > 2)

In this section, we consider the higher-dimensional situation of convex hypersurfaces
with positive Ricci curvature in the hyperbolic space H” 1. We restrict our attention to the
case of the mean curvature flow (F = H).

6.1. Preserving positive Ricci curvature. We begin by showing that the condition of
positive Ricci curvature is preserved under the mean curvature flow. The positive Ricci cur-
vature condition can be written as follows (since the normal direction was chosen to make all
principal curvatures positive):

n n

Q:{Ric>0}:m{xi>0}ﬂm{H—K,~—n_l>0}.

i
i=1 i=1 !

Each of the sets in this intersection is the super-level set of a concave function, and hence
is a convex set. Therefore 2 is a symmetric convex subset of R”. It follows that the set of
bilinear forms representing second fundamental forms giving positive Ricci curvature is an
O (n)-invariant convex subset of Sym, (R"). To apply the vector bundle maximum principle as
in [11, Section 7.5.3], it remains only to prove that the vector field Q representing the reaction
terms in equation (4.2) points into €2 at any boundary point. That is, we must show that at
a boundary point where one of the defining functions f; = k;(H — k;) — (n — 1) vanishes, the
derivative Q f; of f; in direction Q is non-negative. The kth component of Q at the point
(K1,...,kp)is

(6.1) Qi) = ki (|A]* +n) —2H.
Therefore we have
62) Ofi = (i (|A]* +n) —2H)(H — ki) + ki Y _(kj(|A]* +n) —2H)
i
= 2;(H —k;)(|A]*> +n) —2H(H — ;) —2(n — Dk; H
= 2(ki(H — ;) — (n = D)|A]* + 2(n — D|A]* + 2nk; (H — K;)
—2(H —k;)? = 21;(H — k) —2(n — Di; (H — k;) — 2(n — )«?

2
=2(ki(H — ;) — (n = D)|AP + 200 — 1) Y &7 - (ZK,-)
J#i J#i
=2£|AP + ) (kj —x)?
J.kF#i
> 2fi|AJ%.
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Andrews and Chen, Curvature flow in hyperbolic spaces 19

In particular, since f; = 0, we have Q f; > 0 and the maximum principle therefore applies to
prove that the principal curvature remain in €2, and the condition of positive Ricci curvature is
preserved under the mean curvature flow.

6.2. The pinching estimate. The crucial step in controlling the hypersurfaces is to
obtain an estimate which bounds the ratio of principal curvatures under the mean curvature
flow, for any initial hypersurface with positive Ricci curvature. The precise result is as follows:

Proposition 4. For any compact solution of the mean curvature flow with positive
Ricci curvature, there exists an ¢ > 0 such that the following inequality holds at every point
(x,t) e M x[0,7T):

(6.3) kk(H — k) —(n—1) = eH (ki — kj)

foralli, j and k.

Proof. We will again employ the vector bundle maximum principle, noting that by
compactness and the positivity of the Ricci curvature the inequality holds for sufficiently
small ¢ > 0 when ¢ = 0. We must first show that the inequality defines a convex set. Dividing
inequality (6.3) by H, we find that the set we are trying to preserve can be written in the form

K2 —1
Qszﬂ{xi>0}ﬂ ﬂ{(xk—ﬁk—nl_] )—8/(,'+8Kj20}.
i

i,j.k

The function in the last bracket is concave: The terms ki — ex; + ek; are linear, and —1/H
is clearly concave. The function —K,% /H 1is also concave, since it is homogeneous of degree
one and manifestly concave on the hyperplane { H = 1}. Therefore 2, is an intersection of
superlevel sets of concave functions, hence is a convex set.

It remains only to prove that the vector field Q points into €2, at boundary points. Equiv-
alently, we must show that at a boundary point (1, ..., k) where one of the defining functions
Jijk = kik(H —kg) — (n — 1) —eH(k; — k;) is zero, the derivative Q f; ; x is non-negative
where Q is given by (6.1). We note that f; ; x = fx—e@;,; where fi is defined as in Section 6.1
and ¢;,; = H(k; — k;). Since Qk; = «;(|A|> + n) —2H, we have

QH = H(|A]*> +n)—2nH = H(|A]* —n).
Also we have
Qi —kj) = ki (JAI> +n) —2H —i; (JA]> +n) + 2H = (i — 1) (|A]> + n).
Combining these gives
Qwi,j = (OH) (ki — ;) + HO (ki —kj)
= H(ki — i) (|A* —n) + H(ki —i;)(|A]> + n)
=2H(k; — /{j)|A|2
= 2g1.;141%.
Combining this with equation 6.2 gives
Qfi.jk = Ofk —£0Qgi; = 2filAI> — 2¢gi,;

The maximum principle therefore applies, and we have proved (6.3). |

Al? =2f xlA? = 0.
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20 Andrews and Chen, Curvature flow in hyperbolic spaces

Corollary 10. Under the assumptions of Proposition 4 there exists a constant C > 0

such that .
_ ki)

[ kj(x,t) —
forallx € M andt € [0,T).
Proof. Labelling the principal curvatures in increasing order, we have

Hikn — 1) = G (H — k1) = (n = 1)) = oy (H k1) < ~r H

Dividing through by H we find
1

Kn — K1 S —K1,
&

1
Kp < (1 + —)/q,
P

so the corollary holds with C =1 + % m|

and therefore

6.3. Rescaling and convergence. The argument for convergence given in Section 4.2
applies for this case without change.
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