PROCEEDINGS OF THE

AMERICAN MATHEMATICAL SOCIETY.

Volume 146, Number 6, June 2018, Pages 2663—2677
http://dx.doi.org/10.1090/proc/13964

Article electronically published on February 16, 2018

ENTROPY AND GENERIC MEAN CURVATURE FLOW
IN CURVED AMBIENT SPACES

ALEXANDER MRAMOR

(Communicated by Lei Ni)

ABSTRACT. In this article, we generalize some recent results of Colding and
Minicozzi on generic singularities of mean curvature flow to curved ambient
spaces. To do so, we make use of a weighted monotonicity formula to derive
an “almost monotonicity” for the entropy upon embedding into R¢. We are
also led to study the continuity of the entropy functional in certain cases.

1. INTRODUCTION

In this article we show how some of the theory of [6] by Colding and Minicozzi,
on the study of singularities under the mean curvature flow (MCF) through the
entropy functional, may be generalized from flows in R? to flows in general curved
ambient spaces N>. Our main result, showcasing how their theory may be applied
in the curved setting, is the following theorem generalizing Theorem 0.10 in [6]:

Theorem 1.1. For any closed embedded surface M contained in a 3-manifold N3,
there ezists a piecewise MCF M; starting at M and defined up to time ty < oo
where the surfaces become singular. Moreover, M; can be chosen so that if

.. . diamM,
(11) htIE)g)lf ﬁ < 00,

then M; becomes extinct in a round point.

See the concluding remarks, section 7 below, for a discussion on how this result
relates to preexisting results. Recall that a mean curvature flow of a smooth sub-
manifold M C N is a map F : M x [0,to) — N so that 22 = —H, where H is the
mean curvature vector; see [14] for a nice introduction. We typically denote (as in
the above statement) the image of F at time ¢ by M; for notational convenience.
We will also often use the Brakke flow definition/language of MCF; see Brakke’s
thesis [4]. Of course for smooth compact M, the mean curvature flow equation
‘fi—f = —H (which happens to be a degenerate parabolic PDE) with initial condi-
tion M has a solution (which is to say an MCF out of M exists) for at least some
short time. Denoting the maximal time of existence by tg, if tg < oo we call this
time the singular time. As t — to necessarily the second fundamental form of M
blows up at some point, and we call the point(s) (zg, to) in spacetime where it does
singular points.

Singularities are practically inevitable in the mean curvature flow (and indeed

are the subject of this paper). To study them one successively rescales around
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where the singularity is occurring and studies the limit flow B;, which we define
first as follows for an MCF M; C R, following the exposition in [6]. Let (z;,t;) be
a sequence of points in spacetime and let ¢; be a sequence of positive numbers with
¢;j — 00. A limit flow is a Brakke limit (varifold convergence at each time slice) of
the sequence of rescaled flows ¢t — ¢; (Mc;2t+t7 —x;). Such limits exist by Brakke’s

compactness theorem; see [4]. When all x; are equal to a common point zy and
the t;’s are equal to a common time ¢o, then the limit flow is called a tangent flow
at (:170, to).

In case My is a flow is some ambient manifold IV, we embed a neighborhood of NV
about the point we are interested in isometrically into R? for some ¢ using Nash’s
theorem [I5] and proceed as above in the definition of tangent flow (although M;
won’t be a mean curvature flow in R?, a point we’ll come back to shortly).

Returning to the statement of the theorem above, by M; becoming extinct in
a round point we mean that all the tangent flows of M; at a singular point are
shrinking round spheres. Equation (1.1) above implies (see [6]) that there exists
some D > 0 so that the tangent flows of M; have diameter < D for all time slices.
Furthermore we also assume our flows are smooth up to and including the first
singular point as Colding and Minicozzi do in that we assume for simplicity every
tangent flow is multiplicity one (see also [I1]).

2. THE FIRST TECHNICAL HURDLE: FAILURE OF HUISKEN MONOTONICITY

Consider for now a mean curvature flow M;* in RY. Denote by @, ;, the back-
ward heat kernel at (xg,to), that is:

1 |z — 20|?

2.1 o, (o) = ——— . _E A <.

( ) 0sto (.’b ) (47T(t0 _ t))n/Q €xXp ( 0

Then Huisken’s montonicity (Theorem 3.1 in [9]) says the integral of ®,, ;, is non-

increasing under the flow; more precisely:

Theorem 2.1 (Huisken monotonicity). If M; is a surface flowing by the mean
curvature flow for t < tg, then we have the formula

4
dt [y,

2

¢$0,t0 ('/E) t)d,u’t = _/

1
D10 (2, 1) ‘H + ——Ft
M, 2

to — 1)

Flows that make this derivative zero (so that H + %Tl_t)]:l = 0) are called
self shrinkers and are important below. This monotonicity is also important in the
proof of Theorem 0.10 (the Euclidean case) in giving us local volume bounds along
the flow depending on initial data and letting us use Brakke’s regularity theorem
in a critical step (see Lemmas [B.1] and below). For general ambient manifolds
though we don’t have such a clean equation for the backwards heat kernel and don’t
have such a useful quantity right away.

The natural thing to do then when the ambient space isn’t RY is to try to
isometrically embed, at least locally, our ambient space into R for some ¢ by Nash’s
embedding theorem. When we do this, though, the flow of M (as a flow in RY) is
not a mean curvature flow but instead involves forcing terms from the curvature of
the embedding of N in Rf. Namely, denoting by F : M x [0, o) the mean curvature
flow of M in N as a flow in R we see that ‘fj—f = —Hv —trace(B(z) | T, M), where

B is the second fundamental form of N in Rf. One finds, just naively calculating
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the time derivative of [ ®,, ,,, that extra terms show up due to the forcing term
P = —trace(B(x) | T, M;) . Indeed for any function 1 : R — R:

d _ 2 . _ . 1
(2.3) a/ = /Mt<—¢|H| VY- H 4 (V6 - pHy) - P,

The idea then is to introduce a new quantity that is monotone under the forced
flow that stays close enough to [ @, to “carry” it along, giving us an almost
monotonicity of the quantities we are actually interested in the necessary circum-
stances.

3. A WEIGHTED MONOTONICITY FORMULA FOR FORCED FLOWS

By scaling the Huisken weighted volume above by an appropriate weight, we
find a monotone quantity under the forced flow (hence the namesake weighted
monotonicity formula) that fits our needs. We follow the discussion of it in section
11 of White’s stratification paper [I7], where for example the weighted monotonicity
formula is used to show that stratification results by White for the singular set of
the mean curvature flow in R™ are also valid in curved ambient spaces. To begin
we define a K-almost Brakke flow:

Definition 3.1. A one-parameter family M = {(¢t,u:) | @ < t < b} of radon
measures in U C R is a K-almost Brakke flow provided that:

(1) For almost every ¢, u; is the radon measure associated with an integer
multiplicity rectifiable varifold.
(2) For every nonnegative compactly supported C* function ¢ on U,

(3.1) Do [ odus < [(~0lHI + 96 H + K(0 - oHv))dny

where Df(t) := lim sup w
h—0

Note that for any smooth (local) isometric embedding of U C N3 into R, the
forcing term P will be bounded by some K depending on the second fundamental
of the embedding so the mean curvature flow of a hypersurface M C U in N will
be a K-almost flow in R®. With this terminology we give the anticipated weighted
monotonicity formula, which in following [I7] we first present in its most general
(i.e., localized) form:

Lemma 3.1 (Weighted monotonicity - general form). Let M = {(t, 1) | a <
t < b} be an m-dimensional K -almost Brakke flow in U C R® with 11;(U) < A < o0
for all t. Suppose s € (a,b) and B(y,2r) C U, and let 1 : B(2y,7) — [0,1] be a C?
function that is 1 in B(y,r) and satisfies the bound
(3.2) r|Di| + r?|D*y| < b.

Then the function

: m(L+ DA ef(—1/2 1
(3.3) Tys(t) = 7602 (C (1+0) > e

pmt2 K2/2

is nonincreasing on the interval max{s — r? a} <t < s where

(3.4) p= (I)yys(‘%t); Uy,s = /¢P
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Indeed,
L ke . (x—y* (DY

3.5) J(ta) — J(¢ <—_K<s-t2>/2/ / J - dpudt.
(8:5) J(ta) = J(t) < —3e A e i B

Of course since mass decreases under the flow and our flows are compact smooth
surfaces, we automatically get mass bounds A < oo for any open set U C R*. Note
that if we let ©» = 1 on all of R¢, we may take bound b above to be zero and r as
large as we want, deriving all we really need (we adapt the definition of u below):

Corollary 3.2 (Weighted monotonicity - simpler form). Let M = {(t, us) |
a <t < b} be an m-dimensional K -almost Brakke flow in RY with uniformly bounded
mass. Then the function

(3.6) «WZ”WM/%MMWMM%MM)

is nonincreasing on the interval a <t < s. Indeed for t; < tg < s:
1 ta L2

(3.7) J(ts) — J(t1) < ——eKQ(s—tﬂ/Q/ /W J+ =y dpdt.
2 t 2(s—1t)

Even though we want to use the second version of the result above we might as
well keep the notation u, s = [ @, s(z,t), so that J = eKz(S’t)/Qu%S. Before moving
to the “almost monotonicity” statement first we record an important corollary of
Lemmal[3.1] (besides White’s stratification results): if M; C R’ is a K-almost Brakke
flow, then dilation of R by S is a K/S-almost Brakke flow, implying by Brakke
compactness (which is also true for K-almost Brakke flows) that the tangent flow
is a regular Brakke flow in RY. Even more, the weighted monotonicity implies that
Huisken’s density is upper-semicontinuous, so arguing as in [II] the tangent flows
are actually self shrinkers in R¢:

Corollary 3.3. Tangent flows to K-almost Brakke flows are ordinary Brakke flows;
furthermore they are self shrinkers.

In fact, we immediately see something a bit more is true that we’ll want for the
sequel. It’s an important observation because we will want to import the theory
for hypersurface self shrinkers in R? from [6]; it is not good enough to merely know
the tangent flows are surfaces in R*. We see though since N is a smooth 3-surface
that when we blow up R’ about a point # € N in the limit, (the rescalings of) N
converge to the 3-dimensional plane T, N C R’ so the following is true:

Corollary 3.4. Suppose that M x [0,t) is a flow contained in an open region of
N3 that can be embedded into R for some £. So is a K-almost Brakke flow for
some K. Then a tangent flow to M at x € N? is an ordinary Brakke flow in
T,N = R3 C RY, where the inclusion R®> C R is flat.

Now note that u, s is indeed Huisken’s weighted volume from before. We are
interested then in when J is close to u and how close it is. To start, note that the
monotonicity of J implies that « is uniformly bounded on any finite time interval,
even though wu itself might not be monotone:

Lemma 3.5. Suppose that M; is a K-almost Brakke flow and that u(x,tg) is
bounded by C1 for all x at tg. Then if t —ty < 7 < oo there is a constant C
so that u(z,t) < C.
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Proof. Note that there is a constant ¢ > 0 so that for all t > to, t — tg < T,
K571 > 5 > 0. Also, since J is monotone decreasing, J(to) > J(t) for any t in
this time interval. Since J = X~y then u(t) < J(t)/o < X =10 /g, so we
may take C' = &~ (=), /o, O

Note that [u — J| = [u(1 — eX* (=) < C|1 — X*(s=D)|. Using the bound from
the above Taylor expanding we see that 1 — eK (=) < K?(s — t)eKQ(S*t). The
monotonicity of J then gives us:

Proposition 3.6 (Almost monotonicity of uy ). Suppose that M x [0,T) is a
K -almost Brakke flow in R®. Then given a point (y,s) in spacetime, 0 < T < 00,
and C > 1, there exists § > 0 so that if K < &, then uy, s(ta) < uy s(t1) + CK?(t2 —
tl), where t1 < ty < S, ta—1t1 <T.

Again if we rescale R’ by S, then K scales by K — K/S, so we can certainly
rescale RY to make the assumptions of the above applicable, but this also would
dilate 7 so isn’t something we can immediately do profitably. Below we’ll still be
able to make use of it when considering tangent flows satisfying (1.1) since it implies
upper bounds on singular time (after rescaling).

4. ESSENTIAL FACTS FROM COLDING-MINICOZZI THEORY
AND ALMOST MONOTONICITY OF ENTROPY

Our proof of Theorem [[T] rests heavily on concepts and terminology of Colding
and Minicozzi, so we develop the necessary machinery in this section. Since we
embed into R, we will also need some generalizations of their theory to higher
codimension; see [20] and [2]. Consider a surface X% C R’; then given xy € R’ and
to > 0 define the functional F, ;, by

1 —le—eql?
(41) Fxmto(z) = W/EE 4to d’LL

We see that F' is closely related to u; indeed

1 _lz—=ql?
(4.2) Fro 1y (8) = W/ze o dM:/E‘I’wo,to(xvo)dﬂzuwo,to(o)

(u implicitly depends on X). Note that the functionals Fy, ¢, are essentially weighted
volumes. Naturally then we next record the first variation of F, ;, along the flow;
the one calculated in [6] is for codimension 1 flows, but since we are considering
K-almost flows in R? of some arbitrary codimension we need a more general one
that can be found in [20] (and also in [2]). It is of course important in the sequel:

Lemma 4.1 (Theorem 1 in [20]). Let X3 C R be an n-dimensional complete
manifold without boundary which has polynomial volume growth. Suppose that ¥ C
R is a normal variation of ¥, xs,ts are variations of xo and ty, and =V,
x5 =y, and ty = h. Then %(Fzs,ts (X5)) s

(4.3)
1 T — o |$—Io|2 n (x — x0,y) —lz—ag|?

— —(V,.H h - A I/ I

(4t)k/2 [: ( (V. H + 2ty )+ 442 2t0) T e

dp.
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Now we define the entropy of central importance in Colding-Minicozzi theory:

Definition 4.1. The entropy A of ¥ is the supremum over all F ;, functionals:
(4.4) A(X) = sup Fyy 4, (X)
zo,to

(In the definition of the F' functional ¢y > 0, the above points range over (zg, to)
where tg > 0.) Note that A is nonnegative and invariant under dilations, rotations,
or translations of ¥. Also, for the mean curvature flow ¥; of X, A(X;) is nonin-
creasing under the flow. Of course though you can define the functionals Fj, ¢,
and hence \ along a flow of hypersurfaces in R? not flowing by MCF, for example
forced mean curvature flows. For such flows J introduced above will allow us to
understand the F, ;, and thus the entropy along the forced curvature flow as well.
Before moving on further let’s list some slightly strengthened properties on F' and
the relationship of A and F one finds for the hypersurface case in [6] we’ll need later
(we generalized the codimension of ). It is important to note that monotonicity
isn’t needed in this lemma:

Lemma 4.2 (Generalized Lemma 7.2 in [6]). If ©* C R’ is a smooth complete
embedded hypersurface without boundary and with polynomial volume growth, then:
(1) Fypy1o(X) is a smooth function of xo and to on R™*1 x (0, 00).
(2) Given any to > 0 and any xo, we have Oy Fyy 1, (X) > —@ supy, |H|?.
(3) For each xq, limy,_0 Fyy 1, (2) 25 1 if xo € X and is 0 otherwise.
(4) If ¥ is closed, then A\(X) < oo.

Proof. Statements (1), (3), and (4) are clear, but (2) requires some more work.
Without loss of generality x¢g = 0. The first variation formula above implies that

1 |z|? — 2kty =l=i®
4.5 0s Fo 1, (2) = ito |
(45) Foao(2) = cmrg [ e
Since Alz|? = 2k — (x, H) and Ae/ = e/ (Af + |V f|?), we have
22 2 272 2k H 2 okt + (, 117)
e 4o Ae ity — |$ 2| _ =" <$’ > — |:E| 5 0 _ |‘T 2| 4 |H‘ |H]|
(46) 42 Aty 2 A2 442 2t
|z|? — 2kty  |H|?
<
- 48 47
where the inequality used 2ab < a? + b2. Just as in [6], since ¥ has polynomial

|z]2

volume growth and the vector field Veiﬁ decays exponentially, Stokes’ theorem
gives
(4.7)

Mk 1

L[ HP e sl M)
atoFOVto(E)>_(47Tt0)k/2/E 4 e o Z_ZFEOJO(E)S%I)‘H| Z_TS;MH' )

showing (2). O

In some cases (relevant to ours in fact), the entropy is even achieved by some
Fy +,- This is again a lemma whose proof generalizes immediately to higher codi-
mension case; we put off showing a strengthening of it to the next section:

Lemma 4.3 (Lemma 7.7 in [6]). If X C R"! is a smooth closed embedded hyper-
surface and \(Z) > 1, then there exists xo € R"™! and tg > 0 so that A = F, 4,(2).
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Why might entropy be useful? For MCF in R, Huisken monotonicity can be in-
terpreted as saying that for s <t < to, Fi, 1o (Ms) < Fy 404(t—s)(Ms), temporarily
making explicit that u is a function of a submanifold:

Frgto(Mp) = tag o+t (M) (t) < gy t+4(Ms)(5)
= Ugg tot(t—s) (Ms)(0) = Frg to4(6—5)(Ms)

where the inequality used Huisken montonicity. Since entropy is defined as a supre-
mum of F' functionals over {x¢, o} where ty > 0 we see that for MCF in R entropy
is monotone decreasing under the flow. So, as an example, if we can understand
the singularities of low entropy (or stable entropy), imposing entropy conditions on
M would by monotonicity imply what kind of singularities it can have.

Of course for K-almost Brakke flows we don’t have monotonicity, but from this
chain of inequalities above we see that we have the following almost monotonicity
statement for F' using Proposition above, the almost monotonicity for u:

(4.8)

Lemma 4.4 (Almost monotonicity of F). Suppose that M x [0,T) is a K-
almost Brakke flow in R®. Then given a point (xo,to) in spacetime, 0 < T < o0,
and C > 1, there exists 6 > 0 so that if K < §, then Fy, 1o (My) < Fyy 1o4(t—s) (M) +
CK?(t — s) where s <t <tg, t—s<T.

This immediately implies that if M; is an almost Brakke flow, then ﬁt)\(Mt) <
CK? (Dy as given above). Since 7 < oo, after possibly taking ¢ smaller (smallness
of K), we immediately get the following almost monotonicity for entropy:

Proposition 4.5 (Almost monotonicity of entropy). Suppose that M x [0,T)
is a K-almost Brakke flow in R®. Then given 0 < T,y < 00, there exists § > 0 so
that if K <9, then N(Mg) < A\(M;) + € fort <s<T,s—t<T.

To use this we will need to eventually answer the question: how small should
e be? The following two statements we’ll see later dictate this. Given a constant
D > 0, let Sp = SgXD denote the space of all smooth closed embedded self

shrinkers in R® with genus at most g, entropy at most A, and diameter at most D.
From [@], [7] we know:

Proposition 4.6 (Corollary 8.2 of [6] or [7]). For each fized D, the space Sp is
compact. Namely, any sequence in Sp has a subsequence that converges uniformly
in the C* topology (any fived k) to a surface in Sp.

An important corollary of this for us is the following:

Corollary 4.7 (Corollary 8.4 of [6]). Given D > 0 there exists ¢ > 0 so that if
Y € Sp is not the round sphere, then there is a graph T over ¥ with A(T') < A(X)—e.

Again we emphasize that the tangent flows to M as a K-almost Brakke flow
in R® will be ordinary Brakke flows that will lie in R® € R’ and hence are self
shrinkers considered as flows just in R3. Furthermore from the bound (1.1) above
these corollaries will hold without much trouble below.

It is also worth pointing out that getting important integral curvature bounds via
the genus depends on dimension specific techniques (one could use Gauss-Bonnet,
for example), and thus the proof of Proposition and hence of Corollary [£7]
doesn’t carry over in higher dimensions, hence the present dimension restriction on
N3,
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5. LIPSCHITZ CONTINUITY OF ENTROPY IN CERTAIN CASES

Below in the proof of Theorem [[L1] we will want to understand how the entropy
behaves on a one-parameter family X, s < 0 < 1 (not necessarily moving by MCF).
As Colding and Minicozzi point out in [6], the entropy A(X;) does not necessarily
depend smoothly on s; we are only interested in when we can say it is continuous.
We start by proving what one can interpret as a very weak version of Bernstein and
Wang’s results [3] (see also [2I] for the extension to higher dimensions), where as a
consequence of their work it was shown that the entropy of a closed hypersurface
is bounded below by the entropy of the round sphere:

Lemma 5.1. Let ¢ p be the family of compact closed k-submanifolds F bounded
locally graphically in C? by C and diam(X) < D. Then there exists o > 0 so that
AXE)>140>1 for ¥ ellgp.

Proof. Suppose not. Then there exists a sequence ¥; € Il¢ p so that A(2;) < 1+ %
Taking the limit by Arzela-Ascoli, we get a C%% converging subsequence for some
0 < a < 1, which we relabel ¥;, converging to say X. Since each of the Fy 4, is
continuous as a function on submanifolds, we see that for each (z¢,%0), Fy 1 (2) <
1. Hence the entropy is equal to 1.

Now note that under mean curvature flow ¥; of ¥ (as a submanifold of RY)
for all (xo,t0), Fryto(2e) stays bounded by 1 by Huisken monotonicity, so we get
curvature bounds on ¥, for all time by the Brakke regularity theorem (as in the
proof of Lemma below) so no singularity develops!l] By the curvature bounds
on the flow X; we may take a subsequential limit along a sequence of times t; — oo
to get a limit surface S, which we see must be a self shrinker with entropy 1, hence
a plane. For the rigidity statement for Gaussian density, see Proposition 2.10 in
[18] (of course all self shrinkers are ancient flows).

But X has finite volume and of course it remains bounded under the flow, so there
is no way the plane can arise as a subsequential limit, so we get a contradiction. [J

We may also attain via a compactness argument:

Lemma 5.2. Given € > 0, there exists T > 0 so that if ©F € Ilep and ty < T,
then Fy, 1, < 14+ € for any xo.

Proof. Suppose not. Then for some e > 0 there is a sequence ¥; € Il p, with
corresponding points (z;,;), t; — 0, so that Fy, ;. (2;) > 1 + ¢, by Arzela-Ascoli,
passing the limit to a C? graphically converging subsequence, which we relabel
back to ¥;, with limit say ¥. We see each of the F, ;, is continuous as a function
on submanifolds, and since each of the 3; has diameter bounded by D, there is a
converging subsequence x; converging to say x. Then we see that tloiino Fpi(2) >

1 + ¢, which is a contradiction. O

With this in hand, we can prove the following strengthening of Lemma 7.7 in
[6], as recorded in Lemma A3] above:

Proposition 5.3. For ¥ € llc p as defined above, there is a compact set A C
R? x (0,00) depending on C, D so that the entropy for ¥ € Ilc.p is achieved in A.

IThis would be good enough for hypersurfaces since there are no compact closed minimal
hypersurfaces, and so every compact hypersurface must develop a singularity.
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Proof. For each fixed 1, it is easy to see that lim F, 4 (X) = 0 by the exponen-

To|—00

tial decay of the weight function together with‘ tl‘le compactness of ¥. In particular,
for each fixed ¢ty > 0, the maximum of F, ¢ (X) is achieved at some xy. Moreover,
the first variation formula shows (as in the codimension 1 case) that this maximum
occurs when the weighted integral of (z —x) vanishes, but this can only occur when
xo lies in the convex hull of . It remains to take the supremum of these maxima
as we vary tg. Our task then is to show that there are constants 0 < T < Ts < oo
so that if ¢y & [T1, T3], then for ¥ € Il¢ p one has F, ¢+ (X) <1+ 0.

Using o from Lemma 1] above, for € = ¢/2 in Lemma [5.2] there is a T' so that
for all ¥ € I¢ p, when tg > T we have Fy  1,(X) < 14+e < 1+0 < AX), so we
take Ty = T.

To get 15 first note that for ¥ € II¢ p that Vol(X) is universally bounded by say
C4 and that

1
(5.1) Froto(2) < WVOI(E)»
hence we easily attain a Th so that if ¢y > T, then Fy, ¢+ (X) <1+ 0. O

Consider then a smooth one-parameter family X5 C Il p for some C, D and the
corresponding manifold A. With this in mind we think of the family of F' functionals
Fpy.1,(Xs) as a single function F on A x [0, 1], associating to each s € [0,1] — Xs.
The above proposition can be interpreted as saying that for every fixed s, sup F(Xy)
is attained.

Since the curvature of the one-parameter family ¥ will be bounded along [0, 1],
the first variation formula Lemma[dT] gives a gradient bound on F with say |VF| <
C5. Slightly modifying the proof of “Hamilton’s trick” to make use of the uniform
gradient bound (see Lemma 2.1.3 in [I4]) yields the following:

Lemma 5.4 (Lemma 2.1.3 in [I4]). Let u: M x [0,1] — R be a C' function with
|gradu| < C such that for every time t, there exist a value 6 > 0 and a compact
subset K C M — OM such that at every time t' € (t —0,t+0) N[0, 1] the mazimum
Umax(t") = maxpens u(p, t') is attained at least at one point of K. Then Umax 1S a
Lipschitz function in [0, 1] with Lipschitz constant C.

Our manifold M in the above is A; by slightly enlarging A above we may ensure
that the entropy is attained away from 0A. Hence we derive the following:

Proposition 5.5. Suppose that ¥ C R, 0 < s < 1 is a one-parameter family
of closed compact submanifolds bounded locally graphically in C*<. Then \(X,) is
continuous in s.

6. PROOF OF THEOREM [I.1]

Consider a hypersurface M flowing to a point in N3 as above. Then there is a
time T > 0 so that for ¢ > T', M, is contained in a geodesic ball of say radius 1 about
some point zg € N3. We may isometrically embed B,,(1) into R? for some ¢, by
Nash’s embedding theorem. Without loss of generality then N is a submanifold of
R¢ with bounded second fundamental form so that M is a K-almost Brakke flow.
We start with a couple of lemmas, slight modifications of those in [6]. Huisken
monotonicity plays an important role in the original proofs of both of them, and so
we must modify them to use almost monotonicity. Also, for the second lemma, we
have to use the higher codimension first variation formula for F' we recorded above.



2672 ALEXANDER MRAMOR

Lemma 6.1 (Modification of Lemma 2.9 in [6]). Let M; be an n-dimensional
smooth K-almost Brakke flow and choose some S > 0. Furthermore suppose K
is so small as to make the assumptions of Proposition hold for 7 = S,C = 2.
Then given T > 0, there exists a constant V- =V (Vol(My),S,T) > 0 so that for all
r< VS, alzg € R, and all T < t,

(6.1) Vol(B,(z0) N M,) < (V + 28)r™.

Proof. Possibly taking § even smaller without loss of generality K < 1. For any
to >t with tg —t < S to be chosen later:

(6.2)
! T Vol( B (0) N M) < L / eral;
— 7 Vo — (o < e t—to
(4 (to — t))"/2 fo—t Y= dn(to — t))n/? B ji=—y(w0)M,
1
< /M pzoio('v t) =Uzo,to (t) S Uz, to (0) + CK2(t0 —t)< W Vol(My) + 28.

Setting to = t + r2 (by assumption, r < v/S) and multiplying through we get the
inequality. (]

Lemma 6.2 (Modification of Lemma 8.7 in [0]). Suppose that My C N is an MCF
of smooth closed surfaces fort < 0 in a smooth manifold N considered embedded in
RY with bounded second fundamental form (so M is a K -almost Brakke flow in R’
fort <0 for some K depending on the bound). Also suppose ¥ is a closed smooth
self shrinker equal to the t = —1 time-slice of a multiplicity one tangent flow to M;
at (0,0) C R x R. Then we can choose a sequence s; > 0 with s; — 0 so that

1
(6.3) ——M_; converges in C? to Xo.

Vi
Remark. By this convergence in C? we mean \/LS_jM,Sj = Yo + X, where X; is a
sequence of vector fields in NX that converges to zero in C2. Also note that if M
converges to a point, we can always arrange that it happens at (0,0) by translating.

Proof. Fix € > 0 small (to be given by the Brakke regularity theorem in [I8]). Since
Yo is a smooth closed embedded surface from Lemma [.21) and (3) above there is
7 > 0 so that

(6.4) sup < sup Fm07t0(20)> <l+e
to<T \ zo€R3

The definition of tangent flows gives a sequence s; > 0 with s; — 0 so that the
rescaled flows M} = —=M_. converge to the multiplicity-one flow /—t%g. Let
5

Ve
M = \/%—jM;l be the t = —1 slice of the j-th rescaled flow. We can assume that

_ J
the M7 ’s converge to Xy as radon measures with respect to Hausdorff distance.
We will use the convergence together with the above to get uniform bounds for the
F functionals on the M ’s. To do this, define a sequence of functions g; by

(6.5) 9j(20,t0) = Fugto (M7 ).

We will only consider the g;’s on the region B x [F/3,7], where B C R’ is a fixed
ball of say radius 2D that contains ¥y and all of the M”,’s. If we have uniform
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local area bounds for the M7 | it follows from the first variation formula for F,
(Lemma ] above) that the g;’s are uniformly Lipschitz in this region with
(6.6) _sup |Vao.t095] < C,

Bx[r/3,T]
where C' depends on 7, the radius of the ball B, and the local area bounds. Of
course, since s; — 0 and K scales by K — ,/5;K there is a jo so that for j > jo
almost monotonicity holds (let 7 = V2D + 1, let ¢y = ¢), and hence Lemma [5.1]
holds so we get the gradient bound in the parabolic cylinder. Since the M?,’s
converge to ¥y as radon measures and Xy satisfies (5.4), it follows that

0sto

(6.7) lim g;(zo,t0) < 1+ € for each fixed (zo,t0) € B x [F/3,7].
j—o0

Combining this with the derivative estimate and the compactness of B x [F/3,7],
there exists j; > jo sufficiently large so that for all j > j; we have

(6.8) sup Fmo,to(Mil) = sup g;(®o,to) <1+ 2.
Bx[7/3,7 Bx[7/3,7]

We see by Lemma 4] almost-monotonicity of F', that after possibly taking jo
larger to ensure in Lemma 4] that CK? < ¢, for every —1 <t < 0 and j > jo:

(69) FIo,to (Mg) < Fwo,toJr(tJrl)(Mil) +e.
Hence if t € (-1 4+7/3, -1+ 27/3), to < 7/3, and j > ji, then the above yields
(6.10) Froto(M7) <1+ 3e.

Since € was arbitrary and N has bounded second fundamental form, this is precisely
what is needed to apply White’s Brakke regularity theorem for forced flows, Theo-
rem 4.1 in [I7], to get uniform C?® bounds on M for all t € (—1+47/9, —1+57/9)
for some o € (0,1). We can slightly change the s;’s so that we instead have uni-
form C%* bounds on M’ ;- Finally, observe that if ¥, is a sequence of closed
surfaces converging to a closed surface ¥y as radon measures and both the ¥;’s and

Yo satisfy uniform C?“ bounds, then the X;’s must converge to Xy uniformly in
C2. O

Now, as in [6] we will construct a piecewise MCF with a finite number of disconti-
nuities that eventually becomes extinct in a round point or if one of the singularities
encountered is noncompact (which could happen if, after doing some entropy de-
creasing perturbation, (1.1) fails to hold). This is by doing a smooth jump just
before a (nonround) singular time, where we replace a time-slice of the flow by a
graph (in the normal bundle) over it. Moreover the perturbation we will show can
be done so that the entropy decreases by at least a fixed ¢ = ¢/4 > 0 after each
replacement, the € of course coming from Corollary .7l above. We repeat this until
we get to a singular point where every tangent flow consists of shrinking spheres.
Recall again that after using the embedding theorems M is a K-almost Brakke flow
in R’ 4

By the assumption, all of the tangent flows at ¢, are smooth, have multiplicity
one (as described in the introduction), and correspond to compact self shrinkers
with diameter at most D for some D > 0. In particular, since the tangent flows are
compact self shrinkers, there is only one singular point o € R¢ for the flow. Let 3
be a self shrinker equal to the t = —1 time-slice of a multiplicity one tangent flow
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at the singularity. By the assumptions Lemma gives a sequence s; > 0 with
s; — 0 so that

1
(6.11) ——M_, converges in C? to .

V5j
There are two possibilities. First, if ¥ is the round sphere for every tangent flow at
2o, then the above implies that M° pina g, is converging to a round sphere for every
J

sequence s; — 0. Suppose instead that there is at least one tangent flow so that ¥
is not the round sphere. To proceed we will want to use our almost-monotonicity
results, so note that since in (5.10) the sequence s; — 0, there is some j so that
K/ V55 satisfies the assumptions of Proposition above for our choice of €y, T
Let’s determine what these should be before moving on.

After the rescaling (1.1) gives us that the diameter of —= \/_ tSqu is bounded

.
by some D < oo as indicated above. Note that after rescaling N by s; sufficiently
small its curvatures (and derivatives thereof) as a submanifold of R can be made
small enough so the sphere of radius D will shrink to a point by using Theorem
1.1 of [T0]. So after possibly taking j even larger by the typical maximum principle
argument using the sphere of radius D as a barrier, the time of the existence of its
flow is bounded by say . So we take 7 = k.

Since Xq is not the round sphere by Corollary 7] above (by equation (1.1) let’s
say the diameter of g is bounded) we get a graph I'g over Xg with A(Tg) < A(Zg)—¢
where € > 0 is a fixed constant given by the corollary. We set ¢y = ¢/4.

With this in mind we relabel M = \/—TM ,sing__. Note further rescalings by S,
0

as long as S > 1, preserve K < 6 needed for the ch01ce of €y and 7 above. Of course
for large enough 7, \/? > 1. When j is sufficiently large, (,/5;T0) + 0 is a graph
in the normal bundle over M. ping g, and

(6.12) A(V/ST0) +20) = A(To) < A(Zo) = € € A(Myeins_, ) = %
where the first equality used the scale invariance of entropy and the last inequality
used the almost-monotonicity of entropy under MCF. There’s a small problem
though, in that we see (\/s_jl’o)—l—xo lies in T, N as a 3-plane in R, but not necessarily
N. So we want to project (,/5;1'0) +z¢ down to N. For this of course we need that
entropy depends continuously on X in at least certain cases, so our work in section
5 above comes in handy.

Recalling Proposition above, to proceed then we need to show that for large
enough rescalings of R’ the projection of (/5;T0) + o back onto N, which we’ll

denote f, is as close as we want to (,/5;10) + zo in C?% topology. More precisely:

Lemma 6.3. For each D,p > 0, there exists & > 0 so that £(N) N Bp(x) is a
graph of a function f over T,N and ||f||cs < p.

Proof. The second fundamental form Ax of N is bounded in norm initially and
scales by A — S%A under rescaling by &, so taking £ as large as we want we make
|An|? as small as we want, which implies N is graphical; see Lemma 2.4 in [§]. For
a graph, C% bounds scale by inverse power so that, possibly taking & larger, we
can arrange that || f||cs < p for a given p > 0. O
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We see then, possibly by taking j above larger, that without loss of generality
IM((y/55T0) + o) — A(T')| < €¢/4. Hence
~ €
(6.13) A < )\(Mt(s)ingisj) ~ 3
We then replace M, 1aing_, with I' and restart the flow (note that its diameter will

be less than D, so the time of existence of the flow will be less than k above).

Note that we already rescaled space by 15—, above, before the first replacement,

so that the almost monotonicity lemmas and “fatness of N” along the lines of
Lemma hold with €y = €/4, 7 = k (again, as long as later rescalings by say S
are so that .S > 1; this is done by throwing out s; (in subsequent blowup sequences)
with s; > 1). The entropy by the next singularity can only go up by an additional
€/4, which is to say the entropy of the tangent flow ¥; at the “next” singular time
satisfies

€

(614) /\(21) < )\(Eo) - Z

Since the entropy of M was initially finite and entropy goes down a uniform constant
€/2 > 0 at each replacement and is guaranteed not to increase by more than ¢/4
under the flow to the next time, this can only occur a finite number of times until
all tangent flows are round.

7. CONCLUDING REMARKS

One sees that generally speaking given a hypersurface M so that equation (1.1)
holds up to the first singular time, (1.1) can’t be expected to hold after the pertur-
bation above; it is part of the theorem (that (1.1) holds for the whole piecewise flow)
that this is so for us. For example, if a hypersurface M C N shrinks to a point and
is not genus 0, we see that (1.1) must eventually fail to hold for some perturbation
because the genus of the surface is unchanged after each replacement and preserved
under the flow. Indeed, a corollary of Theorem [[1] is that a piecewise MCF start-
ing out of a positive genus surface will eventually encounter a noncompact (after
rescaling) singularity.

It follows by Brendle’s classification in [5], shown after [6] was completed, of genus
0 closed embedded self shrinkers in R? as precisely the round sphere of radius 2
that conversely if M is genus zero and shrinks to a point that it must do so to a
round point, so in that sense our theorem is weaker than what is already known
to be true. On the other hand, our methods may readily be generalized to higher
dimensions save for the fact that, as pointed out above, we don’t have quite as
good compactness theorems for self shrinkers in higher dimensions, so the “off the
shelf” possible theorems aren’t quite as strong. One might possibly for example
impose a type 1 blowup rate assumption along with equation (1.1) and use that self
shrinkers with bounded curvature and diameter are a compact set. We also feel it
is interesting to understand how to apply some of Colding and Minicozzi’s theory
to the curved setting.

On that note in R3, there is at least one known example of a positive genus
closed self shrinker (which of course shrink to a point), the Angenant torus [I] (see
[16] for higher dimensional analogues). Also relevant (although they don’t shrink to
points) are the more recent noncompact self shrinkers by Kapouleas, Kleene, and
Moller in [12] of higher genus obtained by gluing or those obtained by Ketover in
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[13] using min-max methods (in fact, the Ketover examples are possibly actually
compact, but that hasn’t been decided). To the author’s knowledge though, it is
unknown if there are examples in general ambient manifolds of hypersurfaces 3 of
positive genus that shrink to points under the flow (convex enough surfaces, which
are spheres, will by [I0]); one imagines it could be possible to get examples using
an inverse function theorem argument by “importing” examples like the Angenant
torus. Related to this, one wonders if there is a good “intrinsic” notion of self
shrinker on an ambient manifold NV that would help facilitate this.

It is also worth pointing out that singularities forming as ¢ — oo might possibly
occur under the flow in the sense that the surface could flow to a minimal cone as
t — 00, so that’s why we stipulate above explicitly in the statement of Theorem 1.1
that t9 < co. For example, there are examples by Valasquez (see [19]) of surfaces
that develop the Simons cone as a singularity.
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