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AN EXPANSION OF CONVEX HYPERSURFACES

JOHN I. E. URBAS

Abstract

We study the motion of smooth, closed, uniformly convex hypersurfaces
in a Euclidean (n+1)-space R™! expanding in the direction of their nor-
mal vectorfield with speed given by a suitable degree one homogeneous,
positive, symmetric, concave function of the principal radii of curvature.
We show that the hypersurfaces remain smooth and uniformly convex
for all time and that asymptotically they become round.

1. Introduction
Let M, be a smooth, closed, uniformly convex hypersurface in a Eu-
clidean (n + 1)-space R". Suppose that M is given by a smooth em-
bedding X,: S" — R""'. We consider the initial value problem

(1.1) % x,t)=k(x, v(x, 1),
X(',O):XO,

where k(-,t) is a suitable curvature function of the hypersurface M,

parametrized by X (-, 1): §" — R and v(-, t) is the outer unit normal
vectorfield to M, .

Problems of this kind have been studied from several points of view.
The motion of surfaces by their mean curvature was studied by Brakke [3]
using the methods of geometric measure theory, while (1.1) with k(-, t) =
—K(-, t), where K is the Gauss curvature, was proposed by Firey [7] as
a model for the wearing of stones on a beach by water waves.

More recently, Huisken [11] considered the case k(-,t) = —H(-, 1),
where H is the mean curvature, and showed that in this case the initial
value problem (1.1) has a unique smooth solution for some maximal time
interval [0, T), and as ¢ — T, the hypersurfaces M, converge to a point

P . Moreover, the hypersurfaces M[ , obtained from M, by a homothety
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about P keeping the area of ]17, constant, converge to a sphere as ¢ —
T . The corresponding one-dimensional result was proved by Gage and
Hamilton [8].

Using different methods, Tso [18] considered the case k(-, t) = =K (-, t)
and proved that (1.1) has a unique solution for a maximal time interval
[0, T) and M, converges to a pointas ¢t — T .

By combining the methods of Huisken and Tso, Chow [5], [6] was
able to prove analogous results for the cases k(-,t) = —K(-, t)ﬂ and
k(-,) = =R(-, t)l/ 2 , where K and R are the Gauss and scalar curva-
tures respectively, and B is a positive constant. However, except for the
case k(-,t) = -K(-, t)l/ " his results were not as complete as those of
Huisken for the mean curvature case in that the initial hypersurface M,
had to satisfy a suitable pinching condition to obtain convergence to a
sphere, while for the case k(-, t) = —R(-, t)'/ 2 , this was needed for the
existence of a solution as well as the convergence to a sphere.

The problem for hypersurfaces contracting by other curvature functions
is unsolved at present, but we expect results analogous to those of Huisken
for the mean curvature case.

Here we consider the case of expanding convex hypersurfaces. We shall
prove that a smooth solution of (1.1) exists for all time and that M, be-
comes spherical as ¢t — oo for a large class of curvature functions. Our
approach is similar to that of Tso, and involves studying the evolution
equation satisfied by the support function of the hypersurfaces M, , rather
than working directly with (1.1).

To formulate our results, we shall suppose that the curvature function
k can be expressed as

(12) k(',t)=f(R1""’Rn)’

where R, ---, R, are the principal radii of curvature of the hypersurface
M,,and f€C °°(l"+) is a positive, symmetric function on the positive
cone I'" ={(4,, -~ ,4,) €R": 4, >0 forall /}. The reason for express-

ing k as a function of the principal radii of curvature rather than in terms
of the principal curvatures will become apparent later. The function f is
assumed to satisfy the following conditions:

(1.3) f is homogeneous of degree one on I'",
af +
(1.4) 8_2.1 >0onTl .

(1.5) f is concave on I'".
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Our main result is the following:

Theorem 1.1. Let M|, be a smooth, closed, uniformly convex hyper-
surface in R™' parametrized by a smooth embedding X,: 8" — R"!.
Let f € C®°T") be a symmetric, positive function on the positive cone
satisfying (1.3), (1.4), and (1.5). Suppose that one of the following three
conditions is satisfied:

(i) feCT) and f=0 on oT";
(ii) the function g defined by

1
g(i|7"' ,'1")=

Sy, -, 1/4y)

is concave on T ;

(i) n=2.
Then the initial value problem (1.1), (1.2) has a unique smooth solution
X defined on the time interval [0, c0). For each t € [0, 00), X(-, 1)
is a parametrization of a smooth,N closed, uniformly convex hypersurface

M, in R"™™ . Furthermore, if M, is the hypersurface parametrized by

X(,0)=eP'x(, 1), where
(16) ﬂ=f(ls""1)’

then ﬁt converges to a sphere centered at the origin in the C* topology
as t — oo, and there exists a positive constant H* , depending only on n,
f, B, and M., such that for any positive y < 2 and any positive integer
m we have

~ s jl — _
(1.7) 18, (-, b (-, 1) - 6/H llemsmy < Cpre vBt
and
(1.8) lgi(-> O, 1) = 6] H" " || omgn < C,e™ ™,

where @.., B, g, h" are the metric and inverse of the second funda-
ij ij

mental form of M,, M, respectively, and C, depends onlyon n, m, B,
v, [, My, and X, .

Let us make some remarks about our hypotheses. As we have already
mentioned, we shall study the equation satisfied by the support function
of the hypersurfaces AM,. Condition (1.4) ensures that this equation is
parabolic. Condition (1.5) is used repeatedly in our proof and, together
with (1.4), is essential for our method. We do not know whether the con-
clusion of Theorem 1.1 remains valid if these two conditions are weakened.

We believe that conditions (i) and (ii) are superfluous, but we have not
been able to avoid these except in the case of two dimensions. As we
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shall see later, condition (ii) can be replaced by a weaker, but somewhat
artificial hypothesis, which follows easily from the more natural condition
(ii). Nevertheless, the cases of greatest geometric interest are not ruled out
by hypotheses (i) and (ii).

Before proceeding to the proof of Theorem 1.1 we give some examples
of functions f satisfying the required hypotheses. For any integer m such
that 1 < m < n, the mth elementary symmetric function §, is defined
by

(1.9) SpAys )= > AA

We define

(1.10) Ay s A) =S, Ay s )"
and

(1.11) G, (A s A) =S, (1A, -, 1/2,)~",

Then g, and G,, are smooth, positive, symmetric functions on the pos-
itive cone, and both are homogeneous of degree one. It is easily checked
that (1.4) holds for g,, and &, . To verify the concavity condition (1.5),
we use a result proved in [16, §2.15], which asserts that for any integers p,
r with 1 < p <r < n, the function (Sr/S,_p)'/ P is concave on I'". The
concavity of g, then follows by choosing r = p = m (we take S, =1),
while that of G, follows by choosing r = n and p = m and observing

that &, = (S,/S,_,)"".

Condition (i) of Theorem 1.1 is satisfied by 6, forall m=1,---,n,
but not by o, unless m = n. However, o, satisfies the alternative
condition (ii) because o, (1/4;, -, l/ﬂhn)_1 =6,,(4,, - ,4,),and G,

is a concave function on I'" . Similarly, G,
to use (i) in this case.

The functions ¢,, and §,, are the main examples of geometric interest.
The case 6,, corresponds to the case where the curvature function k is
the reciprocal of the m th root of the m th mean curvature.

In the one-dimensional case, we may allow M, to have self-intersec-
tions. In this case we take

where p(-, t) is the radius of curvature of the curve M,. We have the
following result.

Theorem 1.2. Let M|, be a smooth, closed, immersed curve in R® with
positive curvature and rotation number m > 0, and suppose that M, is

satisfies (ii), but it is simpler
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parametrized by an immersion X,: S' = R*. Then the initial value prob-
lem (1.1), (1.12) has a unique smooth solution X defined on the time
interval [0, o). For each t € [0, o), X(-, t) is a parametrization of a
smooth, closed, immersed curve M, in R’ having positive curvature and
rotation number m. Furthermore, if A7, is the curve parametrized by
X(,t)=e"'X(-, 1), then ANJI converges to an m-fold cover of a circle cen-
tered at the origin in the C*™ topology as t — oo, and there exists a positive
number p* , depending only on M, , such that for any positive integer | we
have
—2t/m?

(113) ||P~(',t)—/7*||cl(sl)$c1€ ’

where p(-, t) is the radius of curvature of ANJ, and C, depends only on [,
m, M, and X,.

We shall prove Theorems 1.1 and 1.2 in the remaining sections of the
paper. In §2 we shall derive the equation for the support function of the
hypersurfaces M, , assuming a solution of (1.1) exists, and show that the
initial value problem (1.1) can be reformulated as an initial value problem
for the support function. In §3 we derive the a priori estimates we need
to prove the existence of a solution of this problem for all time, and show
that after an appropriate rescaling the hypersurfaces M, become spherical
as t — oo. In the final section we indicate the modifications which need
to be made to our arguments if f is replaced by f® in (1.2) for some
constant « € [0, 1). We shall prove the following result.

Theorem 1.3. Let My, X,, and f satisfy the hypotheses of Theorem
1.1 in cases (i) and (ii), and suppose that the curvature function k in (1.1)
is given by

(1.14) k(-,t)=f(R,, - ,R)"

Jor some constant a € [0, 1), where R, --- , R, are the principal radii
of curvature of M,. Then the initial value problem (1.1), (1.14) has a
unique smooth solution X defined on the time interval [0, oo) and for each
t € [0, 00), X(-, 1) is a parametrization of a smooth, closed, uniformly
convex hypersurface M, in R™' . Furthermore, if ]l7, is the hypersurface

parametrized by X (-, t) = (1 +6ﬂz)'/‘5X(-, t), where B is given by (1.6)
and 6 = 1—-a, then AAJI converges to a sphere centered at the origin in the
C* topology as t — oo.

A version of Theorem 1.3 for immersed curves M, in R’ similar to

Theorem 1.2 also holds. We leave it to the reader to formulate this.
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Gerhard Huisken [12] has proved a version of Theorems 1.1 and 1.2.
His method avoids consideration of the support function and is similar to
that used in his earlier work [11].

The author wishes to thank Gerhard Huisken and Klaus Ecker for sev-
eral informative discussions of this work, and for their interest and en-
couragement. In particular, some suggestions of Gerhard Huisken made
possible the inclusion of case (ii) of Theorem 1.1.

2. The equation for the support function

In this section we show that the initial value problem (1.1) can be re-
duced to an initial value problem for the support function of the convex
hypersurfaces parametrized by X(-, t). We shall recall briefly some facts
about convex hypersurfaces.

Let M be a smooth, closed, uniformly convex hypersurface in R"!.
We may assume that M is parametrized by the inverse Gauss map X: S”
— M c R™!. Without loss of generality, we may assume that M encloses
the origin. The support function H of M is defined by

(2.1) H(x)=(x, X(x)) forallxeS",

where (-, ) denotes the standard inner product of R"*'. We extend H

and X to be homogeneous functions on R™*' — {0} of degrees one and
zero respectively. Evidently we also have

n+1

H(x)=sup(x,y) foralxeR ",
yeEM
so H is convex, since it is a supremum of linear functions. Furthermore,
H is smooth, since X is smooth. Since H is homogeneous of degree one,
we have

n+l
H(xp, 5 X,) = inDiH’
i=1
where D= (D,,---, D, ) is the gradient on R . If M isa sphere of

radius R centered at the origin, then H(x) = R|x|.

Conversely, if H is a convex function which is smooth and homoge-
neous of degree one on R™*' — {0}, then it can be shown that H is the
support function of a unique convex hypersurface M = 8B, where B is
the convex body

B=({ eR™: (x, y) < H(x)}.
xes"
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B is an intersection of halfspaces, and so is convex. Furthermore, the
coordinates of the point of M with outer unit normal x are given by
X; = D;H . Proofs of these assertions can be found in [2].

Next we compute the metric and the second fundamental form of M
in terms of the support function. As before, we assume that M is given
as an embedding of S” via the inverse Gauss map. Let e, ,e bea
smooth local orthonormal frame field on S”, and let V be the gradient
on S". Differentiating (2.1) we obtain

V,H=(VX,x)+(X,Vx)=(X,Vx),

since V,X(x) is tangential to M at X(x), and x is the normal to M at

X(x). Differentiating once again, and writing V, ;=V,V,, we obtain

Vi,H=(X,V,x)+(V,X,V,x)=(X,V,x)+h;,

where 4, i is the second fundamental form of M . To compute the term
(X, V,;x) we differentiate the equation (x, x) =1 and obtain

(2.2) (x,Vx)=0

and

(2.3) (x,V;x)==(V,x,Vx)=-0,,

since e, -+ , e, is an orthonormal frame field, and finally,

(2.4) (Viex, Vix) +(V,x, V. x) = 0.

From (2.2) and (2.3), we see that V x,--- ,V x form an orthonormal

basis for TX(X)M , and hence

(X, V,x) = <(X, x)x, V,.jx> + <(X, V, X)V X, v,jx>

= (X, x){x, V,;x)+V, <(X, VX))V, x, ij>
—({V,((X, V,X)V,x), V%)
~HO,; + VX, V,x) = VX, V,X)(V,x, V x)
— (X, Vi x)(Vyx, V,x)
- Hé,; — (X, Vix{(Vyx, Vx)
by virtue of (2.2) and (2.3). Similarly
(X, V;x)=-Hd,— (X, V,x)(V, X, v.x),

so by adding together the above two expressions and using the symmetry
of V,.x together with (2.4), we obtain

(2.5) h, =V, H+0,H.

I
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To compute the metric g; ; of M we use the Gauss-Weingarten relations

(2.6) Vox=h,g"vx,
from which we obtain
ki ki

8y =(V,x,V;x)=hy g h;, & (V\X,VX)=hh;g".
Since M is uniformly convex, h, j is invertible, and hence
(2.7) g =hyh.

The principal radii of curvature are the eigenvalues of the matrix b, ;=

h™ g, , which, by virtue of (2.5) and (2.7), is given by
(2.8) b,.j = h,.j =V,H+ 6U.H.

Next we reduce the initial value problem (1.1) to an initial value prob-
lem for the support function. This is carried out in [18] for the case of
the Gauss curvature, and the proof in general is the same. We include it
for completeness.

Let X be a solution of (1.1), and suppose that for each ¢ € [0, o0),
X(-, t) is a parametrization of a smooth, closed, uniformly convex hy-
persurface M,. Let H(-,t) be the support function of M,, and let
v,: 8" — S" be the Gauss map of X(-, ). Note that now we do not
assume that X(-, ¢) is the inverse Gauss map. We define a new parame-
trization X(-, t) by

(2.9) X(x,0) =X, '(x),1)
and
(2.10) k(x, 1) =k(v, ' (x), 1)

Then, assuming we have extended X to be homogeneous of degree zero
on R™' - {0}, we have
OX _ 09X ), X _9Xow )
ot 8s; Ot ot s, Ot
by (1.1). Thus

Ly kx

OH X -

B <5t_(x’ l),x> =k(x, 1),
since 0X/ds; is tangential. We see therefore that the support function
satisfies the initial value problem

BH_ 2 n
2.11) —; =F(V'H+HI) onS"x[0, ),

H(-,0) = H,,
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where [ is the identity matrix, H, is the support function of A,

(2.12) Flay)=f(. 1),
where 4, --- , u, are the eigenvalues of [q; ;1 and the curvature function
k 1is given by (1.2).

To obtain the higher order estimates needed, it will be convenient to
express the equation for H in a local coordinate chart. The mapping
(X, x,, —1)

(1+ |x%)!2
maps R" onto S” , and gives a coordinate system for S” . In this coor-
dinate system the metric e, ; on S" is given by

2.—1 X,x
(2.14) e;; = (1+|x[") (Jij— 1+|)Jc|2)'

Let H be the support function of the convex hypersurface M , and set
Xy, o, X, ,—1
(2.15) u(x,, -, x)=(1+x)""’H ( ! n )

(2.13) (X, x,) —

(1+|xH)'?

By the degree one homogeneity of H, u is just the restriction of H to
X,,; = —1. Straightforward computations yield
(2.16) hy =+ x) 7D, u.
From the Gauss-Weingarten relations (2.6) we obtain

ki
(2.17) ;= hikhj,g
and hence

ki

(2.18) g = h,e hﬂ.
Thus by (2.14) and (2.16)
(2.19) 8ij = (04 + X, x) Dy D jyu

In the coordinate system given by (2.13), the matrix [b, ne the eigenvalues

of which are the principal radii of curvature, is given by
2,1/2
(2.20) b, = (1+1x1)"(8, + x,x)D;u

However, the matrix (9, +x,x,)D, u is not symmetric in general and it is
convenient to replace it by a symmetric matrix. It is not difficult to check
that the matrix

221) b =6, + — "% 5,4 ——2L ) D u

is symmetric and has the same eigenvalues as (J,, + x,x,)D Y-
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Now let u be given by (2.15). Since H is homogeneous of degree one,
sois 0H/dt. Thus

ou _ 2120H [(xy,---,x,, -1
We see therefore that u = H|_ __, satisfies
n+l
9% _ (14 1xP)F(h) onR"x [0
(2.22) ar T i) © [0, o).
u(-, 0) = u,.
Similar equations also hold for H|, _,, forany j=1,---,n+1.

In §3 we shall also consider the initial value problem (2.11) in the case
that V2H + HI is not necessarily positive definite. In view of this, we
note that in this case, in the local coordinate system given by (2.13), the
function u defined by (2.15) still satisfies the initial value problem (2.22).

From (2.20) we see that at (0,--- ,0, —1),

b,.j =D,u=D;H fori, j<n.

By a rotation of the coordinates x,,---,x, we may diagonalize
[Din]i,jgn at (0,---,0,—1). The eigenvalues of this matrix are the
principal radii of curvature of A at the point with outer unit normal
(0,---,0,—1). The remaining eigenvalue of D’H, corresponding to
the radial direction, is of course zero, since H is homogeneous of degree
one.

Now suppose that we have a smooth solution of (2.11) such that the
matrix V2H + HI is positive definite on S” x [0, c0). Then if we extend
H(-, t) to be homogeneous of degree one on R"! —{0}, H(-, t) is convex
for each ¢. To see this, we observe that in the coordinate system given by
(2.13), for u= H(-, t)| , we have

X1 ==

V,;HO,-1,0+6,H(0, -1, 1) =D,;u(0),

SO Dzu(O) is positive definite. Since similar assertions hold for H(-, ¢)
restricted to any n-dimensional hyperplane in R - {0}, we conclude
that H(-, t) is convex. For each t € [0, 00), H(-, t) is therefore the
support function of a unique convex hypersurface M,. Let M(., ) be
the parametrization of M, given by the inverse Gauss map. We want to
show that there exist diffeomorphisms ¢(-, #): S" — S" such that

(2.23) X(s,t)=M(p(s, 1), 1)
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satisfies (1.1). We have
oX Mg, 00, T
0X _oMop, oM _ oMoy, (om\" .
ot~ dx; 9t = 9t ~ 0Ox; ot ot
where (OM /at)T denotes the tangential component of M /9t since
oM\ _0H _,
ot >7 ) ot
Therefore we require ¢ to satisfy
T
ouMde,, (2) g
ox; 0t ot
Now let s € S” and choose a coordinate system so that ¢(s, t) = (0, —1),

and R" x{—1} is the tangent hyperplane to S" at ¢(s, t). The coordinate
functions M, are given by M, = D,H, so we also have D,.Mj = DU.H.

(2.24)

Since H is homogeneous of degree one, and therefore Di,n aH =0 at
(0,-1) forall i=1,---,n+1,at (s, ) we can write (2.24) as
z 3¢’- 6Mj d .
gDiiH(q)(S’t)’t)W-*_(c’)t) =0, j=1,---,n.

Since [D,;H]; <, is positive definite at (0, —1), we deduce that ¢ sat-
isfies a system of the form

0
(2.25) é—t(p(s, H=Y(p(s,t),t) forallseS",
where Y (-, t) is a smooth tangential vectorfield on S”. Standard results
on ordinary differential equations with a parameter imply that (2.25) has
a unique smooth solution for any given initial condition, in particular for

(2.26) o(s,0)=s.
We have proved that (1.1) is equivalent to (2.11) together with the con-
dition
(2.27) V’H+HI>0 onS"x[0, o).
In the remainder of the paper we shall study the initial value problem
(2.11), and we shall prove the existence of a solution satisfying (2.27).
We end this section by recalling the definitions of the various function
spaces and norms which we shall use. Let k& be nonnegative integer and
let a € (0, 1]. ct (S") is the Banach space of real valued functions on
S” which are k-times continuously differentiable, equipped with the norm

B
”ullc"(s") = Z Su"plv ul.
1BI<k S
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C*'*(S™) is the space of functions in C*(S") such that the norm

_ V' ux) - VP u@)
llttll cx.ogmy = MNtll cr gny + I;lllzpk x,S;lepS" X =T
X#y
is finite. Here |x — y| denotes the distance between x and y in S”.
We shall also need norms defined on S” x I, where I =[a, b]C R. We
denote by C*(S" x I) the space of real valued functions on S" x I which
are k-times continuously differentiable with respect to x , and [%k]-times
continuously differentiable with respect to ¢, such that the norm

B
Nl smry = E sup [V Dju|
|Bl+2r<k S"XT

is finite. We denote by C***(S”" x I) the space of functions in C*(S" x I)
such that the norm

e o n sy = Netll it (gn e gy
V8D u(x, s) - VD u(y, t
+ sup sup | Al 2) tag )
1Bl+2r=k (x,5), (v, 1)ES" X1 (|x =yI" + s —1l)
(x,8)#(y, 1)
is finite.

We shall also use the spaces CX(Q), C*'*(Q), CX@Q x I), and
ck "*(Qx I), where Q is a bounded domain in R”. These are defined in
the same way as above.

3. Initial value problems on S" x [0, c0)

In this section we shall study initial value problems of the form

oOH 2 n
3) 5, =F(VH+HI) onS"x[0, ),

H(-,0) = H,,

where F is a smooth positive function of the form (2.12). In the previous
section we reduced the solvability of the initial value problem (1.1) to the
solvability of a problem such as (3.1), subject to the additional restriction
(2.27). It may be that f is in fact defined on some larger cone I" than the
positive cone and f satisfies (1.3), (1.4), and (1.5) on I', but nevertheless,
for application to the initial value problem (1.1), we should consider only
solutions H of (3.1) which satisfy (2.27). However, from the point of
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view of the theory of partial differential equations, such a restriction is
generally neither natural nor necessary.

We shall consider therefore a somewhat more general situation. We
shall assume that F is given by (2.12) where f is a smooth, positive,
symmetric function on some open convex cone I' G R” having vertex at
the origin and containing the positive cone. I' is assumed to be invariant
under the interchange of any two coordinates 4, and 4 ;- It is not difficult
to see that

(3.2) rc{/leR”: anxi>0}.

i=1

We shall assume furthermore that f satisfies the following conditions:

(3.3) f is homogeneous of degree one on I',
of

(3.4) ar, >0onT,

(3.5) f is concave on I.

The main examples of functions f which satisfy the above hypotheses
on some cone I strictly larger than the positive cone are the functions
o, with m=1, .-, n—1. Itis shown in [4] that g, satisfies (3.4) and
(3.5) on the cone I',, which is the connected component containing I *
of the set where g, is positive. It is clear then that ¢, =0 on 0T, .

Any smooth function ¢ on S” for which the eigenvalues of v? o(x)+
¢(x)I belongto I for all x € S" is said to be admissible with respect to
I', or T'-admissible. Usually we will just write “admissible” when the cone
I' is understood from the context. We also use the term “admissible” for
functions ¢ on S” x [0, T) to mean that for each t € [0, T), ¢(-, ) is
admissible.

Our main result in this section is the following:

Theorem 3.1. Let F, I', and f be as above, with f positive, smooth
and symmetric and satisfying (3.3), (3.4), and (3.5). Suppose also that one
of the following three conditions is satisfied:

(i) feC%T) and f=0 on 8T;
(ii) T=T" and the function g defined by

1
gy, ’A”):f(l/il,m 173

is concave on T
(i) n=2.
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Then for any smooth admissible function H,, on S", there exists a unique
admissible solution H € C*(S" x [0, 00)) of the initial value problem
(3.1). Furthermore, there exists a positive constant H" , depending only on
n, f, ', Hy, and B, where

(36) ﬂ‘—_—f(l,"',l),

such that if H = e P'H, then H converges to H* as t — oo, and for any
positive y < 1 and any positive integer k we have

(3.7) NE(, €)= H' || gny < Ce ™",

where C, depends onlyon n, k, g, vy, f, I, and H,.

The existence and uniqueness assertions of Theorem 1.1 follow from
Theorem 3.1 for the case I’ = I'", by virtue of the results of §2. The
assertions of Theorem 1.1 concerning the asymptotic convergence will be
explained at the end of this section.

Before proceeding to the proof of Theorem 3.1, we make some remarks
about (3.1). First, by introducing the new time variable s = f¢, it suffices
to consider the case f = 1. Henceforth we shall assume this. Next, since
f is homogeneous of degree one, we see that

(3.8) F is homogeneous of degree one on .Z (I'),

where .# (I') is the cone of real symmetric n x n matrices [a; ;] such that

the eigenvalues of [a;] belong to T. Clearly we have .#(I'") = 7",
the cone of real positive symmetric n x n matrices.
From (3.6) and the normalization f =1, we see that

(3.9) F(6;) =1

Next, it is not difficult to see that the eigenvalues of [F; j] =[0F/0a, j] are
Of[04,,---,0f]0A,. Thus from (3.4) we obtain

(3.10) [F;;1>0 on.Z(I),

which yields that the equation in (3.1) is parabolic for admissible solutions.
In [4], it is proved that the concavity of f on I' implies the concavity
of F on #(I'). Thus

(3.11) Eyj (@nmg <0
for all a = [a;;] € #(T) and all real symmetric n x n matrices [7,],
where F,; , =0’F/[0a,da,;.

We shall need two inequalities concerning F which follow from the
hypotheses (3.3), (3.4), and (3.5).
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Lemma 3.2. We have

n
(3.12) YEZFHZ 1 on.# ().
i=1
Proof. 1t is sufficient to prove the inequality
h 6f
. _— > .
(3.13) gmi_l onT
Let A= (4,, -+, 4,) €' and suppose without loss of generality that 4, <

-+ <4,. Forany u >0 wehave (u+4,, -+, u+4,) €I'. Thus using
(3.3), (3.4), (3.5), the convexity of I', and the fact that 4, <--- <4, , we
obtain

p+A S flu+dy, -, u+4,)

<SGy A+ S
i=1 !

n
]
<A, +u) 6—{(,1).
i=1 }

Dividing by x4 and letting ¢ — oo yield (3.13).

Lemma33. Let A=(4,,---,4,) €I andsupposethat A, <---<4,.
Then
1 n—1
(3.14) Ay =Sy, ) 22 ) (A, = 4)
i=1
Proof. We have
n 6f
l_f(la 31) ’=la_2i(1’ ’1)
Thus since f is symmetric and (3.3) holds, we find
(3.15) g—f:% on the diagonal Z ={A€Tl: 4, =---=4,}.

Using this together with (3.3), (3.5), and the convexity of I", we obtain

(316) S, A) <A 0+ 9L g, -
i=1 !

1 n
= -r—l'zlli.
i=

(3.14) follows from this, so the lemma is proved.
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Remark. Condition (3.4) with the strict inequality was not used in the
proof of Lemmas 3.2 and 3.3. Thus they are valid in the degenerate case
where

of
. _— > .
(3.17) 8/11._0 onI"

Since I' > I'", this condition is implied by the positivity and concavity of
f.

Lemma 3.2 is used to show that the lower bound on F, the upper bound
on the maximum eigenvalue of V2 H+HI , and in case (ii) of Theorem 3.1,
the lower bound on the minimum eigenvalue of V H+HI , are preserved,
as well as in the proof of the asymptotic convergence. Lemma 3.3 is used
only for the last of these and is not essential for the proof, for at that
stage uniform parabolicity has already been established, and thus (3.14)
holds with the constant % replaced by a constant depending only on the
parabolicity. However, much of our proof is valid in the degenerate case
(3.17), and for this reason we prefer to use Lemma 3.3.

In establishing the necessary a priori estimates it will be convenient to
work with the equation for H = e~ 'H rather than that for H itself. Using
the degree one homogeneity of F , we see that H satisfies the initial value
problem

oH PPV .
(3.18) 5p =F(VH+HI)-H onS" x[0,00),
H(-,0) = H,,

and H is admissible if H is. We shall derive all our a priori estimates
for H : these are then readily translated into a priori estimates for H .
Thus for the remainder of this section, H will denote a solution of the
normalized problem (3.18), rather than of (3.1).

We begin with the estimate for H .

Lemma 3.4. Let H be an admissible solution of (3.18) on S" x[0, T).
Then
(3.19) n};nHO <H(,t)< rr}z';x H,
forall te[0,T).

Proof. At a point where H attains a maximum with respect to the
spatial variables, we have V2H < 0. Thus using (3.8), (3.9), and (3.10),
we see that 9H/dt <0 at such a point. Now let 0 <7, <, <T and set

max

H_ (t)= ixg)fH(x, 1.
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Since H issmooth, H_, 1is evidently a Lipschitz function of ¢. Suppose

that H_ , (¢,)=H(x,,t,) and H_, (t,) = H(x,, t,). Then
Hmax(tZ) - Hmax(tl) = H(.X2 ’ ) (xl > )
=H(x,,t,)—-H(x,, t,)+H(x,,t) - H(x, t))
< H(xy, 1)) — H(x,, 1))

It follows that i
H t t
llm sup max( + ) max( )

" h =
h—0
for all ¢t € (0, T). By a result of Hamilton [10] we conclude that

H_ ()<H_(0).

max

A completely analogous argument yields

(t)=minH(x,t)>H_. (0),

lTIll'l GS min

so the lemma is proved.

We now prove an upper bound for the eigenvalues of V*H + HI . Sim-
ilar ideas were used by Pogorelov [17] in the elliptic case, and later by Tso
[18] and Chow [5], [6] in the parabolic case.

Lemma 3.5. Let H be an admissible solution of (3.18) on S" x[0, T).
Ifat t =0 we have

(3.20) V’H + HI < KI

for a positive constant K, then this remains true for all t€ [0, T).

Proof. Let t € (0, T) and suppose that the maximum eigenvalue of
the matrix [h,;(-, )] = VH(-, t)+ H(-, ) on S" is attained at x, € 5"
with unit eigenvector ¢, € T, S" . By a rotation of the frame e, ,e
at x,, we may assume that é; =e, at Xx,.

Let us now differentiate the equation

n

(3.21) %’f—F(V H+HI) -
twice. We obtain
0
(3.22) 5; Vi = F;V,(V H+06,H) -
7]
523) a_szIH = E.Vkl(V,..H+6,..H)

+Fy YV H+38,H)V,(V, H+6,H) -V, H

ij,rs
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Using the standard formulas for interchanging the order of covariant dif-
ferentiation, we have

m
Vi H =V H + (VR + VRV, H
(3.24) + RV H+ RV, H
+R"\V H+R". Y, H,

where Rl.j « 18 the Riemann curvature tensor of S”. Since e, --- , e, is

a local orthonormal frame on S”, using the Gauss equations we have
io_ _

(3.25) Ri kl — Rijkl - 5ik5ﬂ - éilajk >

which together with (3.24) gives

Virii =V H + 26,V H 26,V H
+0,V,H-6,V;, H.

Using (3.26) in (3.23), we obtain

(3.26)

9
3.27
(3.27) + szVuH - Fv,H
+F; ~V(V,H+6,H)V (V, H+6H)-V, H
Since F is homogeneous of degree one, from (3.21) it follows that
(3.28) St = BuFy ¥ H + 8(T ~ DH.

Adding this to (3.27), and using the degree one homogeneity of F once
again, we see that h,, =V, H + 6, ,H satisfies the equation

0
(3.29) mhk, FV by + 26y F — (7 + Dhy,

+FyVyH - F,V H+F, VhVoh.

ij,rs

Let us now set kK = / = 1 in (3.29). Using the concavity of F to

estimate the term involving F;; i.rs We get
0
(3.30) 8th“ < F v, h - (I + 1)h + 2F.

Then the fact that the maximum eigenvalue of [, (5 1)] over S" is equal
to hy,(x,, t), together with (3.8) (3.9), (3.10), and Lemma 3.2, leads to

(3.31) h“ <0 at(x,, ).
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An argument similar to that used in the proof of Lemma 3.4 now implies
the conclusion of the lemma.

Remark. Since (3.16) holds, the above proof also shows that the upper
bound for AH+nH is preserved. However, we do not get an upper bound
for the eigenvalues of V?H + HI from this, unless we also have a suitable
lower bound, for example V’H + HI >0.

A bound for H in the C* norm now follows easily.

Lemma 3.6. Let H be an admissible solution of (3.18) on S" x[0, T].
Then we have

(3.32) ”H”Ez(s"xlo,T]) sC,

where C depends only on n and ||Hy| -2 gn -

Proof. We can obtain an upper bound for the eigenvalues of ViH
from Lemmas 3.4 and 3.5, and a lower bound from the upper bound and
the inequality AH + nH > 0. Then we have a full second derivative
bound, and the gradient bound for H follows easily from this. To prove
the bound for dH/0t, we use (3.21), together with the bounds we have
already established and the fact that F > 0.

The next step is the derivation of a suitable lower bound on the eigen-
values of V2H + HI which, together with Lemma 3.5, will imply that
(3.21) is uniformly parabolic. First we show that the lower bound on F
is preserved.

Lemma 3.7. Let H be an admissible solution of (3.18) on S" x[0, T).
Then for all t € [0, T) we have

(3.33) min F(V*H(-, t)+ H(-, D) > min F(V’H, + HyI).
Proof. Differentiating equation (3.21) with respect to ¢ we get

9’H oH OH
92 U igr T - Do

(3.34) ETR
Since F is homogeneous of degree one we have

o0H o
(3.35) a7 F,;V,H+(7 - 1H.
Thus F = 0H/0t + H satisfies the equation

oF

Since > 1 by Lemma 3.2 and F > 0 at ¢ = 0, the conclusion of the
lemma follows.
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Lemma 3.8. Let H be an admissible solution of (3.18) on S"x[0, T).
Then in each of the cases (i) and (ii) in Theorem 3.1, the eigenvalues of
V’H + HI lieina compact subset of ', and moreover, in case (ii), if for
some constant ¢ >0 we have

(3.37) VH + HI > ¢l

at t =0, then this remains true for all t € [0, T).

Proof. We need to consider each case separz :ly.

(i) By Lemma 3.5 the eigenvalues of V2H +HI are bounded above by a
positive constant K independent of ¢. Since f is uniformly continuous
on T, = {AeT: 4, <K forall i}, and F(V'H + HI) is bounded from
below by a positive constant by Lemma 3.7, condition (i) implies that the
eigenvalues of V2H + HI remain in a fixed compact subset of I', which
is independent of ¢.

(i1) To show that the lower bound on the eigenvalues of [, i1 is pre-
served we would naturally like to use (3.29) directly. However, this does
not seem to work, and instead we consider the equation satisfied by the
inverse matrix [A"”] and try to bound its maximum eigenvalue. Let us
compute the evolution equation for #’?. We denote the partial deriva-
tives 9" /dh,, and 8*h"?/0h, Oh,, by h?! and hy{ . respectively. We
have

(3.38) [
(3.39) T S L G L
(3.40) VR = hy ik,
(3.41) Vi = WV b+ hef GV b Ry
Use of (3.29), (3.38), (3.39), and (3.41) gives

%hm = hZf%hkz

pPq
= by (F;V by + 26, F — (7 + Dhy,
+ Fy VyH — FyVy H + Fij,rsvlhijvkhrs)
= F,V, i~ 2Fh™h™ + (T + D)~ W“h"'F,; Vb,V h,,
pk ; ql
~ W h" (Fy NV H ~ F,V , H)

roksyal _ gpkyargl
— F (W R h® + W h" )V b, YV by,

i"rs v j
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To proceed further we use the fact that V A ik is invariant under the in-
terchange of any pair of indices. Since 4, i is symmetric, it suffices to show
that VA w =V jhik. By means of the standard formula for commuting
the order of covariant differentiation, together with (3.25), we obtain

Vihy =V(V H+6,H)

i
=VuH+6,V;H+R,;'VH
=VuH+06,V;H+6,V,H-6,V.H
=V,hy.

Notice that we have not used the positivity of [, ;1 to derive this. Using

this we find
WhUE, Vb, + F (RS + B RTR)Y Yk

ij,rs irs Y j
kql kyis; ql !, gk j
= (W"h"F,  + F B h°h" + F " h”)V, b, Y b,

k;ql j
= W hT(F,;  +2F,h")V b Vb,

Substituting the above equation into the equation for 4”7 gives

0

(3.42) o

W = F,;v h" = 2FRP“h" + (T + 1)h™
pk ; ql Jjs
—h"h (Fij,rs+2Firh )thrsvlhij
pk ; ql
—hh(E, VyH - BV, H).
In particular, for p = ¢ we have

(3.43) %h”” = F,V W = 2F W (T + DR

k , pl j
— K (Fij,rs + 2Firhjs)vkhrsvlhij ’

and if we impose the condition

(3.44) (F

ij,rs

+ 2Firh”)"ij’7rs 20
for all real symmetric n x n matrices [#; ;1> then
9
ot

forany p=1,--- ,n. g
Now let us suppose that the maximum eigenvalue of [4"] over S" at
time ¢ is attained at a point x, € S" with unit eigenvector § eT, S,

(3.45) W < F,V 07 = 2P0 + (T + D)™
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By a rotation of the frame e, --- , e, at x,, we may assume that at X,
we have ¢ =e, . At (x,, t) we thus have
Eh“ < —2F("Y + (T + DA < 27 K" +(T + 1)A"
=--Dh'"<o0

since 7 >1 and A'' >0. By an argument similar to the one used in the
proof of Lemma 3.4, we conclude that the maximum eigenvalue of [h”]
over " at time ¢ is bounded by the maximum eigenvalue of [ by ] over
S" at t=0.

Case (ii) is proved, except for the verification of condition (3.44). This
condition appears to be somewhat artificial, but as was pointed out to us
by Gerhard Huisken, it follows easily from the more natural hypothesis
(ii). For, by condition (ii), the function F defined by

1

(3.46) F(h[j) = F(hij)
1s a concave function, and we have
(3.47) F,=FF,h"n",

- _ —2~ (hmrhzshnj hmihnrhjs)
~F7F W"RVUR RS 2FT°F, WY E Bh®.

mn,pq

F,.
(3.48) 7

Using the concavity of F , and the symmetry of fmn to interchange some
indices, we obtain

(3.49) (Fy. 5+ 2F, W), > 2F

ij,rs

Y(Fm;) 20
for any real symmetric n x n matrix [, ;1 Thus (3.44) holds and the
lemma is proved.

Remarks. (i) In case (i) of Lemma 3.8 it is sufficient to assume

limsup f(4) < mmF(V H,+ HyI),
A—T,nar

where K is the maximum eigenvalue of VZHO + H,I over S" and Iy =
{A€T: 4, <K forall i}.

(ii) Lemmas 3.5, 3.7, and 3.8 are of special interest for the case I' = rt,
for in the context of the initial value problem (1.1), they imply that the
upper and lower bounds for the principal radii of curvature (and hence also
for the principal curvatures) of the normalized hypersurfaces M, , and the
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lower bound for the normalized curvature function k, are preserved by
the evolution. In particular, all three assertions are valid in the case that
f isgiven by g, or g,,.

Once we know that the eigenvalues of V2H + HI remain in a fixed
compact subset of I', (3.21) is uniformly parabolic by virtue of (3.4)
and the smoothness of f. Thus there exist positive constants A and A,
depending only on n, f, I', and H,, such that

(3.50) AEP < F (VH + HDEE, < NG

for any & € R”. Holder continuity estimates for V2H and 0H /0t now
follow from results of Krylov and Safonov [13], [14], and once we have
these, estimates for higher derivatives follow from the standard theory of
linear uniformly parabolic equations.

Lemma 3.9. Let H be an admissible solution of (3.18) on S" x[0, T].
Then for any t € (0, T] we have

(3.51) “ + IV Hl z0.0 <cC,
(S"x[t, T))

(8"x[t,T])
where a € 1) depends only on n, A, and A, and C depends in
., l
addition on t and “H”CZ(S"X[O,T])'

Proof. The results of Krylov and Safonov are proved for equations
on domains in Euclidean space, so it is convenient to work in a local
coordinate chart in order to apply these. Let u be given by (2.15). In the
local coordinate system given by (2.13) u solves

ou 2 h n

— =1 F(b..) - R 0, T
(3'52) at ( +|‘x| ) (b,]) u on X[ H ]5

u(-, 0) =u,,
where Bij is given by (2.21), and u, by (2.15) with u, H replaced by
Uy, H,. Since we have bounds for the spatial derivatives of H up to
order two and for the first time derivative of H on S" x [0, T], we also
have similar bounds for ¥ on B,(0) x [0, T]. Furthermore, (3. 52) is
umformly parabolic on B ( ) x [0, T] with parabolicity constants 4 and
A depending only on 4 and A in (3.50).

Differentiating (3.52) with respect to ¢ yields
Ou _ 4 pp ou_du
a2  TUTiUoar  oat’

(3.53)

where

2 _x,xk ijl
A .=+ |x|)F, {0, + ——=—=—= ]|, + .
ij ( I I ) ki ( ik l (1 +|x,2)1/2) ( .1[ 1+(1 +|x|2)1/2
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Thus du/dt satisfies a linear locally uniformly parabolic equation on R" x
[0, T]. A result of Krylov and Safonov [14] (see also [13, Theorem 4.2.7])
implies that for any ¢ € (0, 7) we have

ou

(3.54) 37

<Cl’

CO 1 (B (O)xIt, T))

where o, € (0, 1) depends only on n, 1, and 7\, and C, depends in
.. -1
addition on ¢ and ”‘9“/82”50(m‘)x[o,r])'
Next, since F is concave we may apply a result of Krylov [13, Theorem
5.5.2] to deduce that for any ¢ € (0, ) we have

(3.55) |1 D% <C

2 BOxt,T) = ~2°

where o, € (0, 1) depends on the same quantities as «, , and C, depends

. oys -1

in addftlon on‘ t and‘ ||u[|52(mx[0ﬂ) .
Notice that in the estimate (3.55) there is no explicit dependence on the

derivatives of F . This is because the first derivatives F, ; are controlled

by the parabolicity constant 1~\, and an examination of the proof of (3.55)
shows that dependence on the second derivatives of F does not occur,
since the right-hand side of (3.52) is concave as a function of the matrix
Bij , and not just of D*u.

Finally, since H restricted to any hyperplane x;=%1,j=1,---,n+
1, satisfies equations similar to (3.52), a covering argument yields the
conclusion of the lemma.

Standard parabolic theory (see [15]) applied to (3.52) together with ap-
propriate covering arguments yields higher order estimates.

Lemma 3.10. Let H be an admissible solution of (3.18) on S"x[0, T].
Then for any t € (0, T), any positive integer k, and any o € (0, 1) we
have

(3.56) IH] C,

ks x[t, T)) <
where C depends onlyon n, k, o, A, A, ', F, and ”H”Ez(s"x[o "

Remark. The estimates (3.51) and (3.56) blow up as ¢ — 0. They
may be extended up to ¢ = 0, but we do not need this.

We are now in a position to prove the existence assertion of Theorem
3.1 in cases (1) and (ii). Since H, is a smooth admissible function, a
standard argument using the implicit function theorem yields the exis-
tence of a unique smooth admissible solution of (3.18) on S" x [0, T) for
some small positive 7. Let [0, T°) be the maximal interval for which
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a smooth admissible solution exists, and suppose that 7% < co. The es-
timates obtained above show that this solution can be extended smoothly
to [0, T7] and that H(-, T") is admissible. We may now use the im-
plicit function theorem again to obtain a smooth admissible solution on
an interval strictly larger than [0, T]. This contradicts the maximality
of T", so we conclude that a smooth admissible solution of (3.18) exists
for all time.

The uniqueness of smooth admissible solutions of (3.18) is easily es-
tablished. If H, and H, are two such solutions, using the convexity of
A (I') it is easy to see that w = H, — H, satisfies a parabolic differential
equation of the form

ow
(3.57) T a,;V,w+cw,

where ¢ > 0. By arguing as in the proof of Lemma 3.4, we see that w <0
on S" x [0, co). The proof that H, > H, is similar.

Notice that this argument also shows that if H, and H, are two ad-
missible solutions of (3.21) and H, < H, at ¢ =0, then H, < H, for all
time.

Let us now prove the existence of an admissible solution in case (iii)
of Theorem 3.1. Thus we assume n = 2. Since H, is admissible and
smooth, the eigenvalues of V2H0 + H,I lie in a compact subset K of I'.
Thus we may find a symmetric, convex cone I with vertex at the origin
such that K c I and I — {0} c I'. We may suppose that I" is given by

~ 2 min{A, A,}
(3.58) rJ_{AeR : m>”’ max{ll,12}>0}

for some constant u > —1. X
Let us now define a function f by

(3.59) f() = inf {f(A)) + Df(Ay) - (A — Ap)}.
A€l

Using the properties of f, it is not difficult to check that f agrees with
f on I” the set I where f is positive is a convex, open, symmetric
cone with vertex at the origin containing I" , and that conditions (3.3),
(3.4), and (3.5) with f, T replaced by f, I~“ are satisfied. Furthermore,
since f is smooth, we have f € Cl’l(l:) ﬂCO(f), and f =0 on or .
Thus f satisfies all the hypotheses of Theorem 3.1(i), except that fis
of class C''! rather than C* . By a straightforward approximation argu-
ment, we deduce the existence of a unique [-admissible solution



116 J. I. E. URBAS

He C**(S* x [0, 00)) of the initial value problem

OH ~ 2- = ~ 2
(3.60) a7 =F(V'H+HI)-H onS x[0, 00),
H(-,0)= H,,

where F is defined in the same way as F, with f replaced by f. Since
the eigenvalues of VZH + H,I lie in a compact subset of T, the same
is true for H on a sufﬁmently small time interval [0, T'). We assert that
the eigenvalues of V 2H + HI in fact remain in I for all time. Once we
have shown this, we see that H is a I'-admissible solution of (3.18) o
$? x [0, 00), since f agrees with f on I". Thus Theorem 3.1 in case
(1i1) will be proved.

Let us denote the ratio of the minimum and maximum eigenvalues of
[hij] = [szl+ ﬁl] by w. Then we want to show that w > u on

§% x [0, o). Suppose that at time ¢, w(-, ¢) attains its minimum at a
point x, € s?. By a rotation of the frame e, , e, at x,, we may assume
that w = h,,/h,, at (x,,t) with b < h,, and h,, > O there. Let
us also assume that w(x,,?) < u. Then at (x t) the eigenvalues of
(A, ;1 liein T — F’ and since u is of class C>'®, this is also true on
a small neighborhood of (x,, ¢). Since n = 2, f is linear on each of
the two components of I - F, and we see that H is of class C*° in
a neighborhood of (x,, ). We may also suppose that #,, > 0 on this

neighborhood. Then we may differentiate h,,/h,, twice near (x,,t) to
obtain

(3.61) v (ﬂ) _ Vi Vit
7\ hy, hy, (hy,)?
v h” _ Vijhll thllvihZZ VihllvthZ
I\hp) " Thy ) ()
(3 62) 22 22 22 22
' Vi1,V hy,
+2h, ——=.
(hy,)

Using (3.29), we see that near (x,, t), v = h, /h,, satisfies the equation
9 = =~ Vihy, 2F
a_t'szijVijv-'-zFij }; Vo +——=(hy, = hy))

(3.63) 2 hzz)

h Ft/ rsvlhzjvlhrs (h22)2 ij,rs
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S~ince f is linear on each of the two components of I - T’ we have

F,.j,,s =0 at (x,, f), and so we deduce that
ov
(3.64) a7 2 >0 at(x,,?).

Since w > u at ¢t = 0, a slight modification of the argument used in
Lemma 3.4 now shows that w > u for all time. The existence assertion
of Theorem 3.1 in case (iii) is proved.

Remark. If n > 3, then f is not linear in I — I, All we obtain in
this case is that two of the eigenvalues of D? f on [ -T" are zero, which
is not sufficient for our argument. However, we expect that if H is a
smooth solution of (3.18) and H(-, 0) is I'-admissible, then H remains
I'-admissible for all time, without the hypotheses (i) or (ii) of Theorem
3.1. More precisely, we conjecture that if I" is the smallest closed, convex,
symmetric cone with vertex at the origin which contains the eigenvalues
of V’VH+HI at t=0 , then the eigenvalues of V?H + HI remain in T
for all time.

The only assertions of Theorem 3.1 which are still to be proved are those
concerning the asymptotic behavior of H. To do this we consider the
matrix [r; j] =ViH + (H - F)I, and suppose that its maximum eigenvalue
over S" at time ¢ is attained at a point x, € S with unit eigenvector
eT, S As usual we may assume that {, = e, at x,. From (3.30) and
(3. 36) it follows that r,, satisfies the differential 1nequa11ty

0
ot
Since r,, is the maximum eigenvalue of [r, ;1 at (x,,t) and F satisfies
(3.8), (3.9), and (3.10), we see that r, is nonnegative at (x,, ¢). Using
this together with the fact that F >0 and J > 1, we obtain

0
at
An argument similar to that used in the proof of Lemma 3.4 then yields

(3.65) =M S FVr — (7 + O, = 2(9 - )F.

ij 11

(3.66) ry <=2r, at(x,, ).

t

(3.67) max [ (6, 1) = f(A(x, )] < Ce ™™,
x€es"
where A(x, 1) = (A,(x, t), -, A,(x, 1)) denotes the set of eigenvalues of

V H+HI at (x,1), A__(x,t) is the maximum eigenvalue of VEH+HI

max
at (x, ), and C, is a positive constant depending only on H, and f.

Using Lemma 3.3 we obtain

(3.68) (A (x, 1) —4

2t

max min(x’ t)) < nCle >
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where A_. (x, f) denotes the minimum eigenvalue of VZH+HI at (x,10).

Thus for each x € ",
(3.69) dist(A(x, 1), @) < Ce™ ™

where & is the diagonal of I'. Since f is smooth on I' and the eigen-
values of V>H + HI remain in a fixed compact convex subset K of T',
using (3.15) we deduce that

b

b

(3.70) f (A(x 1) — 1| < sup|D*f|dist(A(x, 1), @) < Ce™™
K
and hence, using (3.16), we obtain

1 -2
“AH + H = Ce™™ < F(V, H +8,H)

(3.71) |
= F(V’H+HI) < ~AH + H,
(3.72) lAH _Cce < % < IAH
Next we show that H(¢) = (1/|S")) fsn (x, t)dx converges as t —

oo. Integrating (3.72) over S and using the d1vergence theorem give
—Ce ¥ < g;ﬁ(t) < 0, and then integrating this over any interval [z, , £,] C
[0, co) we obtain

0<H(t,) - H(t,) < Ce .
Since H is a nonincreasing function and H is bounded below, we con-
clude that H™ =1lim, ,__ H(t) exists, and furthermore, that

(3.73) [H(t) - H*| < Ce™

To show that H, and not just H , converges to H* multiplying (3.72)
by H, integrating over S”, and using the Poincaré inequality on S" we
obtain

jt H? ——/ \VH + Ce™¥ < 2/ (H—-TH) +Ce™?
Since H >0 and —Ce % < 4H <0 by (3.16), and
H -T)= [ (H-7),
s" s"
we have
(3.74) (H-H)’<C)e ",
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and hence
(3.75) -1 < ce™

forany y < 2.

To obtain the convergence of H to H* in the ck norms, we use an
interpolation inequality (see [9, Corollary 12.7]).

Lemma 3.11. Let T be a smooth tensor field on S". Then for any
integers k, m such that 0 < k < m, we have

ore [aerese(fwe) (L)

where C depends only on m and n.
Applying this to H — H" and using the fact that all derivatives of H
are bounded independently of ¢, we obtain

(3.77) [ v < 0 e

for any < y < 2. By the Sobolev embedding theorem on S" (see [1,
§2.7]) we have

1/2
(3.78) IH = H'||¢1gny < C (K, D) (/ \V*H* + |H - H‘|2>
Sll

for any k& > /+ n/2. The estimates (3.7) now follow from (3.75), (3.77),
and (3.78), and Theorem 3.1 is completely proved.

Next, we prove the assertions of Theorem 1.1 concerning the asymptotic
convergence. In the case that the matrix V2H + HI is positive definite,
which is true in any case for ¢ large enough, we saw in §2 that H(-, ¢t) is
the support function of a convex hypersurface AN/[[, and from above, we
know that A~1, converges in the C™ topology to a sphere M of radius
H" centered at the origin. Thus Amax (X, 1) and 4_. (x, ) converge to
H" as t — oo forall x e S", and from (3.68) it follows that

(3.79) sup [V2H(x, t)+ H(x, ) - H'I| < Ce™ ™.
xeS”"

By applying the interpolation inequality (3.76) to V’H (-, )+H(, )] —
H™I, and using the Sobolev inequality (3.78) as before, we deduce that
(1.7) holds. The unnormalized inequality (1.8) then follows.

Finally, let us prove Theorem 1.2. This can be done working directly
with the initial value problem (1.1). However, it can also be proved using
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our method. Since M has positive curvature and rotation number m >
0, the Gauss map of M, covers S' m times. Thus we may think of
the Gauss map of M, as a one-to-one map of M, onto Srln , the m-fold

coverof S'. We may define the support function H, of M| on S,ln in the
obvious way, and arguing as in §2 with only minor modifications, we see
that after normalization, (1.1) can be reduced to the initial value problem

OH

(3.80) Jr=H oS, x[0, ),
H(-,0)=H,,

together with the condition

(3.81) H' +H>0,

where H" denotes the second derivative of H on S,ln. The appropriate
assertions concerning the existence, uniqueness, and asymptotic behavior
of solutions of (3.80) and (3.81) are easily proved.

Remark. (i) An examination of the proofs of Lemmas 3.4 to 3.8 shows
that they are still valid in the degenerate case (3.17), and the estimates ob-
tained do not depend quantitatively on f in any way, while in Lemma
3.9 the C*** bound depends only on positive upper and lower bounds for
0f/04; on a suitable compact subset of I', and in case (i) of Theorem
3.1, also on the modulus of continuity of f on I'NBg(0) for some R > 0
depending only on the initial data. Thus by using a suitable approximation
argument we may deduce the existence of C** admissible solutions of
(3.18) for nonsmooth functions f satisfying the hypotheses of Theorem
3.1 in cases (i) and (iii). Thus, for example. we may consider functions f
of the form f =inf, _, _, f, , where each f, is a smooth function satisfy-
ing the hypotheses of f in Theorem 3.1 in cases (i) and (iii). We may also
allow infima over a countably infinite number of such functions f, , pro-
vided the hypotheses are satisfied uniformly with respect to k. In case (ii)
an approximation argument is more delicate because condition (ii) needs
to be preserved by the approximations to f. In this case however, we
recall that condition (ii) implies (3.44), which in turn, together with the
concavity of F, implies that F is locally of class C 1 Parabolic regu-
larity theory (see [15]) then yields that C? admissible solutions of (3.18)
are in fact smooth enough for us to apply the Bony maximum principle
[13, Theorem 3.4.10] in our arguments, and the proofs of Lemmas 3.4 to
3.9, and the consequent existence assertion proceed as before.

(i1) In the proof of asymptotic convergence we can still prove that the
eigenvalues of V2H + HI approach one another at each point of S” at
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an exponential rate, provided f is of class C''!, or at least C"'® for
some o > 0. The proof of (3.75) proceeds as before, but the proof of
convergence in higher norms breaks down, because we do not have bounds
for sufficiently high derivatives of H , if f is not smooth.

(ii1) If we drop the hypothesis (3.4), we still have the degenerate parabol-
icity condition (3.17) since I' > I'" and f is positive and concave. By
approximation by strictly parabolic problems, we can deduce the existence
of C'' admissible solutions of (3.18) for C 1" admissible initial data,
provided the remaining hypotheses of Theorem 3.1, together with (i) or
(ii1), are satisfied. The proof that the eigenvalues of V’H + HI approach
one another at each point of S” at an exponential rate proceeds as before,
as does the proof of (3.75). However, since 0 f/04; = 1/n on the diagonal
of I', the smoothness of f then implies that after a finite time T, the
equation becomes uniformly parabolic, and higher order estimates for the
derivatives of H after time 7 follow, as does the proof of asymptotic
convergence in any C * norm. However, if f is merely Lipschitz, all we
can conclude is the existence of a C'*' admissible solution. An example
of such a function is given by

SRy, o, A)=min{d, -, 4,}.

(iv) Similar assertions apply in the case of Theorem 1.1. We leave it to

the reader to formulate these. We remark only that if H is not sufficiently

smooth, then solutions of the initial value problem (2.25), (2.26) may not
be unique. However, the hypersurfaces A, will still be unique.

4. An extension
In this section we shall study the initial value problem (3.1), where now
F is given by
(4.1) F(aij)zf(/"p’" uu,,)aa
where 4, --- , u, are the eigenvalues of [q; 1, @€[0,1) is a constant,
and f satisfies the hypotheses of Theorem 3.1. Then f = f* is homoge-
neous of degree a, and it is easy to see that

af
(42) 6—/11 >0 onI
and
(4.3) f is concave on T,

since a € [0, 1), and f is positive and satisfies (3.4) and (3.5). As in the
previous section, we may reduce to the case where f(1,---,1)=1.
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It is convenient to consider a normalized problem rather than (3.1). To
derive this, we set 0 =1 —a > 0 and

(4.4) H=01+6)""H.

Then, using the degree o homogeneity of f, and hence also of F, we
see that H satisfies

(1 +(5t)%—1t{ =F(V'H+HI)-H onS"x[0, ),
H(-,0) = H,.

(4.5)

By replacing ¢ by the new time variable s = 1 log(1+4¢), we may instead
consider the initial value problem

oH 25 1 77 n
46) Sp =F(VH+HD-H onS"x[0, ),

We shall prove the following result.

Theorem 4.1. Let I' be an open convex cone in R" as in Theorem 3.1
and let F be given by (4.1), where f € C*(I') is a positive symmetric
function satisfying (3.3), (3.4), and (3.5). Suppose also that f satisfies one
of the hypotheses (i) and (ii) of Theorem 3.1. Then for any smooth positive
admissible function H, on S", there exists a unique positive admissible
solution H € C™(S" x [0, o0)) of the initial value problem (4.6), and for
any positive y < 1 and any positive integer k, we have

) —v0
(4.7) IH(, )" = Ul g gy < Cee ™™™,

where C, is a positive constant depending only on n, k, o, 7, f, T,
and H,.

Remark. For admissible solutions of (4.5) we get the asymptotic be-
havior

(4.8) HHC, 8 = Ul e ggn < C(1+60)77"

The proof of Theorem 4.1 is very similar to that of Theorem 3.1, and
we shall indicate only the modifications which need to be made. Assume
a > 0. We shall use the following modification of Lemma 3.2.

Lemma 4.2. We have

n
(4.9) T =Y F,>aF'"""
i=1
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Proof. The function f e satisfies the hypotheses of Lemma 3.2. Thus

1 sifa-ivm Of
— - >
! Y

(67

which implies (4.9).
We can now derive the a priori estimates we need.
Lemma 4.3. Let H be an admissible solution of (4.6) on S" x[0, T).
Then the following hold.
(a) min{l, ming, H} < H < max{l, maxg. H}.
(b) ming o r F(V'H + HI) > min{1, ming F(V’H, + HyI)}.
(c) If VEH+HI<KI at t =0, where K > 1 is a constant, then this
remains true for all t€[0,T).
(d) In each of the cases (i) and (ii) of Theorem 4.1, the eigenvalues of
V2H + HI lie in a compact subset of T .

Proof. (a) At a nonnegative spatial minimum of H we have V’H >0,
so using the degree o homogeneity of F, we obtain 0H/dt > H* — H at
such a point. At a negative spatial minimum of H we have 0 H/dt >0,
since F > 0. The first estimate of (a) follows, and the second is proved
similarly.

(b) It is easily verified that F satisfies the equation

OF
= F —a)F.
57 =F,;V, F+ (T —a)
Since 7 > aF'~"* by Lemma 4.2, the result follows.
(c) From the proof of Lemma 3.5 we see that forany k=1,--- , n,

g < ¥ h + (L4 )F = (T + Dy,

where h,, =V, H+H . Atapoint (x,, f) where the maximum eigenvalue

of V2H + HI over S" at time ¢ is attained, which we may assume has
eigenvector e, , we have

a hy, <(1+a)F —(J + )h, <hi, —h,,
after some manipulatlons using Lemma 4.2 and the degree o« homogeneity
of F. Thus assertion (c) follows.
(d) Case (i) is exactly as before. In case (ii) we see that for any p =
1,---,n, W’ satisfies
3]

S = F,V 7 — (14 Q) FRP* K +(T + )h”

— WRP(F, |+ 2F, ")V, h, V)h,,.

u rs
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To handle this last term, we observe that since the function g given by
1
Ay A) =
g(4, n) fajx, - 1/4)
is concave by hypothesis, so is g, since g is positive. Thus (3.44) holds,
and proceeding as before we see that at a point (x,, ) where the maximum

eigenvalue of [h'j ] over S" attime ¢ is attained, which we may suppose
has eigenvector e, , we have

SR < ~(1 )P 4 (T + DR <At - )
after some manipulations using the degree o homogeneity of F. Thus
the maximum eigenvalue of [4"] remains bounded, and the conclusion
of the lemma follows.

Higher order estimates now follow exactly as before, as does the exis-
tence of solutions in cases (i) and (ii).

To prove the assertion concerning the asymptotic behavior of H, we re-
call that if H, and H, are two admissible solutions of (4.6) and H, < H,
at ¢t = 0, then H, < H, for all time. It is easily checked that positive
solutions of the differential equation du/dt = u* — u, which are not iden-
tically one, are given by u(¢) = (1 - (1 —u(0)°)e™®")"/°  where 6 =1 —a.
If a <ming H, and b > maxg. H, with 0 <a <1<b, then

@ -De ™ <H(, 1’ —1<(° -1e™®.

Thus H converges to one exponentially. To obtain the convergence to zero
of the derivatives of H , we use the interpolation and Sobolev inequalities
(3.76) and (3.78) as before.

Finally, Theorem 4.1 in the case a = 0 follows trivially by solving the
initial value problem

%H(x, H=1-H(x,1t),
H(x, 0) = Hy(x),
and regarding x as a parameter.
We leave it to the reader to work out the analogues of (1.7) and (1.8)
for the problem (1.1), (1.14).

Added in proof

The results of this paper have recently been extended to the case of star-
shaped initial hypersurfaces by the author (On the expansion of starshaped
hypersurfaces by symmetric functions of their principal curvatures, to appear
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in Math. Z.) and by Claus Gerhardt (Flow of nonconvex hypersurfaces into
spheres, J. Differential Geometry 32 (1990) 299-314).
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