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We establish first- and second-order gradient estimates for positive solu-
tions of the heat equations under general geometric flows. Our results gen-
eralize the recent work of S. Liu, who established similar results for the
Ricci flow. Both results can also be considered as the generalization of P. Li,
S. T. Yau, and J. Li’s gradient estimates under geometric flow setting. We
also give an application to the mean curvature flow.

1. Introduction

Starting with the pioneering work of P. Li and S. T. Yau [1986], gradient esti-
mates are also called differential Harnack inequalities, because we can obtain the
classical Harnack inequality after integrating along the space-time curve. They
are very powerful tools in geometric analysis. For example, R. Hamilton [1993;
1995b] established differential Harnack inequalities for the scalar curvature along
the Ricci flow and for the mean curvature along the mean curvature flow. Both
have important applications in the singularity analysis.

In Perelman’s breakthrough work [2002] on the Poincaré conjecture and the
geometrization conjecture, an important role was played by a differential Harnack
inequality. Since then, there have been many works on gradient estimates along the
Ricci flow or the conjugate Ricci flow for the solution of the heat equation or the
conjugate heat equation; examples include [Cao 2008; Cao and Hamilton 2009;
Kuang and Zhang 2008; Zhang 2006].

Under some curvature constraints, Guenther [2002] has established gradient es-
timates for positive solutions of the heat equation under general geometric flow
on a closed manifold. Using this result, she derived a Harnack-type inequality
and found a lower bound for the heat kernel under Ricci flow. As mentioned in
[Liu 2009] (see also Section 4 of this paper), we can weaken the assumption of
Guenther’s results by removing the bound on the gradient of scalar curvature when
restricting to the Ricci flow case. We can also obtain a local gradient estimate for
complete case.
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While most of the works deal with the first-order case, higher-order gradient es-
timates have their own interest. Indeed, they are closely related to the boundedness
of the Riesz transform and the Sobolev inequality. J. Li [1991] obtained second-
order gradient estimates for heat kernels on complete noncompact Riemannian
manifolds. In [Li 1994], he used the boundedness of Riesz transform to prove the
Sobolev inequality on Riemannian manifolds with some constraints.

S. Liu [2009] obtained the first and the second order gradient estimates for posi-
tive solutions of the heat equations under Ricci flow. His work generalized [Li and
Yau 1986] and [Li 1991].

In this paper, we generalize Liu’s work to general geometric flow. Of course,
we need impose stronger conditions on the flow and the curvature. Compared to
general geometric flow, there are two advantages to the Ricci flow: the contracted
second Bianchi identity, which gives a nice expression for the commuting formula
(Section 4), and the fact that the Ricci curvature arises when we use the Bochner
formula to compute the Laplacian of |Vu|?. Sometimes, the Ricci curvature will
be canceled with the time derivative of the metric under the Ricci flow.

K. Ecker, D. Knopf, L. Ni and P. Topping [Ecker et al. 2008] recently obtained a
local gradient estimate for bounded positive solution of the conjugate heat equation
for general geometric flow.

Our paper is organized as follows: We prove first-order gradient estimates in
Section 2 and second-order gradient estimates in Section 3. We give two applica-
tions to the Ricci flow and the mean curvature flow in Section 4.

2. First-order gradient estimates

For a function f on M x [0, T'], where T is a positive constant, we write

af (x.
fi=of = f(a’; 23

Theorem 1 (gradient estimate: local version). Let (M, g(t)) be a smooth one-
parameter family of complete Riemannian manifolds evolving by

B
2-1 —g=2h,
(2-1) 58

for t in some time interval [0, T]. Let M be complete under the initial metric g(0).
Given xo € M and R > 0, let u be a positive solution to the equation

(A —=09)u(x,t)=0

in the cube Qyp.1 = {(x,1) | d(x,x0,t) <2R, 0 <t < T}. Suppose that there
exist constants Ky, K>, K3, K, > 0 such that

Ric> —K,g, —K,g<h<K;g, |Vh| <K,
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on Qar. 1. Then for (x,t) € Qr.T, we have

Vux, O ui(x, 1)
20t u(n

1 1
(2-2) C(K1+K2+K3+K4+ K4+ — +R2)

for any a > 1, where C depends on n, a only.

More explicitly, we have

Vu(x, )2 » 2 ol 2
(2-3) [Vu(x,t)| _auz(x )<ﬂ+_01(R ﬁK1+a—l)+Ca2K2
a—

uZ(x,t) ulx,t) — t R?
2
no
+— (K1 + (@—1) K3+ Ka) + na®(Ka + Kz +/2K4),

for any a > 1, where C depends only on n.

Remark 2. When 4 = —Ric, (2-1) is the Ricci flow equation. In this case our
results reduce to [Liu 2009]. Note that for Ricci flow the assumption |V Ric | < K4
is not needed because of the contracted second Bianchi identity (see Section 4).

As in [Li and Yau 1986], let f = logu; then
(2-4) (A=3)f =—|VfI*.

Set

C(Vu@ P w ) ,
F_t< W2(x, 1) _au(x,t))_t(lvﬂ —af).

To prepare the ground for the proof of the theorem we need some lemmas.

Lemma 3. Suppose the metric evolves by (2-1). Then, for any smooth function f,
we have

0
o IVIP==2h(V£,V )+ 2V, V1)
and
9 J 2 : 1
(2-5) aAf:Aaf—Z(h,V f)—=2(divh — 5V(trg h), V).
Here, div h is the divergence of h.

Proof. To prove the first equation, write

AN
Zvip —at( e )— 21(V, V) +2(V. Vfi).

For the second, recall that

i Kl
o Tiy = 8" Vil i+ V jhit = Vihi).
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Thus,

ad 0 . 92 9
B g [ (Pt
ot ot dx; 0x T ax;
i (9 9 of [0 .\
= ot (O e TN LA i (D)
0x;0x; T 9xk 9t 3t ) axy
0 .
= —2{h, v2f>+A—f — g g (Vihji 4+ Vihi — Vihi Vi f

ot
_ A 2oy _ooklyiiv . L
_Aat 2(h, V- f) —2g"{g"Vihj 2V1(tfgh)}ka

a 1
:Agf—2(h,V2f)—2(divh—§V(trgh),Vf). (]
Lemma 4. Suppose (M, g(t)) satisfies the hypotheses of Theorem 1. We have
t
(A=8)F = =2VL VF) + (VP = f)? = (VP ~efi)
—2(Ky + (@—1)K3)t|Vf > = 3/naK,t|Vf| —a’nt (Ky + K3)*.

Proof. For a given time ¢, choose {x{, x2, ..., x,} to be a normal coordinate sys-
tem at a fixed point. Subscripts i, j will denote covariant derivatives in the x;, x;
directions. We will compute at the fixed point.

Using the Bochner formula, (2-4) and Lemma 3, we calculate

AF =1 (2IV2fI* +2Ric(Vf, V) +2(Vf, VAF) —a A(f)))
=1 (2V2f P +2Ric(VS, V) + 2V, V(i = IVFP))
—at (Af)+2(h, V2 f) +2(divh — 1V (trg h), VF))
= —2(Vf, VF) +2t (V2 f > + Ric(Vf, V) + (1 —a)h(Vf, V)
—alh, V2 f) —aldivh — 1V (trg h), V) +1(IVF1) — atfy.

On the other hand, we have
_ 2 2
Fr=(VfP—af)+t (UIVFP) —afu).
Therefore, we arrive at

(A —3,)F = =2(Vf, VF)+2t(IV? > +Ric(Vf, V) + (1 —a)h(Vf, V)
—a(h, V2 f) —a(divh — IV(try h), V) — (IVFI* —af)).

By our assumption, we have

—(K>+K3)g <h < (Kx+K3),
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which implies that
Ih? < (K2 + K3)*|g]” = n(K2 + K3)°.
Applying those bounds and Young’s inequality yields
loe(h, V2 ) < 3IV2FIP + 5o |h] < 3IV2 1P+ Jo’n(Ky + K3) .
On the other hand,
|div b — 3V (trg )| = |8 Vih js — 587 Vihij| < 3181IVh| < 3/nKa.
We conclude by our assumptions that

(A—03)F = =2V . VF) +1|V f? = (IVfI> —af)
—2(K1 + (@ —=1)K3)t|Vf|* = 3/naK, t|Vf| — a’nt (Ky + K3)%.

Finally, with the help of the inequality
1 1 1
IV2fIP = - (@V2f)? = (AN = (V1P = f)°,
n n n
we complete the proof of the lemma. ([

Proof of Theorem 1. By our assumption of the bounds of /4 and the evolution of the
metric, we know that g(¢) is uniformly equivalent to the initial metric g(0), that is,

e 2K g(0) < g(r) < 2537 g(0).

Thus we know that (M, g(¢)) is also complete for ¢ € [0, T'].
Now let ¥ (r) be a C? function on [0, +00) such that

(1 ifrelo. 1],
2-6) v = {0 if r € 2. +o0),
, p V' (r)|?
2-7) O<y@r)<1, ' r)<0, v¥"(r)=-C, <C
Y(r)

where C is an absolute constant. Define

d s s s
o5, =t = (A2 _ (26020

where p(x, t) = d(x, xo, t). For the purpose of applying the maximum principle,
the argument of [Calabi 1958] allows us to assume that the function ¢(x, t), with
support in Qsg 7,18 C 2 at the maximum point.

Forany 0 < T1 < T, let (x1, 1) be the point in Qsg 7,, at which ¢ F' achieves
its maximum value. We can assume that this value is positive, because in the other
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case the proof is trivial. As F(x, 0) =0, we know that #{ > 0. Then at the point
(x1, 1), we have

08 VP =FVoteVF=0, A@F) =0, o (@F)=0
Therefore,

(2-9) 0>(A—=0)(pF)=(AQ)F —¢;F +¢o(A—0,)F +2V¢-VF.
Using the Laplacian comparison theorem, we have

Ap IVpl? cC C
Ao = ' =2 A = = K.
=1y R +v¥ R2 = R2 R 1
Furthermore, we have
Vol|? _ W)?* |Vpl? - <
@ 1/, R2 —RZ'

By our assumption, F(x1, t;) > 0. By the evolution formula of the geodesic length
under geometric flow [Hamilton 1995a], we calculate at the point (x, ;)

14 1
—o, F=—y/ (LY=L Fp—_y/ (L)
oF ==v(%) gt ‘/’<R)R/%1 M S ds k

> y/'(2)%Kap F = —VCK,F,
R/ R
where y;, is the geodesic connecting x and xo under the metric g(#;), S is the unite

tangent vector to y,, and ds is the element of arc length. Substituting the three
inequalities above into (2-9) and using (2-8), we obtain

0> (—E — 9\/KT> F —CKyF + (A —9,)F.

R R

Applying Lemma 4 and Young’s inequality to this inequality yields

c C N{e} t
@10) 02 (g5 = £VEY) F=VCRaF -2 VRV SIF 40V P
— @V —af) = 2(Ki+ (@=DK3 + K)ot V£

— oty p[(K2 4 K3)* 42K 4].

Multiplying through by ¢ and setting y = ¢|V f|? and z = ¢f;, (2-10) becomes

C C C
2-11) 0> 1 (—ﬁ —~ E\/E) (9F) — v CKyti (¢F) — 2‘%@”2@ —az)

t2
+;1(y—z)2—§02F—2(K1+(01—1)K3+K4)t12y—Olzntlzsﬂz[(K2+K3)2+2K4]-
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Using the inequality ax? —bx > —b> /(4a), valid for a, b > 0, one obtains

12 JC
;1()) — Z)2 — 2Tt12y1/2(y —az) —2(K1+ (a—1)K3+ K4)t12y

AR 2, (a—1\* >
= | S-an’+(“=) ¥ 20K+ @=DKs + Ka)y

n
+<2(X—21 _2l’lV 1/2>(y—aZ):|
o

! ,  a?n?(Ki+ (@—1D) K3+ Ky)? a2n2C
= [_Z(y_‘”) - (a—1)? BRI Z)]

n

Hence (2-11) becomes

1 Cna
Fﬂw)z—(w)(l —h+— \/ i+

B (n(K1 +(@—DK; +K4)2a2t1
(—1)?

1)R2 +JEK2z1>

+ t%oﬂngoz[(Kz +K3)*+ 2K4]) <0

We apply the quadratic formula and then arrive at

(R\/ +—>t1+x/_noz2K2t1

2

11 (K1 + (@—1D)K3 + K4) +n(K> + K3 + V2K4)a 1.
If d(x, xo, T1) < R, we have ¢(x, T;) = 1. Then
F(x,T)) = T1(\VfI* —af) <oF(xi, 1)

2 2
« (R\/ K1 + %) T] + «/EnaszTl

na2T1
+
o—

= (K1 + (@—=DK3 + Ka) +n(K> + K3 + V2K Ty

As T is arbitrary, we obtain the result. ([
From the local result above, we get a global one:

Corollary 5. Let (M, g(0)) be a complete noncompact Riemannian manifold with-
out boundary, and let g(t) evolves by (2-1) for t € [0, T| and satisfy

Ric> -Kg, —K,g<h=K;g, |Vh| =K.

If u is a positive solution to the equation (A — d,)u(x,t) = 0, then for (x,t) €
M x (0, T], we have
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Vu(x, )| u(x,t na?
[Vulx, OF _ )<—+C(K1+K2+K3+K4+\/K4),

T T

for any a > 1, where C depends only on n, «.

Proof. By the uniform equivalence of g(¢), we know that (M, g(¢)) is complete
noncompact for ¢ € [0, T]. Letting R — +o00 in (2-3) completes the proof. (]

Using Lemma 3, we can also derive a similar gradient estimate on a closed
Riemannian manifold.

Theorem 6. Let (M, g(t)) be a closed Riemannian manifold, where g(t) evolves
by (2-1) for t € [0, T] and satisfies

Ric > —K g, —K,g<h=<Ksg, |Vh|=<Ky.
If u is a positive solution to the equation (A — d,)u(x,t) = 0, then for (x,t) €
M x (0, T, we have

2
(2-13) [Vu(x, t)| _ aut(x’ t)

u?(x,t) u(x,t)
2 2
no no
< ——+ 7 (Ki+ (@=DKs + K) +n0* (K2 + K3+ V2K2),

for any a > 1, where C depends only on n, «.

Proof. We use the same symbols F, f as above. Set

2
- no
Fx,t)=F(x,t)— o] (K1 + (@—1)K3+ K4) t —na*(Ky + K3 + /2K 4)t.

If F(x,1) <na? for any (x,t) € M x (0, T], the proof is complete.
If (2-13) doesn’t hold, then at the maximal point (xg, tp) of F(x, t), we have

F(x0, 19) > na’.
Since F (x, 0) =0, we know that #o > 0 here. Then applying the maximum principle,
we have at the point (xg, fp),
_ _ 9 -
VF(xo,10) =0, AF(xo,1) <0, ﬁF(xo, 1) = 0.
Therefore we obtain
0=(A—-0)F=(A=0)F.
Using Lemma 4 and the fact that

2 2_ (1 2 a—1 2\?
(VIR = % = (S (VFP —af) + = Vi)

1 /F\2 _a—1 2 (F\  (a—1)?2 4
=—(Z) +22v (—) Rl
az(to) + a? IV/] fo + o? IV/]
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we get that

Ozt_()(E)z_(E) na’ —— (K1 + (a— l)K3+K4) fo

na? \ 1 to/  (a—1)2
—na((Ka+ Ko + 2K )i+ 2 v g
Since
% - %"‘ :izl (K1+ (@—1)K3 + K4) +ne?(Ky + K3 ++/2K4) > 0,
we get

D (Ey_E_ na’
na’\ty/ to (a—1)>2

Solving this quadratic inequality yields

—— (K1 +(@—DK3+K)*to—na® (K2 +K3)* +2K4) 1 <0.

F  no? no?

— (K14 (@=1Ks + Ky) +ne’ (Kz + K3 + v/ 2Ka).

This implies that F (x0, tp) < noe?, in contradiction with our assumption. So (2-13)
holds. ([l

Remark 7. In Corollary 5 and Theorem 9, if K| = K4 =0, we can let o« — 1.

Integrating the gradient estimate in space-time as in [Li and Yau 1986] or [Guen-
ther 2002], we can derive the following Harnack-type inequality.

Corollary 8. Let (M, g(0)) be a complete noncompact Riemannian manifold with-
out boundary or a closed Riemannian manifold. Assume g(t) evolves by (2-1) for
t € [0, T] and satisfies

Ric > —K,g, —K,g<h=<Ksg, |Vh|<Ks.

If u is a positive solution to the equation (A — 0;)u(x, t) = 0, then for any pair of
points (x,t1), (¥, t2) in M x (0, T] such that t; < t; we have

( " ) < ( " ) %) 2ne eN h—1 f 1
u(x, u(y, = ex +C K), forany e > 5,
! 2 I3 P 2(1‘2—[1) 2¢e Y 2

where K = K1+ Ky + K3 + K4+ /K4, the constant C depends only on n and ¢,
and

1
— inf/ Y ()5 ) ds
v Jo

is the infimum over smooth curves y joining y to x (y(0) =y, y(1) = x) of the
averaged square velocity of y measured at time o (s) = (1 — s)ty + st;.
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Proof. The gradient estimates in Corollary 8 and Theorem 9 can both be written as

Vuex, O wix, 1) - ”;“2+CMK.
uZ(x,t) u(x,t) t ’

Fix ¢ > %, take any curve y satisfying the assumption and set

[(s) =Inu(y(s),o(s)).

Then [(0) =Inu(y, 1) and [(1) = Inu(x, t;). Direct calculation shows that

1 / 2 _ 2
M) (@ y'(s) _g) PO n-n (cz<+48 n>‘

s uth—t u) = 2t—t) 2¢ o (s)

Integrating this inequality over y (s), we have

1 La1 Lely/(s)? ty —t t
2-14) In“" 1)=/ (s)dssf Y Ole o c2 =N o2,
u(y, ) o Os 0o 2(t—1t) 2¢ 1

which implies the corollary. ]

3. Second-order gradient estimates

In this section we derive the second order gradient estimate for the positive solution
of the heat equation along a general geometric flow, which generalizes the results
in [Li 1991; Liu 2009].

Theorem 9. Let g(t) be a solution to (2-1) on a Riemannian manifold M" for t
in some time interval [0, T]. Assume that (M, g(0)) is a complete noncompact
manifold without boundary. Suppose that (M, g(t)) satisfies

IRm| <ki, |[VRm|=<ky, —k3g<h=<ksg, |Vh|=<ks,

for some nonnegative constants ki, ky, k3, ky. Let u be a positive solution to the
equation (A —0)u(x,t) =0. Then, forany (x,t) € M x (0, T] and a > 1, we have

IV2u(x, )] |Vu(x, 1) u;(x, t) 2 ]
ulx, 1) e u?(x, 1) “uGen 1 +ky ks + 4+\/:+t

where C depends only on n and o.

Before proving the theorem, we need a lemma. Set

2 2
F(x,y,t)=tF :t(lv u(x, 1) +O[IVu(x,t)| _ﬂu,(x,t))’

u(x,t) uZ(x, ) u(x,t)

where $ is a constant to be fixed.
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Lemma 10. Suppose (M, g(t)) satisfies the hypotheses of Theorem 9. Then for
sufficiently small § > 0, y — 1 > 0, and ¢ > 0, we have, with B = S,

8 Vul|?
(A—at)F2—2<VF,Vlogu>+TaF2+25aﬂFﬂ—23a2F| ”;'
u u
C (ki + k3)? ’ F
—Clky+ k) F — — L1570 4 enk2Br — —
(k1 +k3) 2 —12 " 3Bt — =
2(n —1)? , CBY3 4 C 43
_T(k1+k3) [—mk4 t— 81/30[(k2+k4) t
1 2
—2Ct (480 + ——— | [ -+ ki +hk3 +k ks |
( o +2a(1_5)2) (l+ 14 ks + 4+ﬁ>

where C depends on n and «.

Proof. As in the proof of Lemma 4, choose {x1, x2, ..., x,} to be a normal coor-
dinate system at a fixed point. Subscript i, j, k will denote covariant derivatives in
the x;, x;, x; directions.

We will first calculate the evolution equation for F and divide it into three parts.
In the calculation, we will use the following formula a few times:

f_1 f 2yt
3-1 A—d)L==-(A-03)f—L(A-8)g—={VL, Vg
(3-1) ( z)g g( ) f g2( )8 g< g g>

Part 1. We first calculate a parabolic inequality for |V2u|/u.
Using (3-1) and the fact that (A — 9;)u = 0, we obtain that

|V2u| |V2u| 1 5
(A —293,) =-2(Vv ,Vu )+ —(A —3,)|V?ul.
u u u

Note that

AIV2u? = 21V2u] A|Vu| +2|V|V2ul|?
and

AIVZUP =) @i =20V ul +2 ) uijtijux.
ijk ijk

We get that

3.2 o 2 12 o

AV2u| = |V-ul +Zijk WijUijkk |V|V u|| N Zijk i

|V2u| - |V2u|
Here we have used the fact that |V3u| > |V|V2u||.

The Ricci identity gives
Uijkk =

Upkij + Z Ryjiiiug + Z Ryijiku; + Z Riiriuij + Z Ryjriugi +2 Z Ryijiug.
1 1 [ 1 1
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By our assumption on the curvature, we have

(VZu, V*(Au))

— Ck{|V*u| — Cky|Vul.
V] 11Voul 2|Vu|

AVZu| >

Noting that the metric evolves by (2-1), we have

d 3 ( u p Ou G
—VZ'VJ'MZ— _Fi'_ :ViVjut— _Fi' Vpu
ot ot \ 0x;0x; 1 ax, ar Y

= V,'le/tt — (vihjp + thip — Vph,-j)Vpu.

This leads to

o .. .
0(IV2ul?) = o (8" 8"V V ju Vi Viu)
= —4n*V, VUV Vi + 2(ViVuy, ViViu)
—2(V,-hjp+th,-p—Vph,-j)VpuV,-Vju,

(VZu, V*(3u))

— Cks|V?u| — Cky|Vul.
V2| 31 Voul 4|Vu|

0/ V2u| =
Combining together all of the above, we conclude that
|V2ul
(3-2) (A=d)| —

v2 V2 v
Z—2<V<| ul),Vlogu>—C(k1+k3)| ul—C(kz—I—kzL)M.
u

u u

Part 2. We next calculate a parabolic inequality for |Vu|?/u?. Using (3-1) and the
fact that (A — 9;,)u = 0, we obtain

Vul®
(A—3y) ( = )

|Vul|? (A —3,)|Vul|? Vul* 2 5
=—-2(V|—5— ). Viogu)+ > +2—— — < (V|Vul?, Vu).
u u u u

Using Bochner’s formula and Lemma 3, we obtain

(A —3,)|Vul? =2|Vul> + 2Ric(Vu, Vu) +2h(Vu, Vu).
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Therefore,

|Vul?
(A— at)( )
I/l

|Vu|? |V2u|? |Vu|*
> -2V (—5— ). Viogu) +2——+2—;
u u u

4 , 2
— = |V2ul |Vul* + = (Ric +h) (Vu, Vu)
u u

2
|Vul

|Vul|? IV2ul> 28 |Vul*
>-2(V|—— ), Viogu)+25 — —2(n—1) (ki +k3)
u? u? 1-8 u?

Here we have used Young’s inequality to obtain

v u|2+ 2 |Vul*

—v2 Vul|?> <2(1-6
|V2ul |Vul?* < 2(1-8) " 3

Thus we have

2 2
(3-3) (A-3) <a|V”;| > > —2<v ( ﬂ) Vlogu>
u M

IV2ul> 28 |Vul* |Vul|?
- —2(n =1k +k3)a
2 1-8 u?

+26c
u

Part 3. Finally, using (3-1) and Lemma 3, we get, for any ¢ > 0,

()

= (A_uﬂ —2<V <%> , Vlogu)

_ %[(Au)t + 200, V2u) + 2(divh — LV (trg h), Vu) — u,] — 2<v (%) , Vlogu>
_ _2<v (%) , Vlogu> n %(h, V2u) + %(divh — 1V(tr, ), Vu)

< —2(v (%) , Vlogu> +2ﬁk3M + wﬁmﬂ

2
<—2(v ("), Viogu)+ 1 oL ul? | i +3 ks 1L
I/l

Therefore, we have
G4 (a-a)(-p")
z—z(v (—ﬂ%),VIogu> B 'V 4P oni2p - 3nky ﬁ'V”|
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Combining the results from parts 1, 2, and 3, we obtain that for any 0 < § < 1
and ¢ > 0,

V2 VZ 2
(3-5) (A—08,)F > —2(VF, Vlogu)— C(k +k3)| “l + (50‘ - g) | Zl
u
V2ul? 28 [Vul* |Vul®
+ Sa =T —2(n— 1)(ki + k3)cx

v v
- 3\/Ek4ﬂ|ld—u| —enk3p — Cky + k4)|M—”|.

By the definition of F|, we have

Viu u
(3-6) Vul _p, +ﬁ;’,
and
V22 Vul2 2
a7 A (Fl—a' ”;' +ﬁﬂ)
u u u
2 | |W|2 |Vu|2u,
=F+a +,3 +2,3F1——20!F1 —2a0p P

Inserting (3-6) and (3-7) into (3-5) and applying Young’s inequality, we arrive at

C (ki +k3)?
(3-8) (A—03,)F >—2(VF,Viogu) — C(k; +k3)F| — 4(( 1+ 1;3
)/_
2 2,12
1502 a2 121 % _ B\ V7ul
+[280‘ﬂ Cp(y 1)]u2+(80¢ e) )

F) [Vul* U
— (| 4603 SaF? +28aBF|—
( * +2a(1—8)2) i TOaFiF2aph

v MIQ 2, 2n—1)°

—28a%Fy —enkip — 8—(k |+ k3)?

cp? 4/3
513y 4 51/3

(ko + kg)*/3,

forany y — 1 > 0.
Using the inequality

Vul? 2 |Vu|? Uy : u?
I <2 2 2%t
u? - u? —J/; tey u?’
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we calculate
2 2\ 2
1g p2 2 27 U; 3 ) |[Vul
=6 -C —D—=—-148
(2008 = CB*y = 7] 35 ( “ +2a(1—5)2>< e
5y 2

2 2| Uy
2(x(1—8)2) - =1 ] u?

o (4807 42 Vul® _
20(1-6)2 u? u)

) —CB(y —1)?

> [%60:,32 —2y2 <45(x3 +

Setting 8 = S, we check that

1 2 2 3
1502 — 22 (480 + — 2
p0ap” =2y ( s

)

3(25 2 2
= 85a (R_V )_—a(l—(S)zy —

Cp*(y — 1%,

which is nonnegative when § > 0, y — 1 > 0 are sufficiently small.
Now we take € > 5/§ such that o — 8/¢ > 0. Then (3-8) becomes

C(ky + k3)?
(A—d)F) > —2(VF, Viogu) — Clki +k3) Fi — (1—+32
4y — 1D
2
8 Vul>  w
— 2 (4803 —y—) +8aF}
( : +2a<1—8>2>( 2 yu) oot
Vul|? 2(n—1)?
+2sap R — 2802 F,] ”;' — enkp — 202 k)
u u o
CB*> 43 C 4
_ _ /3
513 k4 $1g (ky +kq)™'".
Applying Corollary 5 and noting that
(3-9) (A—=0)F =t(A—0)F — Fy,
we complete the proof of the lemma. ([

Proof of Theorem 9. As in the proof of Theorem 1, we see that (M, g(¢)) is com-
plete for t € [0, T']. Let p(x, ) =d(x, xg, t) and

Set
OF (x. 1) := w(@)mx, -

where (x, t) € Q2g, 7. Suppose (x1, 1) is the point where ¢ F' achieves its maximum
in Qog 1y, where 0 < T7 <T.
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If [V2u(x;, )] =0, Corollary 5 yields

IVul2

(3-10) (pF)(x1, 1) =91 < —B— )fCn,oc,ﬁ((kl+k3+k4+\/k>4)t1+1),

which implies the result.

Using arguments from [Calabi 1958; Li 1991], we can assume ¢ F’ to be smooth
at (x1,t;) and o F(xy, 1) > 0.
As in the proof of Theorem 1, using Lemma 10, we obtain at the point (x1, #;)

G-11) 0= (A—=9d)(eF)

c C
. (_ﬁ - Em) F—ChiF +¢(A—0)F

c cC F|Vg|? Vul|?
z(———— k1>F—Ck1F— VoI 5 pgp VM
2s¢

R?2 R u?

(SC( 2 M[ 2 |VM|2
+ t—goF +28aBpF — — 2809 F —5— — C(ki +k3)oF
1 u u
C (ki + k3)* oF 2(n—1)* 5
— LT ot —enk3Bot — — — S (ky + k3) 2ot
oy =172 ot — enk3 Bt . 5o Kt ka)en
CB*" 43

—mk4 Pt — 81/3 (ka + kq) oty

8 1
—2Ct483—( kkk\/k)
<,01< a+2a(1 8)2) T K1+ K3+ K4+ Kyq
Using Corollary 5, we have

|Vu|? |Vu|?
5— —2Fsg "

28aBoF L — 2820 F
u
> (28af — 25y —28ay)pF 2L — C (280> + 2s)¢F(ti Ty Sy R \/k4>.
u 1

Observe that 28a8 — 2sy —28ay = 0 when we set s — aaz(s — 1). Then (3-11)

becomes

(3-12) o>—¢F — WFC(2s +28a )( sk Vs

(€ Cp CF
R2 RV 2sR?

C (k1 +k3)? 5 2(n—1)>2 ) Ccp*3
— 2 on —enk?Bot; — —— (ki +k3)>pt; — ———
A —1z P 3Bt 5o (k1 +k3)"pn 51/
1) 1 2
—2Cot; | 460 + ——— <— ki +ks+k vk).
§01< o +2a(1—8)2) t1+ 1+ Kk3+ka++/ky



GRADIENT ESTIMATES UNDER GEOMETRIC FLOW 505

Multiplying through by ¢t; and using 0 < ¢ < 1, we have

10C8a?
0> sa(pF)? — (¢F) ((% + S Vh)n+ . (% e+ V) rl)

Ch C(k1-|-kz)2
—(pF)| —————+ (A +C(k; + k3)t _— enks Bt
(¢ )<25a2(§—1)R2 ( (k1 +k3) 1)) 10 —1)2 1; — enk3 iy
2(n—1)? 22 CB*3 43 5 4732
- S ke - Sk - 31/* —(ky+ka)

8 1
—20(45 3 —)(— ki + ks + ks + V& )rz.
ot+20[(1_8)2 t1+ 1 Hk3+ka+/Ka ) 1

Solving this quadratic inequality, one obtains
eF(x1,1) <C (1 + (ky +k2/3 + k3 + kg + Vka)1) + —fl)

By a similar argument as that in the proof of Theorem 1, we conclude in Qg 7,
1 1
Fix,n <C <k1 +k§/3+k3+k4+\/k>4+;+ﬁ) |

where C depends on n and «. Because M is noncompact, we can let R — +o00.
This completes the proof of Theorem 9. (]

4. Applications to Ricci flow and mean curvature flow

In this section, we apply our results to the special cases of the Ricci flow and the
mean curvature flow.

4.1. The Ricci flow. When h = —Ric, (2-1) is the Ricci flow equation introduced
in [Hamilton 1982]. In this situation our results reduced to those in [Liu 2009].
In this case our results in Section 2 do not need the assumption |V Ric| < Ky,
because of the second contracted Bianchi identity. Indeed, checking the proof of
Theorem 1 carefully, we find that we need the bound on |V/| because we want to
control the term

: 1
divh — 5V (trg h)
in (2-5). But the contracted second Bianchi identity says that when & = —Ric,

div Ric ——VR 0.

Now (2-5) becomes

9 9
—Af = A— f +2(Ric, V> ).
o f azf+ (Ric, V- f)
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4.2. The mean curvature flow. Let M be an n-dimensional closed smooth sub-
manifold in N"*7. Given an embedding Fy: M — N, we consider a one-parameter
family of smooth maps F, = F(-,t) : M — N"*7 with corresponding images
M, = F,(M), where F satisfies the mean curvature flow equation

4-1) %F(x,t):H(x,t), F(x,0) = Fy(x).

Here H (x, t) is the mean curvature vector of M; = F;(M) at F(x,t) in N.

It is easy to check (or see [Huisken 1984; Chen and Li 2001]) that the induced
metric on M, evolves by
a
5,80 = —2H* A7,
where {Af;} is the second fundamental form of M, in N. In this case, the tensor &
in (2-1) becomes

4-2) hij =—H"Aj;.
In this section, we will always assume that
|Knl+IVKN|+IV2KN| < L,

for some constant L. Here, Ky is the curvature tensor of V.
Using the evolution of the second fundamental form and the standard maximum
principle, we can obtain a derivative estimate:

Proposition 11. Let {M,}o<;<1 be a closed smooth solution of mean curvature
flow in a Riemannian manifold N. Suppose that there exist constants Ay and A
such that
|Al<Ap on M x[0,T],
IVA| < Ay on M.

Then there is a constant K depending only on n, Ay, A and L such that
IVA|<K on Mx][0,T].

Remark 12. Another version of derivative estimate for the second fundamental
form along the mean curvature flow, similar to the derivative estimate along the
Ricci flow given in [Shi 1989], is proved in [Han and Sun 2012].

Proof of Proposition 11. Our proof follows [Huisken 1990]. C; will denote various
constants depending only on n, Ag and L. By our assumption and the evolution
equations of the second fundamental form and its derivative [Han and Sun 2012,
Corollary 3.5], we have

(43) (& - a)aP = —21vaP + ¢y
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and
(44) (&= A)IVAP = —21924P + Co(IVAP + 1),
Therefore,

@5 (2= A)(IVAP+CalAP) = —Co(IVAP + CalAP) + C.

As M, is closed for each ¢, we obtain by the maximum principle that

C
(IVAP 4+ CoAP) (x, 1) < e sup (VA + Ca| A]?) + C—3<1 —e O <K,
My 2

where K depends on n, Ag, Aj and L. This proves the proposition. (]

Theorem 13. Let {M,}o<:<1 be a closed smooth solution of mean curvature flow
in a Riemannian manifold N. Suppose that there exist constants Ny and A such
that

|[A| <Ay on M x[0,T],

IVA| < Ay on M.
If u is a positive solution to the equation (A — d,)u(x,t) = 0, then for (x,t) €
M x (0, T], we have

Vu(x, t)|? 1 2
[Vulx, D" _ wx )iﬂJFCK’
uZ(x, ) u(x,t) t

forany a > 1. Here C depends on n, o only and K depends Ao, A1 and L.

Proof. During the proof of this theorem, the constant K will denote a constant
depending only on Ay, A and L which may vary from one line to the next.

By Proposition 11 and (4-2), we see that || < K and |Vh| < K. On the other
hand, using the Gauss equation, we have

_ A0 jJ( o A0
Rijki — Kiji = AikAjl - AilAjk’

where K i is the curvature tensor on N. Hence our assumption and Proposition 11
imply that |Rm| < K and |[VRm| < K. This shows that all the assumptions of
Theorem 6 are satisfied, and the conclusion follows. O

Remark 14. K. Smoczyk [1999] proved a similar gradient estimate for the positive
solution of the heat equation along the Lagrangian mean curvature flow, and ob-
tained a Harnack inequality for the Lagrangian angle. Indeed, under the Lagrangian
mean curvature flow, the Lagrangian angle evolves by (A — 9,)6 = 0.

Next we deal with the complete noncompact case.
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Proposition 15. Let {M,}o<;<1 be a smooth solution of mean curvature flow in a
Riemannian manifold N. Assume that My is complete noncompact without bound-
ary. Suppose that there exist two constants Ay and Ay such that

|[A| <Ay on M x[0,T],
IVA| < Ay on M.
Then there is a constant K depending only on n, Ay, A and L such that
IVA| <K on M x[0,T].

Proof. Recall that in the proof of Proposition 11, we obtained

(% _ A)(|VA|2+C2|A|2) < —C2(|VA|2+C2|A|2) +Cs.

Set F = |VA|?+ C»|AJ%. Then
0
(4-6) (A= )F = GF —Cs.

Let Qg7 and ¢ be defined as in the proof of Theorem 1. We consider ¢ F'. Suppose

(F)(x1,11) = sup (¢F).
M x[0,T]

Then (x1, t1) € Qar, 7. We consider two cases.
o Ift; =0, then (pF)(x,1) <(pF)(x1,0) < F(x1,0) < SUup F<A+CAp<K.
In particular, for any (x, t) € Qg 7, we have

Fx,1) <K.

« If, on the contrary, #; > 0, the maximum principle gives

(8= 2)@P)e,m <o,

By the Gauss equation and our assumption, the Ricci curvature is bounded. Simi-
larly to the proof of Theorem 1 and using (4-6), we get that, at (xy, #1),

9 Cc CJVK
0= (A=) @)1 1) = =05 — —o=+CopF = Cs.
Thus we obtain that
C CVK

C3
F)(xi, 1) < — .
(pF)(x1, 1) < C2+C2R2+ CoR

In particular, for any (x, t) € Qg 7, we have

Cs C CVvK
F(x,t) < — -~
(x.1) = C, + CyR? + CoR
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Combining the two cases above and letting R — oo we get F(x,t) < K, for
some constant K depends on n, Ag, A and L. This proves the proposition.  [J

Arguing as in the proof of Theorem 13 and using Corollary 5 and Theorem 9,
we obtain

Theorem 16. Let {M;}o<:<1 be a smooth solution of mean curvature flow in a Rie-
mannian manifold N. Assume that My is complete noncompact without boundary.
Suppose that there exist two constants Ao and A such that

[Al<Ao on M x[0,T],
IVA| < Ay on M.

If u is a positive solution to the equation (A — 0,)u(x,t) = 0, then for (x,t) €
M x (0, T] we have

[Vu(x, z‘)|2 _au,(x, 1) - no?
uZ(x,t) ulx,t) — t

and

|V2u(x, 1) |Vu(x, )]? u(x, 1) 1
u(x,t) “ uZ(x,t) -3 u(x,t) SC<K+;>’

for any a > 1. Here C depends only on n, o and K depends on n, Ay, A1 and L.
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