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HARNACK ESTIMATE FOR MEAN CURVATURE FLOW ON THE
SPHERE*

PAUL BRYANT AND MOHAMMAD N. IVAKI

Abstract. We consider the evolution of hypersurfaces on the unit sphere S?*1 by their mean
curvature. We prove a differential Harnack inequality for any weakly convex solution to the mean
curvature flow. As an application, by applying an Aleksandrov reflection argument, we classify
convex, ancient solutions of the mean curvature flow on the sphere.
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We consider convex hypersurfaces My, n > 2, without boundary, which are
smoothly embedded in S"Tt. Let Fy : M™ — S"*! be a smooth embedding of Mj.
The mean curvature flow with initial data Fj is a family of hypersurfaces given by
embeddings F : M" x [0,T) — S"*1 F(-,0) = Fy(-) that moves in the direction of
the unit normal vector v with speed equal to the mean curvature H, the trace of the
second fundamental form A(V, V') over the tangent vectors V, e.q.,

OF(t) = —H(- ) (1),

Here, H(p,t) is the mean curvature of the hypersurface M; := F(M™,t) at the point
F(p,t) where the unit outer normal vector is v(p,t). Let D denote the Levi-Civita
connection of S"*1.

THEOREM (Harnack estimate). Suppose M; is a smooth, weakly convex solution
of the mean curvature flow on the time interval [0,T"). For ¢ > 0 we have

H
OiH + o +2DvH + A(V.V) —nH > 0

for all tangent vectors V.

Comparing this with Hamilton’s Harnack inequality [6] for the mean curvature
flow in R"*1, here we gained a bonus term —n H through the ambient space S**1. This
allows us, by employing a parabolic Aleksandrov reflection argument first developed in
[7, 8, 9], a rather convenient classification of ancient, smooth, weakly convex solutions
of the mean curvature flow.

THEOREM (Classification of ancient solutions). The only ancient, weakly con-
vex, embedded solutions of the mean curvature flow on the sphere are equators and
shrinking geodesic spheres.

Let us note that such a classification has been obtained already in [14, Theorem
6.1], with a relatively short proof applying the maximum principle to the quantity
(I|AI> = LH?)/H?. As usual for such arguments, the Codazzi equation is employed;
therefore, the result pertains to n > 2. The first author and Louie [5] used a completely
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different argument to obtain the classification for n = 1. First, a Harnack inequality is
obtained, which ensures that the backwards limit as t — —oo is an equator. Then the
Aleksandrov reflection argument is employed to show maximal reflection symmetry,
immediately resulting in the classification. Our work here extends the techniques
of [5] from n = 1 to n > 2 formally following the same procedure of obtaining the
Harnack inequality and then using the Aleksandrov reflection to show the maximal
reflection symmetry. We believe, that unlike the methods in [14], our argument is more
broadly applicable: once the Harnack inequality is obtained for a curvature flow, the
remainder of the argument holds with very little modification. This theme will be
explored for a range of curvature flows similar to those studied in [2] in a forthcoming
paper. In [2], to obtain Harnack inequalities, the Gauss map parametrization and
support function are used to great effect, considerably simplifying the computations.
A genuine difficulty on the sphere is obtaining a similar useful parametrization under
which we can perform the calculations.

Before moving on to the details, a few words about the broader context are in
order. It is well known that ancient solutions arise as singularity models for curvature
flows (e.g., [13]) and their study is of great importance. On the unit sphere, as opposed
to the Euclidean case studied in [14], where classification can be obtained only with
additional assumptions such as pinching, we find a complete classification and strong
rigidity: the only weakly convex, ancient solutions are the shrinking geodesic spheres.
The difference is the compactness and positive curvature of the sphere.

Classifications of ancient solutions have been obtained for the curve shortening
flow in the plane [10] and the Ricci flow of surfaces [11]. Both examples include self-
similar shrinkers (round circles for the former and constant curvature spheres for the
latter) and a unique Type IT ancient solution with curvature blowing up faster than |¢|
as t — —oo (the Angenent oval [paper clip] in the former case and the Rosenau in the
latter). In higher dimensions, classification results for ancient solutions in Euclidean
space are less complete, and a wider range of possibilities may occur. As mentioned
above, the results of [14] require additional pinching assumptions to deduce that such
ancient solutions are shrinking spheres. Wang [19] studied translating ancient solu-
tions and discovered the existence of non-rotationally symmetric translators (though
they blow down to spheres or cylinders). Furthermore, there are solutions asymptotic
to “ovals” in that the center looks like a cylinder, but the ends look like “bowls”
[1, 15, 20]. These solutions have similarities to the Angenent oval in the plane.
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and the Institut fiir Diskrete Mathematik und Geometrie, TU Wien for hosting a
very enjoyable and productive visit to Vienna. The work of the second author was
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1. Preliminaries. Let g = {g;;}, A = {hi;}, and Rm;ji; denote, in order, the
induced metric, the second fundamental form, and the curvature tensor of M™. The
mean curvature of M" is the trace of the second fundamental form with respect to
g, H = g"h;;. Let g and %amg denote, respectively, the metric and the curvature

tensor of S"*1. Greek indices run through {0,...,n} and Latin indices belong to the
set {1,...,n}.

Write v for the outer unit normal to M;. For a fixed time, we choose a local
orthonormal frame {0y = v,...,0; = %@’t), ..., 0p} in ST We use the following
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standard notation

hz = 9" him
(hz)g = gmjgmhirhsm
|A]2 = g gF hirhyy = high"

C = g9 g"M g™ hiphimhnj = hERL AL

Here, {g"/} is the inverse matrix of {g;;}.
The relations between A, Rm, and Rm are given by the Gaul and Codazzi
equations:

Rmijir = Rmijiy + hichji — hahjk

Vihjk = vkhij'
Moreover, V; and A commute as follows
(ViA — AV,)f = —RcIV; f

for all smooth functions on M™. Therefore, in view of Rapyo = MGarTs0 — TasTs-)»
A =1, and the Gaufl equation we have

(ViA — AV)H = ((h*)" — Hh™ — (n — 1)6"\)V,, H. (1.1)
2. Evolution equations. In this section, we assume that M; is a strictly convex
solution of the mean curvature flow.

LEMMA 1. The following evolution equations hold under the mean curvature flow:
(1) 67591] = —2Hhij ) B
2) 04" =2Hg""g'"h;j = 2HhY
)
) Okl = ARl + |APPR] + M2HS! — nhl}
) 8thij = Ah” + |A|2h” — 2H(h2)” + )\{2Hg” — nh”}
) O\H = AH + H|A* + n\H
) (A — AOy)H =2HRYV,;V,;H + 2h"NV,;HV ; H.

Proof. The computations for (1) — (6) are straightforward; see [12]. To obtain
(7), we note that

(A — A0 H = (0;0;H —T,00H) 09" — g” 0 HOT'Y,,

where Ffj = gkl(aigjl + 0,94 — 019i5). Since 8,5F§j is tensorial, using (1) and (2) we
may carry out our calculations in a normal frame to prove the claim. O

LEMMA 2. Under the mean curvature flow we have
O (O H) =A0H + 4HhV,;V ;H + 20"V, HV ; H
+ (A2 +nA\)(0:H) + 2H*C + 2)\H?,
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and

V:0:H = AV, H + V,;(|A*H) + (h*)!" — HR")V ; H + AV, H.

Proof. Using (3), (6) and (7) in Lemma 2, we calculate

OO0 H) =0, (AH + H|A|* + n\H)
=AOH + 2HWV,;V;H + 2h"V,HV ;H
+ ([A]? +nX)(0:H) + H(9:| A]*)
=AO:H + 2HKWIV,;V;H + 2h""V,HV ;H
+ (JA? +n\) (0 H) + H(2h9V,V,;H + 2HC + 2\H?)
=AO;H +4HhV;V;H + 2h"V,HV ;H
+ (A2 +n\) (0, H) + 2H?C + 2\H?.

To obtain the second evolution equation, we use identity (1.1) and part (6) of
Lemma 2:

V.0 H =V;(AH + |A”H + n\H)
=AV;H + V,(|A*H) +n\V,;H
+((h*) — HR" — (n — 1)67 NV, H
=AV;H + V,;(|APH) + (h*)" — Hh™)V H + AV, H.

[

In the sequel, {b¥} denotes the inverse of the second fundamental form.
LEMMA 3.
(b IV HV H) < — 06" Ahyy Vi HV j H + 209V ; HAV,; H

+ 20V HV ; H + |APYIV HV; H + 2Hb V| APV H
+ 0V, HV ; H.

Proof. Observe
— A"V {2H gpn, — N } Vi HY  H + 2009V, HV ;H < n A6V, HV ;H
and
Ob = — b B Oy hy,

= — "™ (Ahmn + | AP hann — 2H (h?)1n)
— X0 2H gy — Nhn }

= — """ Ay — | AP0V + 2H g%
— X0 2H Gy — MR }-
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Therefore, using the second part of Lemma 2, we obtain
OB N HV ;H) = — bV (Al + | A2 hinn — 2H (h?) ) Vi HV j H
— A"V 2H gy — Nhn )V H YV H
+ 26 (AV H + V(|APH) + (h*)™ — Hh")V  H + AV, H)V,; H
< ="V ARy, ViHV  H + 209V ; HAV, H
+ 266" H(h?)n Vi HV ; H
+ APV, HV  H + 2HbY V| A1°V; H
+ 26" ((R*)™ — Hh")V,, HV ;H
+nA\YV;HV ;H
= —b""b" Ay, Vi HV  H + 207V ;HAV, H
+ 219V, HV ;H + |APb9V,HV jH + 2HVIV,;|A*V,; H
+nAYV,HV ; H.

Using the identities
Vb = =601 by
and
AT = — bV Ay,
+ {0 4 bR PN By Y B,
we compute
AWVIVHV;H) = — """V, HV jHAhp,, + 267V, HAV, H
+ 2{b" VWYV HY j H PV yhy sV g hi
— 4g™ VI 1 hg Vo Vi H Y H A+ 207 g™V, Vi HY Vi H).
Thus we have proved:
LEMMA 4.
(b HV;H) < A(b9V,HV;H)
— 2{b" bR VYV HY jH gP IV sV g
+ 4g™ b YN hiy V,, Vi HY  H — 269 g™(V,, V,HV,,V; H)
+ 2RV, HV H + |APYIV,HV ;H + 2Hb7V,;|A|*V; H
+n\YV,HV ; H.

LEMMA 5. Define © := 0;H — bijViHv_jH. Then

2(0 —nAH)?
8,0 > AO + % +(JAP + 200
mqynp gmngpq 3
+ 2{9 b - }nmnnpq + 2 H )

H
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where

Nn = Voo Vo H + H(h?) i — 05V HV shopn -

Proof. Note that
(6 —n\H)? 72
H T H
+2|AI*H — 4|APPY9V,HV ; H

(AH)? AH

2 +4|A|2AH—4?WVZ-HVJ-H

+ % (v9V,HV;H)

and
mn ,pq
2{9’”%"”— g Hg }nmnnpq

2
—2¢™ PN,V HV , V  H — 2 (AH)

+4HK9V,V;H — 4| A?PAH

— 4¢PV 1,V HV  HV shpg + 4%17”' V,HV ;H
+2H2C —2|A*H
— 2HbIV,HV ;| A|? + 4| A7V, HV ;H
+ 2R Y HY  H gPIV oV ghi — % (bvIV,HV,H)®.
Now the claim follows from adding up these last two identities and considering Lem-
mas 2 and 4. O
3. Harnack estimate and Backwards Convergence.

3.1. Harnack estimate. If M is not an equator, the strong parabolic maxi-
mum principle and the evolution equation of i} in Lemma 2 imply that for any ¢ > 0,
M, is strictly convex. For strictly convex hypersurfaces,

A(V,V)+2DyvH

is minimized by V = (V!,... V¢ = —b%V,;H,..., V") and thus to prove the main
theorem, it suffices to verify that for all ¢ > 0

g H
Fix 0 < e < T. We will apply the maximum principle to
Q- ©—n\H AH+ |A]?H — bV,HV ;H

©  H H

on the time interval [¢,T'). Using Lemmas 1, 5, and the inverse-concavity of the mean
curvature, we calculate

0 H
2,Q = atﬁ >AQ +2(VQ, %) +2Q% + 2\H?

mn _pq
9 {gmqbnp - % }nmnnpq
H

>AQ + 2(VQ, %) +2Q%

+
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An ODE comparison with ¢(t) = —ﬁ which satisfies £q(t) = 2¢*(t) and
lim q(t) = —oo shows that Q(-,t) > ¢(t) for any t > e. Allowing ¢ — 0 completes
t—e

the proof of the Harnack estimate.

3.2. Backwards convergence.

LEMMA 6. Any weakly convex ancient solution of the mean curvature flow satisfies
|A] < coexp(nt)

for t <0 for some co depending only on M.

Proof. By the strong parabolic maximum principle, any weakly convex ancient
solution of the mean curvature flow must become strictly convex, unless it is a non-
moving equator. By our Harnack inequality for strictly convex, ancient solutions we
have

O H — b9 HV ;H — n\H <

0.
H

Since A = 1, we get
Oy log H > n.
Integrating both sides of this inequality against dt on the time interval [¢, 0] gives
H(-,t) < H(-,0) exp(nt).
O
LEMMA 7. Any weakly convex ancient solution of the mean curvature flow satisfies
V™ A2 < ¢ exp(2nt)

for t <0, where ¢, depends only on My and m.

Proof. The proof follows by induction on m. Using the fourth evolution equation
in Lemma 1, 8,5Ffj = A% VA and that the commutator [V¥, A|T is given by

k
[VE,AIT = VI Rm« V¥IT
j=0

for any tensor 7', we can compute the following evolution equations:

(1)
O|A? = AJA]? — 2|VA]? +2|A[* + 2)0(2H? — n|A]?)

(2)
B[V A2 =A|VM AP — 2|Vl APR

+ Z ViA«*VIAxVFEAx V™A
i+j+k=m
FAV™A V™A,
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On the other hand, by Lemma 6 we get
1| AI> < AJA]? = 2|VAP? + ¢1 exp(2nt),
and
VAP < AIVAI? + co| VA® + c3 exp(2nt).
Here, ¢1,c2,c3 > 0 are independent of ¢. Therefore,

au((t — 5) VAP + 0| AP*) SA((t — )| VA +b|A]%)
+ (1 =20+ (t — 8)e2) VA2 + (c1b + c3) exp(2nt).

We want to apply the maximum principle on the time interval [s, s + 1]. We choose
b large enough, independent of ¢, so that the coefficient of |[VA|* becomes negative.
Thus the maximum principle implies

(t — 5)|VA|? < cqexp(2nt)(1 — exp(2n(s — t))) + beg exp(2ns).
In particular for ¢t = s + 1 we have
|VA]2(-,t) < c5exp(2nt).

This verifies the bound on |V A|. Higher derivative estimates follow by induction and
using the auxiliary function (¢ — s)|V™A|? + by, —1|[ V™LA

B[V LA < AIVTTLAR — 2]V AP + ¢ exp(2nt).

OIV™ A2 < AIN™A? + co| V™A + ¢35 exp(2nt).

0

Having established the higher derivative curvature bounds, convexity of M; im-

plies that the backwards limit of M; is independent of subsequences. Therefore we
have proved the following theorem.

PROPOSITION 8. Let M; be an ancient, embedded, weakly convex solution of the
mean curvature flow. Then M; converges exponentially fast in C* to a unique equator
M_o ast — —oo.

4. Classification of Ancient Solutions. In this section, we use Proposition 8
and the Aleksandrov reflection [5] to classify convex, embedded ancient solutions of
the mean curvature flow on S"*.

We will work relative to the limiting equator obtained in Proposition 8. Let E be

. . =~
an equator that bounds the open hemispheres H* with centers & pg, and let e = O pg
be the unit vector in R"*? that points from the origin O to pg. Let p(x) = dgn+1(po, x)
denote the spherical distance from pg to z € S™™!. The radial projection onto E is
the map = € S"™! — m(x) € E, where 7 is the nearest point on E to x. If x # +py,
then 7(z) is a single point. If x = =+ pg, then 7(z) = E. In any event, given y € m(x),
there is a unique length minimizing geodesic joining z to y and this geodesic must
pass through + pyg.

It is convenient to make use of the ambient R"*2 and define the height function
h(z) = (x,e). The radial distance is related to the height function via

h(z) = cos(p(x))
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which is monotonically decreasing in p.

For the Aleksandrov reflection, let V € R™*? be any unit vector that (V,e) < 0.
Let Py = V= be the hyperplane through the origin with the normal vector V. Let
HE = {+(x,V) > 0} denote the halfspaces with the boundary Py. For any subset
S c S™ write S$ = SﬂH$. Lastly, let § > 0 denote the angle V makes with
that is, 6 = arcsin(V, —e).

DEFINITION 9. The Aleksandrov reflection across Py is the map defined by

Ry:z € R"™ s o —2(x, V) V.

This map is an (orientation reversing) isometry of R"™2 fixing Py and in particular
fixing the origin. Therefore, it induces an isometry of "™, For 2 € E, we have
(x,e) =0 and

h(Ry(z)) = (e,x — 2(x, V) V) = 2(z, V) sin d.

In the case x € By, h(Ry(x)) > 0, and in the case z € EN Py, h(Ry(x)) = 0.

Now we outline the proof of the main theorem and highlight the main steps.
We refer the reader to [4, 5] for details and generalizations to a large class of fully
non-linear curvature flows.

THEOREM 10. Let M; be a convex, embedded ancient solution of the mean cur-
vature flow on S™Tt. Then M, is a family of shrinking geodesic spheres emanating
from an equator at t = —o0.

Proof. Let E = M_ o, = lim;_, o, M; be the limiting equator. Since M; smoothly
converges to ' as t — —oo, we may write M; as the graph of a smooth positive
function over E in the geodesic polar coordinates, My = {(fi(0),0) € (0,7) x E}. We
have f; — 7/2 smoothly and uniformly in C*, for any k, as t — —oo. Moreover, for
d € (0,7/4), Ry(E) ={(g9(0),0)} is a graph over E. Note that Ry (E) is not a graph
when 6 = 7/4 (it is an equator perpendicular to E), so let us fix a dg € (0,7/4) to give
us a little room. Therefore, for S sufficiently small and independent of § € (0, dp), both
(My)y, and RV((Mt)\t) are non-empty and are graphs for all times in ¢t € (—o0, 5).

We will show that RV((Mt)¢) > (My;)y away from a strip. As noted above,
h(Ry(z)) > 0 on EY and h(z) = cos(p(x)). Thus, continuity implies that for any
€ > 0 there exists an n > 0 such that p(Rv(z)) < 7/2 — ¢ provided = € E, :=
{z € E :d(x,ENPy) > n}. Since My —c E, we can choose Ts5 < 0, such that
d(M,E) < /2 for all t < Ty; that is, p(x) > 7/2 —¢/2 for all € M,;. Now for
x € (My)yNm~Y(E,), since Ry is an isometry, we have d(Ry(z), Ry (r(z))) < £/2;
therefore, p(Ry(x)) < m/2 —¢/2. Consequently, away from the strip E'\E,, we have
p(Rv((My))) < 7/2 — /2 and p((My)y) > 7/2 — £/2. That is,

Ry((My)y) > (My)y  away from the strip.

By [4, Proposition 6.4], we also have RV((Mt)\J;) > (My)y, on the strip E\E,.
Thus we find that

Ry((My)y) > (My)y  for all t € (—oo, Ts), (4.1)

where T5 depends only on §.
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We define T so that (—oo,T5) is the largest interval on which the relation (4.1)
holds and T := infs¢(q,5,) T5. We want to show that T' > —oo, and hence that the
relation (4.1) holds on the non-empty interval (—oo,T'). To show T > —oo, we apply
the maximum principle (see [4, Lemma 6.5]): Recall that both (M), and RV((Mt)\J;)
are non-empty and are graphs for all ¢ € (—o00,S) with S > —oco independent of 4.
Since the relation (4.1) is true on (—oo, min{7s, S}), the maximum principle applied
in the time interval [min{7T}, S}/2,.5) ensures that

Rv((Mt)QL/) > (My)y

for all t € (—00,5) and any § € (0,dp). Hence T'> S > —cc.

To finish the proof, we use [5, Proposition 5.3] to conclude that M; is a geodesic
sphere for all t € (—o0,T) and thus for all negative times by the uniqueness of
solutions. O
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