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MEAN CURVATURE FLOW OF HIGHER CODIMENSION IN
RIEMANNIAN MANIFOLDS

KEFENG LIU, HONGWEI XU, AND ENTAO ZHAO

ABSTRACT. We investigate the convergence of the mean curvature flow of ar-
bitrary codimension in Riemannian manifolds with bounded geometry. We
prove that if the initial submanifold satisfies a pinching condition, then along
the mean curvature flow the submanifold contracts smoothly to a round point
in finite time. As a consequence we obtain a differentiable sphere theorem for
submanifolds in a Riemannian manifold.

1. INTRODUCTION

Let Fy : M™ — N™t4 be a smooth immersion from an n-dimensional Riemann-
ian manifold without boundary to an (n + d)-dimensional Riemannian manifold.
Consider a one-parameter family of smooth immersions F': M x [0,T) — N satis-

fying

%F(z,t) = H(x,t),
(1) { F(2,0) = Fo(a),

where H(z,t) is the mean curvature vector of F;(M) and Fy(z) = F(z,t). We call
F: M x[0,T)— N the mean curvature flow with initial value Fy : M — N.

The mean curvature flow was proposed by Mullins [16] to describe the formation
of grain boundaries in annealing metals. In [3], Brakke introduced the motion of
a submanifold by its mean curvature in arbitrary codimension and constructed a
generalized varifold solution for all time. For the classical solution of the mean cur-
vature flow, many works on hypersurfaces have been done. Huisken [9] showed that
if the initial hypersurface in the Euclidean space is compact and uniformly convex,
then the mean curvature flow converges to a round point in a finite time. Later, he
generalized this convergence theorem to the mean curvature flow of hypersurfaces
in a Riemannian manifold in [I0]. He also studied in [I1] the mean curvature flow
of hypersurfaces satisfying a pinching condition in a sphere.

For the mean curvature flow of submanifolds with higher codimensions, fruit-
ful results were obtained for submanifolds with low dimension or admitting some
special structures, see [19, 20, 21] 22| 23] 24 25| 26] etc. for example. Recently,
Andrews and Baker [1] proved a convergence theorem for the mean curvature flow
of closed submanifolds satisfying a suitable pinching condition in the Euclidean
space. In [I3][15], the authors of the present paper and Ye investigated the integral
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curvature pinching conditions that assure the convergence of the mean curvature
flow of submanifolds in an Euclidean space or a sphere. More recently, Baker [2]
and Liu-Xu-Ye-Zhao [I4] generalized Andrews-Baker’s convergence theorem [I] for
the mean curvature flow of submanifolds in the Euclidean space to the case of the
mean curvature flow of arbitrary codimension in space forms.

In this paper, we study the convergence of the mean curvature flow of submani-
folds in a general Riemannian manifold. Let F': M — N be a smooth submanifold.
Suppose the sectional curvature K, the first covariant derivative VR of the Rie-
mannian curvature tensor, and the injectivity radius inj(IN) of the ambient space
N satisfy

(1.2) — Ky <Ky < Ko,
(1.3) [VR| < L,
(1.4) inj(N) > in,

for nonnegative constants K1, Ko, L and positive constant 5. Our main result is
the following:

Theorem 1.1. Let F: M™ — N"*% be an n-dimensional smooth closed and con-
nected submanifold in an (n + d)-dimensional smooth complete Riemannian mani-
fold satisfying (L2)-(I4). There is an explicitly computable nonnegative constant
bo depending on n, d, K1, Ko and L such that if F satisfies

4 2 —
(15) AP < {3 AT o =2,
“LH]? — by, n>4,

then the mean curvature flow with F as initial value contracts to a round point in
finite time.

Theorem [Tl can be considered as an extension of the convergence result of
Huisken in [I0] to higher codimension case under a curvature pinching condition
rather than the convexity of the initial hypersurface. On the other hand, if N =
R+ then by = 0. From Proposition 7 of [I] we see that, under their initial
curvature pinching condition ([3) is satisfied after a short time interval. Hence our
Theorem [T may also be considered as a generalization of the convergence theorem
in [1J.

By the Nash imbedding theorem, every compact Riemannian manifold can be
isometrically embedded into an Euclidean space or a higher dimensional Riemann-
ian manifold as a submanifold, in general of higher codimension. By using mean
curvature flow techniques developed in this paper we can study certain important
problems in Riemannian geometry which will be the content of our forthcoming
works.

As a consequence of Theorem [[.1] we obtain the following differentiable sphere
theorem for submanifolds in a Riemannian manifold.

Corollary 1.2. Under the assumption of Theorem[I1, M is diffeomorphic to the
standard unit n-sphere S™.

Remark 1.3. In [5, 27, 29], some differentiable sphere theorems for simply connected
submanifolds in certain Riemannian manifolds were obtained by using convergence
results for the Ricci flow.
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The paper is organized as follows. In Section 2, we introduce some basic equa-
tions in submanifold theory, and recall some evolution equations along the mean
curvature flow. In Section 3, we show that the pinching condition (L) for a suit-
able by is preserved along the mean curvature flow. A pinching estimate for the
tracefree second fundamental form is obtained in Section 4, which implies that the
submanifold becomes spherical as ¢ tends to the maximal existence time. We also
show that, under the initial pinching condition, the maximal existence time is finite.
We give an estimate of the gradient of the mean curvature in Section 5, which is
used to compare the mean curvature at different points. In Section 6, we show that
the submanifold shrinks to a single point in finite time. After the dilation of the
ambient space and a reparameterization of time, the ambient space will converges
to the Euclidian space and the submanifold will converges to a totally umbilical
sphere with the same volume as the initial submanifold.

2. PRELIMINARIES

Let F': M™ — N™*? be a smooth immersion from an n-dimensional Riemannian
manifold M™ without boundary to an (n + d)-dimensional Riemannian manifold
N7"*t4 We shall make use of the following convention on the range of indices:

1<i,j,k,---<n, 1<ABC,---<n+d, and n+1<a,8,7,---<n-+d.

Choose a local orthonormal frame field {e4} in N such that e;’s are tangent to
M. Let {wa} be the dual frame field of {e4}. The metric g and the volume form
dpof M are g =3, w; ®w; and dp = w1 A -+ Awy,.

For any © € M, denoted by N, M the normal space of M at point x, which
is the orthogonal complement of T, M in F*Tp,)N. Here we identify T, M with
its image under the map F,. Denote by V the Levi-Civita connection on N. The
Riemannian curvature tensor R of N is defined by

R(U, V)W = —vvaw + ?V?UW + ?[U,V}W
for vector fields U,V and W tangent to N. The induced connection V on M is
defined by
VxY = (VxY)T,
for X,Y tangent to M, where ( )T denotes tangential component. Let R be the
Riemannian curvature tensor of M.

Given a normal vector field ¢ along M, the induced connection V+ on the normal
bundle is defined by

Vxé=(Vxé)™,
where ( )+ denotes the normal component. Let R* denote the normal curvature

tensor.
The second fundamental form is defined to be

AX,Y) = (VxY)t

as a section of the tensor bundle T*M @ T*M ® NM, where T*M and NM are
the cotangential bundle and the normal bundle on M. The mean curvature vector
H is the trace of the second fundamental form defined by H = tryA.

The first covariant derivative of A is defined as

(VxA)Y,Z) = VX A(Y,Z) — A(VxY, Z) — A(Y,Vx Z),
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where V is the connection on T*M ® T*M @ N M. Similarly, we can define the
second covariant derivative of A.

Under the local orthonormal frame field, the components of second fundamental
form and its first and second covariant derivatives of A are defined by

h% =(A(ei, ej), ea),
Vihi :<(vekA)(eueJ) a);
ViVih$ =((Ve, Ve, A)(ei €5), ea)-

The Laplacian of A is defined by Ahg; = >k Vi Vihs;.
We define the tracefree second fundamental form by A=A- % g ® H, whose
components are h% = h{; — %Ho‘dij, where H* = ", hf}.. Obviously, we have

Do ho‘ =0.
Let

Rijr = g(R(es, ej)ek, er),
RABCD = <R(€A7€B)607€D>7

Rz;aﬁ - <RJ_(ei7 ej)eou e,@>'

Then we have the following Gauss, Codazzi and Ricci equations.

Rijkl ’L]kl + Z ( i a hzlh’]k)
V V h’Lk — _Raij]ih

Rzya,@ 13015 + Z (hzk _?kh?k) :

It is standard to show the short-time existence of the mean curvature flow (L))
with closed initial value. Since the mean curvature flow is a (degenerate) quasilinear
parabolic evolution equation, one can obtain the short-time existence by using the
Nash-Moser implicit function theorem as in [6]. One can also use the De Turck
trick to modify the mean curvature flow equation to a strongly parabolic equation,
and the short-time existence follows from the standard parabolic theory.

Let F': M™ x [0,T) — N"*4 be a mean curvature flow solution. We have the
following evolution equations.

Lemma 2.1. Along the mean curvature flow we have

0

(2.1) =

—dpy = —|H[*dpy,
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(2.2)
0 o a a
SIAI? =AJAP - 2|VA|2+2Z(Zhwhfj) +2 ) {Z(hlphfp—hph?p”
wp i ideB P
+4y RW(ZW h"‘) 4ZRkap(th ”)
4,J,0,4 7,k,p
+23° me(ZhU )-8 > Rpaﬁ(th;hfj)
k.a,B 3,py00, B8
+2 Z kakijﬁhzj -2 Z ViRjkkﬁhijv
.4,k 8 i,5.k,8
0 a2 _ .
(23) 7 HP =AHP —2AVHP +23 (3 Hh) +2kZﬁlek6H He,
] « o,

Throughout this paper, we assume that the submanifold is connected, and the
ambient space N satisfies (L2)-({4]) for nonnegative constants K;, K3, L and
positive constant iy. By Berger’s inequality (see [4] for a proof), we see that the
|Racsc| < 3(Ki + K3) for A # B and |Rapep| < 2(K1 + K») for all distinct
indices A, B,C, D.

3. A PRESERVED CURVATURE PINCHING CONDITION

In this section, we prove that the pinching condition (ZH]) for a suitable by > 0
is preserved along the mean curvature. But first we prove the following lemma.

Lemma 3.1. For any n > 0 we have the following inequalities.

3 2 2 n
25 (2 _ 2 _ -1 _ 2
(3.1) IVA|® > ( 3 n)|VH| n+2(n—|—2n n_1>|w| ,

n—1 2n
|VAI? — |VH|2 > |VA|2 _———Juw]?
(32) 2n (n—1)2n+1)
22 |VA|2 C(n,d)(K;1 + K2)2.
Here w = Zi,j,a Rajijei @ we and C(n,d) = Wgnm.
Proof. Inequality (B.2]) follows from B.1]) with n = m To prove (B1)), we set
1
Eijk +2(v ngk+v ngk+kaglg)

2 n
e D G )

Let Fijr, = V;hjr — Eiji. By the Codazzi equation we have (E;j;x, F;j,) = 0. Hence
|[VA|? > |E|?. By a direct computation, we have

2n | |2
——|w
(n+2)(n—1) n+ 2
Then [BI) follows from Schwartz’s inequality, Young’s inequality and Berger’s in-
equality. (I

3
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Theorem 3.2. There is a positive constant by depending on n, d, K1, Ko, L and
a such that if |A[* < a|H|> — b holds for some constant a < 5= and b > by att =0,
then it remains true for t > 0.

Proof. Set Q = |A]> —a|H|?+b, where a < 5=, b > b1, and by is a positive constant
to be determined. We will compute the evolution of @ along the mean curvature
flow, and show that if Q = 0 at a point in the space-time, then (% —A)Q is negative
at this point. By the maximum principle, the theorem follows.

By Lemma 2.7] we have

(3.3) %Q —AQ — 2|VAP — a|VH?) + 2Ry — 2aRs + Po,

where

m= 3 (Sns) + 3 (2 (k0 - )]

a,f 1,508
(69 Ne% 2
=>. (ZH hz‘j) :
1,7 o
and P, =T+ 11+ 111+ IV with

=4 Z Rwaq(zhffqh%) 42Rkjkp(zh;n U)

4,5,P,q

I1=2 Z Rkak,@(zh%hfj) —2a Z Rkak,@HO‘H’Q,

ko, ko,

B
T = =8 3 Rjpas( Z Rehs ),
JpoB
IV =2 " ViRujphl; =2 > ViRjmshy).
i,5,k,B .4,k B
At the point where Q = 0, the mean curvature vector is not zero. Hence we
choose e, 11 = % The second fundamental form can be written as A =" _ h%q,

where h*, n+1 < a < n+d, are symmetric 2-tensors. By the choice of e, 41, we see
that H"+1 =trh"t! = |H| and H® = trh® = 0 for a > n+2. The tracefree second

fundamental form may be rewritten as A = > h%eq, where A+l = pntl — |H|Id
and h® = h for o > n + 2. We set
Alf = [T (AT = Y e = AP - A,
a>n+2
A = 1R, AT = Y R = AP - Al

a>n+2

Notice that |A|% = [A%; + 2 and |42 = |A[2.

Since @ = 0 at this point, we have |H|? = %. By the computation in [I] we
have ’
2 P 2 .
2y — 20ty <(6 - — 2 IARIAR + (3- 2 ) Al
n(a— ) n(a— )
(3.4)

2nab 4b 89 20°

- W|A|H W'All -
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To estimate I, we fix a and choose ¢;’s such that hf‘j = A%d;;. Then

43" Ripghfh$s -4 Rkjkp(Zhglh%)

4,9,P:q J.k.p

=47 Ripip (NN = (10)?)
4P
= -2 Ruy (X;‘ - Ag)2
P

< dnKy|h*|.
Hence we get
(3.5) I <4nK (JA +A]D).
By the choice of e, 41, we have

1T =11 +1I,+ 115,

where
I =2 Ringiknt1 (W52 = 20> Ripyrenta (H")?,
1,5,k k
I, =4 Z RkaknJrl(Z h%h:‘]"'l) 4a Z R]mderl]{714r1]{(3¢7
k,a>n+2 k,a>n+2

=2 Y Rkaw(Zh%hfj) 20 Y RuarsHOH.

k,a,B>n+2 k,a,f>n+2

112
Since |H|? = I’:‘_—i{b at that point, we have

II} <2nK5|Al% + 2naK:|H|?

) AP +b
=2nKs|Al3 + 2(naK; + Ka) - A+
a_ L
K+ K Ki4+Ky) 4y  2naK;+ Kb
~(2nrcy ¢ 20K I ) iy H00K1L ) 2ot T
= a— = a— =

Since H* = 0 for a > n + 2, we have the following estimates for 11, and II3.

I, =4 Z Rkakn-ﬁ-l(zh%h?j_l)

k,a>n+2
=D Rkaknﬂ(thyh;;“)
k,a>n+2
<(Ki+Ky) Y ( Z +QZh”“ )
k,a>n+2 1,7

=on(d — 1)(K1 + K2)| A} + E(Kl + Io)|Af3,
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for any positive constant g.

=2 Y me(Zhghfj)

k,a,f>n+2
=2 Z Rioka ( Z h; ) Z Riakp ( Z h{; hfj)
k,a>n+2 k,o,f>n+2,a#£8

<onk|AJ? +2 Z Rkakﬁ(Zh%hfj)
k,a,B>n+2,a#3

<mI|AR+ Y |Rkakﬁ|(2(h§§)2 +(h)?)
k,a,B>n+2,a#3 ©,J
<2nK,|A|2 + (K + Ko) Z (h)?
i,7,k,a,B>n+2,a#3
=2nK| A2 + n(d — 2)(K1 + Ka)|A[%.

Hence we get the following estimate for I1.

2(nak; + K .
1T < <2nK2 + w + [on(d — 1) + n(d — 2)](K1 + K2)> 1Al
K+ K
(3.6) + (% Z(Kl +Io) + 2nK2> A7
Q(HCLKl + Kg)b
a_ 1

For 111, we have
IIT =11L+ 111,

where

mn=-16 Y. ijanﬂ(zhf;h?]“),

Jp,aa>n+2
Il = —8 3 Ripas ( Z h?phf])
J,p,a,f>n+2,a7#3

We have the following estimates for arbitrary positive constant p.

L =-16 Y Rians: (Zhﬂ (i + —|5 i)

Jip,a>n+2

=-16 Y ijanH(th;hzﬂ)

j#pa>nt2

SRy 3 (S el

Jj#pi,a>n+2

16 o
o (n = 1) (K1 + K2)|Al7.

16 ,
=—p(n—1)d—-1)(K; + K5)|A?
3o =1 = DKL+ Kol Al + 3

Here for the second equality, we use the fact that ijijan_,_lil?p = 0 since

ijomH is anti-symmetric for j,p and ;L?p is symmetric for j, p.



MEAN CURVATURE FLOW OF HIGHER CODIMENSION 9

For any fixed 8 > n + 2, we choose e;’s such that hZ = /\?5” Then

ML= Y Y Ryudg
B2n+2 j#p,a>n+2,0#8

8 1 - 1 .

Sg(Kl +Ka) > <(n —1)2 > (h$,)* + FPREETYS > 0\?)2)
B>n-+2 i#pa>nt2,arp (" =1)% jpatnizars

8 . ;

<506+ Ko) (0= DHa-2/AF + 3 (n- i@ 2)i?)
B>n+2

8 :

=5(n—1)3(d— 2)(K) + K)|Af.

Hence we have

For IV, we choose e;’s such that h%“ = X\;0i;. If Ky + Ko # 0, we have

IV =2 Z Vi Reiint1(Ni — Ag) — 2 Z (ViRkijp — viRjkkB)iij
ik iG ko Bon42

< Z (%(@kémmﬂy + 0\ — )\k)2>
ik

(3.8)
2.5 £ _ .
+ Z (5[(V7€Rkij6)2 + (ViRjip)?] + 19(hfj)2>
i,J,k,BZn+2
L? . 412 ]
<7 +OAL + =5 +ndlAl,

for positive constants 6, 9. If K1+ K5 = 0, then L = 0, and we may choose 6,9 = 0.
Combining (B5)-(B8), we have

2 o o 2 o
6 — ——— ||A|%|A]3 3— ———— ||4]7
(6= oy ) AR+ (3 s s
(3.9) __ 2nab ||2 _ 4b |o|2_ 20°
T TPy Ty

+ Cl|A|§{ + 02|A|§ + C3b + Cy.

/N
| @
[
>
N—
O
INA
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Here

2(naky + K
Oy =AnK, + 2, + 20 T K)

n

+ [on(a— 1)+ n(a-2)+ 13—6p<n —1)(d = 1] (k1 + Ka) + 6,
Q(HCLKl + KQ)
2Anak + Ky)

n

+ (g+E(n—1)+§(n—1)%(d—2))(K1+K2)+m9,

CQ :47’LK1 + QHKQ +

3p 3
2(naK, + K
o, = Hnafa + Ky)
a—%
L?  4L2
C4Z7+TfOI‘K1+K2¢O andC'4:OforK1—|—K2:O.

If K1+K3 #0,set by = max{g—a(a—%), Sn(a-1), %n(a—%)((}é—i—, /C3 + n(i€4i))}

with p=p=0=9 =1 If K1+ Ky =0, set by = 0. So if b > by, we have
(% - A)Q < 0. Then by the maximum principle, |A|?> < a|H|? — b is preserved

along the mean curvature flow. O

Remark 3.3. When K; + Ky # 0, we may get a better by by choosing suitable
positive constants g, p, 6 and ¢.

Now we pick the constant by in (ILH]) such that by > b;. Since the submanifold is
compact, if () is satisfied, then there are positive constants a. < a and b, > by,
where a denotes the cofficient of |[H|?, such that |A|*> < a.|H|? — b. holds at t = 0,
and it is preserved along the mean curvature flow by Theorem Hence in the
remained part of the paper, we always assume that a. < a, b > b; and omit the
index €.

4. A PINCHING ESTIMATE FOR THE TRACEFREE SECOND FUNDAMENTAL FORM

In this section, we assume that at the initial time the submanifold satisfies the
pinching condition |A|> < a|H|? — b for positive constants a, b such that a < -
when n = 2,3 and a < ﬁ when n > 4, and b > by, where b is as in Theorem [3.2
From the last paragraph of Section 3 we see that the positive constants a, b do exist
under the condition (L) and the pinching condition is preserved along the mean
curvature. We prove a pinching estimate for the tracefree second fundamental form,
which guarantees that M; becomes totally umbilical along the mean curvature flow.

Theorem 4.1. There are constants Cy < oo and 6 > 0 depending only on My such
that along the mean curvature flow there holds

[AP? < ColH.

|A]?
[H|2(=2)
upper bound of f, for sufficiently small . We first derive the evolution equation

of f,.

To prove Theorem [} we define a function f, = and wish to find an
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Proposition 4.2. There is a constant C depending only on n, d, K1, Ko and L
such that along the mean curvature flow the following evolution inequality holds.

(4.1)

9 < nf+ 2 =9 g vy - 2

——— Y _|\VH|?>+20|A? fo+——-—+Cf,.
ot ]| |H|2(1—o—)|v " +20]A[7f, +|H|2(1—0)+ f
Proof. By the definition of f,, we have
) 0, _ AP (-o)ipgimP
. ot = |H|20-9) |H|22=0)

If we put @ = £ and b = 0 in (3.3), then get the evolution equation of |A]2. From
this and (2.3]) we have

0 1 . . 2
afo :W (A|A|2 - 2|VA|2 +2R; — ERQ + P%)
(4.3) 1—-¢o A 2 _
= (IHIQ% (AIHP = 2AVH] +2R2 + Y RearpgHOH?).

k,a,3
The Laplacian of f, can be computed as

AJAP - (1-o)|APAJHP | (2 - 0)(1 - o)|AP|VIH[?

wy TP TR P
' 2(1-0)(VIAP, V|H?)
|H|2(2fa') )
On the other hand, we have
(4.5)
2(1 - o)(V|AP, V|H[?) 2(1-o) 5 8(1-0)* 2 5
_ S H N H HI
) ik (VIHI",V fo) ik folH|7|V|H]|
Hence
0 _2(1 _U) 2 2 2 |A|2 2
20| A|? , 4o(l—o0) ) )
- — ' _\VH?- —— 2 |H*IV|H
|HPQWQV | ik folH|*|V|H]|
(4.6) lsfy 2 (. AP 7
(=2 T HREO- T [EE
1 2(1 — o)|AJ2

+ |H|2(170’)P% - |H[2@=2)

> RrarpHHP.
k,a,3

From Lemma [B.1] we have

Al?
VA2—|
(4.7) VA |H|?

3
|VH|? Z(n——|—2 -7 —a)|VH|2 - C(n,d, K1, K2,n)

=ev|VH|?> — C(n,d, K1, Ka,7).

Here a < % forn=2,3 and a < ﬁ for n > 4, and we choose positive constant

1 depending only on n such that ey = ni” —n—a > 0. We also have the following
estimates.

Ry < |APIH|?,
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A2

R _
L HP

R2§07

P. < ClAP +C,
and
Z Rkak,@HO‘Hﬁ < C|I’I|27
k,a,

where C is a positive constant depending on n, d, K1, K5 and L. It follows from
these estimates, (L0) and (£71) that

0 4(1 - o) 2evw 9
(8t )fo’ _T<V|H|7Vfg>_|H|2l U)|VH|
C
2
+ 2U|A| fcr + W + Cfcr-
This completes the proof. (I

To handle the reaction term 20| A|2f,, we need to compute the Laplacian of [A|2.
As in [1I], we have

1 o o °
(4.8) 5A|A|2 >|\VAP? + (hy,V;V,;H) + Z — C|H|* —

for some positive constant C' depending on n, d, K;, K> and L. Here
(4.9)

Z= 3 HOW k- Z(Zh?ﬂﬁ) > (X (nnl - nsny))
i.4,p,o, i,j,o,8 P

Proposition 4.3. There is a positive constant C depending on n, d, K1, Ko, L
and My such that for any p > 2 and n > 0, the following inequality holds.

(4.10)
2 C p—1 1
[ < U | e P [ v cn
M

[H|[?(1=2) en Ju,
Proof. From (@4 and (48], we have
(4.11)
. : 2 2(C|H]* + O)
) SN v v = 2 _
Ao 2 gty (i ViVill) + s VAR + a2 = —jaao)
2(1-o0) 2(1-o0) 2, 42-0)1 —0) 2
- — 7 foAH| - fo|VIH[" + fo|VIH]|
|H| BEER |H|?
i(1—0) 8(1—0)? )
— VIH|,Vf,) — 7]‘0 V|H
=2 VYV H) ¢ 2 VAR — 2 g
_|H|2(lfa')< AR >+ |H|2(lfa') | | + |H|2(1fcr)
4(1-o0) 2(1-o0)
- <V|H| vfd> - fUA|H|
= |H|
2(1—0)(1 —20 C C
e ST

|H|2 |H|—2<7 B |H|2(1fa')'
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Multiplying both sides of {@II]) by f?~! and integrating over M; we obtain

(4.12)

p—2 2 fp ! fp '
OZ(p_l)/M fcr |vfa| +2/ |H|2(1 <hw7vv H>+2/ |H|21 17 12(0—0)

1 p—1
”/M - ““’)/ . <V'H"Vf“>‘2“‘”)/ e

VIH|? - C 15 1L
—2(1 - 1-2 —
( U)( U) /]wt |F[|2| | || / | | — /]w | |2 1 U)

VAP

The first term on the right hand side of [@I2]) is nonnegative. For the second
term, we have the following computation.

(4.13)

et
2/M ey (s V2V )

:_2/M (v (|Hf5<1la>ﬁlﬂ) Ly

:_2/ ww ol ¥, H)+4/ MN \H|hy;, V, H)
M,

|H|2 1-o0) M, |H|3 20
2(n — 1) 5 2 5 -
L e V2 ] i (3 e )
t t 1,5,

We also have

~21-0) [ gl

(4.14) :2(1—0)/ <v(|~g|) Vi)

p—1
21-0) [ EEws i) —20-0) [ i




14 KEFENG LIU, HONGWEI XU, AND ENTAO ZHAO
Combining (£12), (@I3) and @I4) implies

12! 122 ;
2 [, T 2 <200 [ iy (Vudeh Vi)

p—1
_4(1_0)/ uj{'g (V[ H|hy;, Y H)

+ 2(n_ 1) / fcril |VH|2

n M, |H|2(170’)
p—1
(4.15) —2(1-o)(p-2) / f|H| (VIH|.Vf)
fa?
w21-0) [ Twim?
fo1 I
C C __J0
T T ), THRO
=
< [, T 7

Here C is a positive constant depending on n, d, K;, Ko and L.

Notice that f, < C|H|?* and |A]? < f,|H[**=) and we can pick o € (0,1)
sufficiently small. Also notice that the initial pinching condition is preserved and
implies that for ¢ > 0, there holds

|HI>>C >0

for some positive constant C' depending on n, d, K1, K5 and L. This implies that

2(17 1)

o |H| - p-1
(4.16) |H| 20 - |H|2(1 1) 20 — |H| ’

p—1 |H|2(P 1) p 1

o _ p 1
(17 R0 = s S O A
and

St 2! 2 2

(4.18) |H|2(1 =) |VH| <€|H|2(1_U) + € |H|2(1—‘7)|VH| ,

for any positive constant &
By using Young’s inequality, we have the following

(4.19) L < EFT | HP PR 4P

for arbitrary positive constant £.
From (A10)-T9), the last two line of (@IH) is not bigger than

(4.20) C(1+&)&vT /

p—1
|H|?fP + C&~PVol(My) + C&~ ! / /5
M

M, |H|2(1—U)

for some positive constant C' depending on n, d, K;, Ko and L.
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On the other hand, we have the following inequalities as in [1].

p—2
2(p—1)/ J5 " (i f b,V H)

|H[20- TI712(0—0)
(4.21) )
<P e o-n [ e var
= S T s, [HIP0=)
fEt fet 2
(4.22) —4(1—0)/ i (Yl sy ¥, ) <4/ T VAL
fet
2102 [ e mim v
(4.23) ) .
p—= — o
<2 2|Vfo|2+(p—2)u/t v,
2 fo! 2
(4.24) 2(1—0)/ |H|2|V|H|| / e VA
Combining (A1), (@20)-@24) implies
(4.25)

st
Z/Mt |H|2(1—U)Z

_ p—1
< (6+2(nTl)+(p—1)77+( —2)u+c—1>/ leu U)|VH|2

1
+ (T + —) / VP + Ol +8)erT / |H |2 f? + C&PVol(Mp).
M,
From Lemma 4 in [I] we have Z > €| A|?|H|? for some positive constant e. Then
from (£28) we have

(26_0(1+5)5ﬁ)/M H[2f7

(4.26) < <6+ A1) +p-n+@-2)p+ Cs_l) / m";%WHP

n

-1 -2
+ <p— + p—) P2V f,|? + C&PVol(My).
n 14 M,

p—1

Now we put £ = 1, & = (%) ", and let n = p. Then ([ZZ6) implies

2pn +C p=1 -1 _
[ e < 2EE [ i P [ s on
M, € | HI € Ju,

Here C is a positive constant depending on n, d, K1, K, L and M. [l

Proposition 4.4. For sufficiently small o and large p, there holds
d

(4.27) | fasCp | fo+C7
My My

where C is a positive constant depending on n, d, K1, Ko, L and M.
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Proof. We first compute the evolution equation of |’ M, f2 as follows.

d af
p—1-J0
T fa
p—2 2 ot
<-plp—=1) | fEEVP+4(1—0o)p IVIH|||V fo|
My My |H|
(4.28) T
-2 H*>+2 H?fP
pev | e IVHE v 200 [ P

!
+Op/ |H|2(1 O’ +Op/ fU

The second integral on the right hand side may be estimated as
(4.29)

w=op [ Lmwimivn <2 [ ke | v
. |H] ’ m 7 u, [HPPO=)
The last second term can be estimated from [@I7) and ([@TI9) as
p—1 _ . _ .
(4.30) Cp / fgl_ < Céviip / |H|? f2 + Cpé PVol(M,),
wm, [H[P0=) M,

for a positive constant C' depending on n, d, Ki, Ky, L and M,. Combining
@.10), E.28)-(4.3Q) implies

(4.31)
i 1P / pf? 1P 1%
dt Jup, 7= M, ot

A T

plp—1) e
p (2m+C)o (2pn+C)C€P*1 / fo! 5
) 1- 2 - VH
pev< o oo + e a, [HZ0=0) | |

+Cp / f8+ (2pa + Céra p) C? + Cpé—PVol(My).
M

p—1

Now we pick p = €TV, n= %, £ = (Imn{2 210), 4Cp}) " and let p > % + 1 and
o < min{ 5%y, 5;}- Then (@3I) reduces to

2+C)’ 8p
d
— | [E<Cp | fZ+C7,
dt M, M,
for a positive constant C' depending on n, d, Ky, K2, L and M. (I
To give an upper bound of [ a, J8, we need to show that the maximal existence

time of the mean curvature flow under the initial curvature pinching condition is
finite.

Lemma 4.5. Under the initial curvature pinching condition, the mean curvature
flow has a smooth solution on a finite mazimal time interval [0, T) and maxyy, |A| —
©ast—T.
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Proof. We first show that if the second fundamental form is uniformly bounded by
a positive constant K in a finite time interval [0,7T), then the mean curvature flow
can be extended over the time. For any fixed € M, any 7,0 € [0,7T) such that
T < o, F(z,t), t € [1, 0] is a segment in N connecting F(z,7) and F(xz, 0). We have

4

(4.32) dist(F(x,T),F(:v,@))S/ ot

T

e
gF(:c,t)‘dt - / |H (z, t)|dt < OT < co.

Hence F(z,t) converges uniformly to some continuous limit function F(z,T). We
want to show that F(x,T) is a smooth immersion. To do this, we only have to
establish uniform bounds for all the covariant derivatives of the second fundamental
form on My, t € [0,T). Since M, stays in a compact region on N in view of ([£32),

we have maxg<;<,, |V R] < C,, for positive constants C,, independent of ¢.
== M,

First, by the evolution of the second fundamental form, as Proposition 7.1 in
[21] for example, and induction on m, we have the following evolution equations

ﬁ|va|2 <A|V™APR - 2|VTTLAR
at
(433) + O(n,m){ S VIAVIAVE AV A
) i+j+k=m
+Con S IVIA[VT Al + ém|va|}.

i<m

For any 7 € [0,T), we consider the mean curvature flow on the time interval
[0,7]. Consider the function G = t|VA|?> + |A|?, which is bounded by K at t = 0.
Differentiating the function we get for some positive constant C' independent of ¢
and 7

%G <AG + VA = 2(t|V2AP* + |[VA]?)

(4.34) + CH(|AP|VA? + |[VA]? + |A||VA| + |VA|)
+ C(JA|* + |A]? + |A]).

Since we have already assumed that the second fundamental form is uniformly
bounded on [0,7) by K, (£34) may be reduced to

(4.35) %G <AG+ (Ct—1)|VA? + C,

where C' is a positive constant independent of ¢ and 7. For t € [0

as in (£30), we obtain from (£.35)

0
(4.36) La<AG

ot
which implies by the maximum principle G < K + Ct. Hence |[VAJ? < % < % +C
for t € (O~, Fl It > &, the same argument on time interval [t — &, ] yields
|[VAJ?> < C for some C independent of ¢ and 7. Since 7 € [0,7T) is arbitrary, we
have [VA]? < C(1+ 1) for t € (0,T), where C a constant independent of ¢.

Now we assume that there are positive constants C}, independent of ¢ such that

|VFA|? < Cp(1+ %) holds for k =1,2,--- ,;m — 1 and t € (0,T). Using Young’s

1

, &), where C'is
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inequality, (£33)) implies

- 1\z2
%WMP <A|VFA? — 2|V A2 + Gy, [(1 + t—k) |VFA| 4 [V AP 4 1]
(4.37) |
SATRAP — o AR + G ((TRAR + 14 ),

where Cj, is a positive constant depending on k£ and others but independent of ¢.
Consider G = t™|V™A|? + mt™~1|V™~1 A%, Differentiating G with respect to
t gives
(4.38)
0 ~ 1
=G <mt" VAR 4 ¢ [A|va|2 + cm(|va|2 t1+ t—m)]

n m{(m — 1)tm2|ymelg)

m— m— m A m— 1
e AT AR = 2R + G (19 AP + 1 )]
<AG + (Cput — )" VAP + Cp,

provided ¢t < 1, for some positive constant Ch depending on m and others but
independent of ¢. Hence for ¢ € (0, min{1, Z-}), by maximum principle, [VmAI?2 <
t% < tg—i‘l < Cn(l+ th) for some positive constant C), depending on m and
others but independent of ¢. For ¢ > min{l1, éﬂ}, the same argument gives the

bound of [V™A|?. Hence we have proved that [V"A|? < Cy, (14 &) for t € (0,T)
for constants C), independent of ¢.

Now we prove that, under the initial curvature pinching condition, the second
fundamental form of the submanifold will blow up in finite time. Consider the
function Q = |A|> — a|H|?* + b(t) where a = 5= for n = 2,3 and a = -1 forn > 4
and b(t) is a function of ¢ with (0) such that Q(0) < 0. By the initial pinching
assumption, we may pick b(0) = b, > b;. We will show that @ < 0 is preserved for
a suitable b(t). Suppose not, then there is a first time such that @ = 0 at a point.
Then at this point, we have the following estimate as (3:9)

0 2nab | ¢ 4b < 20?
C A< 2 4 - 20 qpo 2T
((% )Q_ n(a — %)| [ n(a—%)| T n(a— 1)

+ C1| Al + ColAR + Csb + Cy + V(1)

(4.39)

Now we pick b() such that b(t) = 22 —~ Cgb — Ci. Then (% — A)Q <0,
which implies that Q < 0 is preserved along the mean curvature flow. On the other
hand, it is easy to check that b(¢) is monotone increasing and becomes unbounded
as t — tg for some tg < oco. Hence |A|2 becomes unbounded as t — tg. This
completes the proof of the lemma.

d

Now from Proposition 4] and Lemma 7] we see that [ a, /5 < C holds for
t € [0,T) with a positive constant C' independent of t. We also have a Sobolev
inequality for M; (see [8]). Hence we may apply the same argument as in [9] and

[10] to derive a bound for f, if o is small enough. This completes the proof of
Theorem [4.1]
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5. THE GRADIENT ESTIMATE OF THE MEAN CURVATURE

To compare the mean curvature of the submanifold at different points, we need
to give an estimate of the gradient of the mean curvature.

Theorem 5.1. For any n > 0, there is a constant C,, < 0o independent of t such
that

(5.1) IVH? <q|H[* + C,.

Proof. First we have the following inequalities by using a similar computation as
in [I] and [10]

(5.2) %IVHF < A|VH|? = 2|V2H]? + C|H|*IVA]* + C|VA? + C|H|?,

0 2
(5.3) SUHI* > At~ 12 HPVH + 2| H] - C,

where C' is a positive constant independent of ¢.
For any Ny, Ny > 0,

(5.4)

0 o o .
a7 (N1 + Nl AP)[AP?) =A((Ny + NolAP)|AP) = 2Ny (VIAP, VIAP)
— 2N, AP|VA|? — 2(Ny + No|A]?)| VAP

; R
+ 2Ny (Ry + Po)|A|? + 2(Ny + No|APP) (R, — 72 +P1).

The second term on the right can be estimated as follows.

—2No(V|A[?, V|A]?) <8No|A||VA||A||VA]
(5.5) <8N, Co|H||VA[?\/Co|H|'~3
<8N3C\/Co| VAR (073 |H|? + 07 %),

where C,, = \/%, Cp and ¢ are as in Theorem Il and ¢ > 0 is an arbitrary

constant. Using Young’s inequality and the pinching assumption, we have R1+Pgy <
C(|H|*+1) and Ry — 22 + P < C|A]?(|H|* + 1) + C, where C is independent of



20 KEFENG LIU, HONGWEI XU, AND ENTAO ZHAO

t. These together with (54]) and (B3] imply
(5.6)

0 o .
8t((Nl + No| AP)|A]?) SA((Ny + No|APP)[A]P)

+ 8N2Cp\/Co | VAP (075 [HI? + 07 %)
— 2N APV AP = 2Ny + Nl AP (50—

+ 2No|AZ(C|H[* + ©)
+ 2(Ny + No|AP)(CIAP(H)? + 1)+ C)
<A((N1 + No| A]P)|A?)

2(71—1) 4 2 2
— (2T Ny — 8NoCy/Coo™ )| H |2V A
(g 1y™e ~ 8320 v/Goe™ ) TPV A
2(n—1) _ 4 2
— (T—HNl — SNQCn\/ CQQ 5)|VA|

+ (2N2C + 2N,CC) | AP H|*
+ C(N1, No)|H[* + C(N1, N2)|H|* + C(Ny, No).

Here C is some positive constant and C(Ny, NQ) is some positive constant depending
on Nj, Ny and others. Choose g such that W = 8C, \/0094 5. Then (5.0)
implies

O (N + Mol AP)|AP2) ANy + NolAP)|AP)

ot
(1)
(5.7) n
(QQ(—H)M C(Ny)) VAP

+ (2N,C + 2N,CC,) AP |H|*

+ C(Ny, N2)|H|* + C(Ny, No)|H|* + C(Ny, Na),
for some positive constant C(N3) depending on N and others but independent of
Ni.

Now consider the function f = |[VH|? + (N; + Na|A|?)|A]2 — n|H|*. Then f
satisfies

il <AF = (g Na = C = ) HPITAP
_(22(”7+1)N1 C(NQ)—C>|VA|2

(5.8) + (2NoC + 2N2CCy) | AP | H |

+ C(Ny, No)|H|* + (C(N1, N2) + O)|H|* + C (N1, Na)
2

— =n|H|®+ Cn,
n

where C is as in (5.2) and (53). Now we first choose N3 large enough such that
the gradient term on the first line of (58] is nonpositive. Then we choose N; large
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enough such that the gradient term on the second line of (58] can be absorbed.
The remained terms can be estimated by using Theorem £ and Young’s inequality,
which gives

(59) O p<ar+omn N,

where C (N7, No,n) is some positive constant depending on N, Na, 1 and others
but independent of ¢. Since the maximal existence time of the mean curvature flow
is finite, we conclude that f < (). Then the theorem follows from the definition of
f.

O

6. CONTRACTION TO A ROUND POINT

In this section we show that as time tends to 7', the submanifold will shrink to
a single point. If we dilate the metric of the ambient space by a factor, which is a
function of ¢, then the submanifold will maintain the volume. After a reparameter-
ization of time, the dilated submanifold converges to a totally umbilical sphere in
the Euclidean space as the reparameterized time tends to infinity.

We need the following lemma.

Lemma 6.1 ([27)). Let M™ be an n-dimensional submanifold in an (n + d)-
dimensional Riemannian manifold N™*?, and 7 a tangent 2-plane on T, M at point
x € M. Choose an orthonormal two-frame {e1,e2} at x such that m = span{ey, ea}.
Then
K(ﬂ')>l(2f( ~ +ﬂ—|A|2)+ nid Z (h$)?
=9 min 1 ij) -

n —
a=n+1;>i,(i,5)#(1,2)

In Lemma 61 K (7) is the sectional curvature of M for the 2-plane m, and
Kmin is the minimum of the sectional curvature of N at point . From our as-
sumption and a. < ﬁ, we see that the sectional curvature Kp; of the evolving
submanifold satisfies Ky > €%|H|? > 0 for some constant € provided we choose

by = max{b1,2K;}. Note that by = 0 if K1 + K2 = 0. With the same argument
as in [I] we have ‘Iff‘l:?: — 1 and diamM — 0 as ¢ — T. Hence the submanifold
shrinks to a single point P € N along the mean curvature flow.

To see that the evolving submanifold becomes spherical, we dilate the metric
of the ambient space such that the submanifold with the induced metric by the

immersion has fixed volume along the flow. Let ¢ be a function of ¢ satisfying

dp 1 [oy, [HPdpe  h

1/}71

dt n [y dp o0

Let h be the Riemannian metric on N. Now we dilate the metric h such that
(N,¥(t)?h), t € [0,T) is a family of Riemannian manifolds. Let §(t) be the induced
metric on the submanifold M from (N, (¢)?h) by the immersion F;. We denote by
(M, §(t)) the dilated submanifold with the isometric immersion F}, where M = M
and Ft = F;. We also have the following relations.
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Lemma 6.2.

A=A,
H=1v4*H,
|A]? =424,
|H|* = ¢ ?|H,
dfigey = V" dpig(ry,

V=V,
A=y 2A.

Proof. Let {z'} be a local coordinate system on M. For the induced metric, we

have the following
5. = (OF OF
gl] - 8:Ei7 aIJ w2h

_joF oF
T\ 9zt i W2h

_ [ OF OF
oz’ dad [,
= 1?g;;.

For the second fundamental form, noting that é, = ¥~ 'e,, we have

he = — _O°F é
v Oxidxi’ W2h

Hence

which means A = A.
The mean curvature is the trace of the second fundamental form, so

H=§"hij =9 2ghy; = ¢ 2H.
For the squared norm of the second fundamental form and the mean curvature,
we have

A2 = g™ GM RS R (s E8) gon
_ ¢72gikgklh%hfj <€a7€ﬁ>h
=¢?AP,

|H|2 = <£’=E[>¢2h
=¢* (Y PH T H)),
=y H|%.
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The relation of the volume forms follow from § = 12g. The Christoffel symbols
are scale invariant and thus the connection is also scale invariant. Finally, from the

definition of the Laplacian and the scalar invariance of the connection, we see that
A =y 2A. O

It is easy to check that
d
dt Jyr
which means that the volume of the dilated §ubmanif01d is fixed as t tends to T.
Now we define the rescaled time variable ¢ by

() = /0 QTR

dﬂ(}(t) = Oa

So 4t — >
di o
For 0 <t < T = t(T), we first has the following estimates.

(6.1) |A> < C,|H?,
E[ min > ad
(6.2) |~| —last—T,
|H|max
(6.3) Kuin > |HJ%.

For the induced metric we have the following evolution equation.

ad . 50
a_fgzj - ¢ ggw

0 0
— o2 )2, 27 4.
= 4725070 + V7 i)
h
(6.4) =472 (20% 2 gy — 22H - hiy)
n
2
=—2H - hi; + Ehgij
. 2.
= —2H-h;; + Ehgij'
Here ~ denotes the inner product with respect to the metric 12h. The volume form
dii; satisfies the following equation.
0 . P SN g~
(6.5) 570 = (h— [H[")dfiz.
t
Proposition 6.3. 0 < Cuin < |H|min < |H|max < Cmax < 00 holds for 0 <t < T.
Proof. From (G3]), the sectional curvature of ]\ng is nonnegative. The Bishop-

Gromov volume comparison theorem implies that Vol(Mg) < Cd", where d is the
diameter of M;. From the Bonnet theorem, we also have d < . On the

~ _ _ V ‘H‘min
other hand, since Vol(M;) = Vol(My), we have |H|min < C, and then (6.2) implies
|f{|max < Omax-
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If we can show that |H|max > C > 0, then (IZZZI) implies |H|m1n > Chin > 0 for

all tNNG [0,T). Suppose |H|max — 0 as ¢ — T, @I implies that |A|2,. — 0 as
t — T. Since |H|? satisfies

0
&'HF < A|‘E[|2 + C|H|fnax|H|27

we can follow the argument in [6] to show that fo |H|?,.dt = co. On the other

max

hand, since VlHl‘ﬂ — last — T, then for a ¢ > 0 there is a positive constant § > 0
such that = <1 4 ¢ for all t € [6,T). So

[H|min
1
=—— | |H
(1+§)2/ | |max

HP pdt + —— / HP
o [ Bttt s [ VR
1 /
< |H|maxdt + / |H|r2n1ndt
(1+ <)2 s

H dt H
g LT

This implies fo |H|2,;,dt = oo since [ [H|%,.dt < co. We also have ﬁ = 9? and

|H|? = )~2|H|?, hence

/Ofﬁ(f)dfz/oTh(t)dtz/ \H2. (£)dt = oo,

However, we have h < |H|[2,. < C2,.. Therefore T = oco. By the definition of
the rescaling of the time variable, T = t(T fo Y?(7)dr. Since T < oo, we have
¢(t) — oo as t — T. This implies that ( ,?h, P) converges to the Euclidean
space as t — oo. Since we have |A|2,,. — 0 as  — T, the family of immersions
F : M — (N,¢?h) for t € [0,00), will converge to the isometric immersion of
an n-dimensional Euclidean space into an (n + d)-dimensional Euclidean space as
t — oo. This is a contradiction since the volume of Mg is unchanged along the flow.
This competes the proof of the proposition. O

Now we look at the tracefree second fundamental form A of the immersion F.
From Theorem [}, we have the following inequality

|"i|2 S CO¢_6|I~{|2_57

which holds for all £ € [0,7). As in the proof of Proposition 6.3, we have T = oo
and ¢ () — oo as t — co. Hence there holds

A2 [A]? -
A =0, —=— ———0 as t— oc.
|H?  n
Since (N, 92(f)h, P) — (R™*? §45,0) in C2-topology, we see that F(#) tends to

a totally umbilical immersion from a standard sphere with the same volume as M
into the Euclidean space at least in the C°-topology.

To see that the convergence is in C'*°-topology, we only need to show that all the
covariant derivatives of the second fundamental form are uniformly bounded. The
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second fundamental form A is uniformly bounded by (B1)) since the mean curvature
is uniformly bounded.

Along the mean curvature flow, M; will stay in a compact region of N, say,
M, C By,(P,r) fort € [0,T) and a suitable r > 0. After the dilation, M; C Bj,(P,r),
where By, (P,7) is in fact equal to By ), (P, Y(t)r) as a set. By the definition of
the dilation, the Riemannian curvature and its covariant derivations of the ambient
space, when restricted to Mg, are uniformly bounded by constants independent of
t.

Lemma 6.4. Let P and Q) be two quantities depending on g and A, and P satisfies
the evolution equation %—f = AP + @ along the mean curvature flow. If P has

degree «, that is, P = ¢y®P, then Q has degree o — 2 and after dilation, P satisfies

O _Rp+0O+20p,
ot n

Proof. Using the similar computation as in the proof of Lemma 9.1 in [9], we can
prove the lemma. (I

We also need the following interpolation inequalities.

Lemma 6.5. Let T' be any tensor and m an integer. There is a constant C(n, m)
independent of the metric and the connection such that

/ |viT|szdugc-mﬂ%x|T|2%—2/ VT |dp
M M

holds for any 1 <i<m—1, and

™ -5
[owrtase( [ wrrpa)”( [ k)
M M M
holds for any 0 <i < m.

Proof. These interpolation inequalities were proved in [6]. O

From Lemma [6.4] we have the following inequality after dilation.

O 1m AR <A™ AR — 29 AP
ot

+ C(n,m){ N VARV Al
(6.6) i+j+k=m
+Con 3 [VA[V™ Al + Con| V™ A]}
i<m

+ C(n,m)h|V" A%

To prove that for any integer m > 0, |[V™A|? is uniformly bounded on [0, c0),
we argue by induction on m. Obviously, for m = 0, |A|? is uniformly bounded.
Suppose that [V¢A[? is uniformly bounded on [0, 00) for i = 1,2,--- ,m — 1. Then
from (G6)), we see that there holds

O \5m Aj2 <A™ A2 — 2V AR + OV A2 + C

(6.7) =
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for some positive constant C' independent of t. Here we have used Young’s inequality
and the boundedness of i which is implied by that the mean curvature is uniformly
bounded and the area of the submanifold is fixed. From (6.7) we have

d S 0 = - .0
— va2d~~=/ —|V™A|*dfi; / V™ A2 =dji;
di M;l |"dfiz i, 5t| |“dp; + M;l | Py i
g—z/ W’”“A|Qdﬁg+0/ 5™ APdji;
M; M;

+/~ V™ A2 (h — |H|*)dj; + C
M;

< - 2/ VLA dj; + O/ |V™A|2dji; + C.
M; M;
By the second interpolation inequality in Lemma [6.5, we have
1

~ ~ — ~ ~ % - m—41
Joemapang <o [ omeapan) " ([ 1)
M5 My My

(6.9) <Cn [ ARa + O [ |APdE

Mz

Combining (6.8) and ([6.9), we have

& [ matdp <2 [ AR - o [ Apdg - 0
H £ My

M i

(6.10) +2CCn / (VA df; + 20CH) ™

Mz

:—c/_ |V™A2dji; 4 C.
M;

Here we have chosen ) = (CC)~! and C' = C+2CC(CC)™. Put f(f) = fM{ |V A2djiz,
then
d C d ~ C
d_z(f_ 5) == <-Cf+C= —c(f_ 5).
If f~S < 0atf =0, then it holds for any ¢ € [0, 00), which implies [y, [V™A|2dji; <
Ci, for some positive constant C,,, depending on m but independent oft t.
If f—S >0att=0,then f— & < (f(0) — §)eC". This also implies
that IM; |@’”A|2dﬂg < C,, for some positive constant C,, depending on m but

independent of .
From the first interpolation inequality in Lemma [6.5] we see that

[ mivrdg < c,,

¥
holds for large p. Combining this with the Sobolev inequality in [8], we may carry
out a Stampacchia iteration process just as in [9] and [10] to get that [V™A|? < C,,
for a constant Cy, < oo depending on m.

Hence we have proved that the convergence is in fact in C'*°-topology.
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